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Detecting  and evaluating  emotional information  from  facial expressions  as  a  basis for  behavioural adap­

tion  belong to  the  core  social­cognitive  abilities of  mankind. Dysfunctions in  emotional face processing

are  observed  in several major  psychiatric disorders  like  depression  and  schizophrenia.  In  search for psy­

chiatric  disease  biomarkers  using the  imaging  genetics  approach,  serotonergic gene  polymorphisms have

been  associated  with altered  brain  circuit  activation during  emotional face  processing. Especially  the  5­

HTTLPR  gene polymorphism  has been  extensively investigated  in  association with  emotion  regulation

processes.  In this  article, imaging  genetics  literature  on emotional  face  processing, reporting  genetic

effects  of 5­HTTLPR  in healthy  volunteers  is reviewed. Additionally, these results  are  regarded  in relation

to  pharmacologic  challenge  (antidepressants, acute  tryptophan  depletion)  imaging studies  and  discussed

in  light of recent  neurobiological  evidence  with  a focus on serotonin  (5­HT1A, 5­HT2C,  5­HT2A)  receptor

findings.
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1. Introduction

In the last decades, genetic risk factors for mental illnesses

have been brought more and more into focus of the clinical neuro­

sciences. This development dates back to the second half of the 20th

century when the investigation of the mind became increasingly

integrated in the biological study of the brain (Kandel and Squire,

2000). Along with the awareness that even most complex psycho­

logical processes are results of brain function, came the insight

that behaviour is driven by the interaction of neural brain cir­

cuits (Kandel, 1998). These neural interconnections are modulated

by genes and their protein products (e.g., receptors, transporters,

and metabolic enzymes) which have gained a significant role in

the investigation of psychiatric diseases (Cloninger, 2002; Cowan

et al., 2002; Hyman, 2000; Kandel, 1998), such as schizophrenia

(Birnbaum and Weinberger, 2013; Giusti­Rodríguez and Sullivan,

2013; Harrison and Weinberger, 2005), autism (Meek et al., 2013;

Persico and Napolioni, 2013), or affective disorders (Craddock and

Sklar, 2013; Flint and Kendler, 2014; Seifuddin et al., 2013). In the

course of analyzing the influence of genes on mental disorders, it

has become well­established to investigate in healthy, as well as in

clinical populations, the genetic impact on particular behavioural

aspects or specific brain functions which have been observed to be

deviant in mental illness, e.g., memory (Karlsgodt et al., 2011; Tan

et al., 2009), attention (Barnes et al., 2011; Logue and Gould, 2014),

or social cognition (Iarocci et al., 2007; Skuse and Gallagher, 2011).

“Social cognition” is a term first introduced into neuroscience by

Leslie Brothers within her “social brain hypothesis”, defined as  the

processing of all information relevant for “the accurate perception

of the dispositions and intentions of other individuals” (Brothers,

1990, p. 28). According to this definition, the relevant informa­

tion encompasses “social signals” referring to “identity, direction of

movement, category of posture, facial expression, quality of vocal­

ization, and knowledge of which other individuals are present and

what their mutual relations are” (Brothers, 1990, p. 28). Regarding

this concept, the appropriate processing of emotional information

appears essential for social communication.

Adolphs defines an emotion as  “a concerted, generally adaptive,

phasic change in multiple physiological systems in response to the

value of a stimulus” (Adolphs, 2002a, p. 24). The facial configuration

of an emotion can express emotional states which are observed to

be universally recognizable (Ekman, 1992). Already in  1872, Darwin

remarked that “the force of language is much aided by the expres­

sive movements of the face and body” (Darwin, 1872/1965, p. 354).

As face processing and emotion recognition are the foundation for

higher­order functions like empathy or theory of mind (Brothers

and Ring, 1992; Decety and Jackson, 2004; Mier et al., 2010b,c),

its dysfunction might contribute to  social cognition deficits in psy­

chiatric illnesses (Bragado­Jimenez and Taylor, 2012; Cusi et al.,

2012; Frith and Corcoran, 1996; Hoertnagl and Hofer, 2014; Lee

et al., 2004; Thoma et al., 2013). And indeed, the processing of such

emotional faces is observed to be  disturbed in  major psychiatric dis­

eases like schizophrenia (Kohler et al., 2010; Morris et al., 2009) and

depression (Bourke et al., 2010; Demenescu et al., 2010; Leppänen,

2006).

The neurotransmitter serotonin plays a major role  in emo­

tion processing (Del­Ben et al., 2008; Evers et al., 2010; Harmer,

2008). The serotonergic influence on facial emotion processing

has been widely studied using functional magnetic resonance

imaging, fMRI. With the rise of the imaging genetics approach

(Bigos and Weinberger, 2010; Meyer­Lindenberg, 2012; Meyer­

Lindenberg and Weinberger, 2006) (see also Chapter 4.2), especially

one gene polymorphism has gained attention in the search for

effects of genes coding for proteins with an influence on the

serotonin system, the serotonin transporter (5­HTT) gene linked

polymorphic region, abbreviated with 5­HTTLPR (Heils et al., 1996;

Lesch et al., 1996). Using fMRI, this gene polymorphism has been

shown to have an impact on brain circuits activation associated

with emotion processing, including limbic and frontal areas (Canli

and Lesch, 2007; Hariri and Holmes, 2006; Meyer­Lindenberg and

Weinberger, 2006). Besides genetics, another approach to inves­

tigate sertonergic effects on facial emotion processing is to have

a look at the acute pharmacological modulation of serotonin lev­

els. Especially two types of pharmacological challenge studies have

been widely accepted to investigate serotonergic effects: acute

tryptophan depletion and the use of antidepressants. The amino

acid tryptophan is a precursor protein of serotonin (Wurtman et al.,

1980). An acute tryptophan depletion (ATD) is  thought to decrease

the serotonin metabolism in the central nervous system (Reilly

et al., 1997). In  a review by  Evers and colleagues on neuroimag­

ing studies investigating the processing of facial emotions using

ATD, the overall finding was  an increase of amygdala activation

associated with ATD (Evers et al., 2010). Concerning serotoner­

gic antidepressant effects, especially serotonin­reuptake inhibitors

(SSRI), such as citalopram and escitalopram, have been shown to

modulate activation in limbic brain regions during the processing

of facial emotions (Harmer, 2008). A  comparable effect was found

for other antidepressants modulating central nervous serotonin,

e.g., the extract of the plant Sceletium tortuosum (Zembrin) and

duloxetine (Terburg et al., 2013; Van Marle et al., 2011).

Imaging genetics studies offer an instrument to  delineate

neural functional architecture associated with genetically driven

alterations of a  neuropsychiatric phenotype. Linking these inves­

tigations to pharmacologic challenge studies might validate

suggested neurobiological mechanistic underpinnings of these

observed alterations. Combining these different neuroimaging

approaches might furthermore lead to  neurobiological models

bearing a chance for a deeper understanding of underlying neuronal
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mechanisms, promoting hope for a refined drug development, and

thus a  personalized psychopharmacological treatment. With this

in mind, the focus of this review is on fMRI studies using emo­

tional faces tasks, investigating the aforementioned serotonergic

modulatory effects on brain activation: 5­HTTLPR­driven genetic

variation and the pharmacological influence of ATD and antide­

pressants. Furthermore, these findings are evaluated in  the light of

recent neuroscientific literature.

In the following chapter an overview of the cerebral areas rele­

vant for facial emotion processing will be given.

2. Neural areas of emotion processing

The neuroanatomical basis for the processing of emotions

expressed in faces has been investigated extensively, leading to

the detection of a neural network consisting of several limbic and

frontal brain areas (Adolphs, 2002a,b, 2001; Haxby et al., 2000,

1999).

Out of the limbic structures, the amygdala is the subcortical

brain area that has been dominantly associated with fear process­

ing and threat detection (Adolphs, 2001; Adolphs et al., 1995). In

addition, identifying the emotional significance of a stimulus and

producing emotional states from it have been hypothesized as  criti­

cal amygdala functions (Calder et al., 2001). On the anatomical level,

the amygdala is interconnected to orbitofrontal cortex (OFC), ante­

rior cingulate cortex (ACC) and medial prefrontal cortex (MPFC)

(Barbas and De Olmos, 1990; Ghashghaei and Barbas, 2002; Paus,

2001). The OFC, like the amygdala, is  part of the limbic system

and has functionally been associated with stimulus­reinforcement

association  learning (Kringelbach and  Rolls, 2004), as well as with

the evaluation of emotional stimuli (Rolls and Grabenhorst, 2008;

Rule et al., 2002; Shimamura, 2000), and the linking of sensory

representations with social judgments on the basis of motiva­

tional value (Adolphs, 2003). The ACC is thought to  be  functionally

crucial for cognition, e.g., error detection and conflict­monitoring

(Carter et al., 1998; Paus, 2001), as  well as social cognition, e.g.,

theory of mind (Frith and Frith, 2006, 1999; Gallagher and Frith,

2003). The MPFC is  likewise assumed to be  of importance for social

cognitive functioning, e.g., theory of mind (Frith and Frith, 2006,

2003; Gallagher and Frith, 2003), and furthermore to represent

the cerebral integration of self­referential information (Gusnard

et al., 2001). Growing evidence suggests these four areas, amyg­

dala, OFC, ACC, and MPFC, to be  part of a neural circuit important

for emotion processing. Moreover, especially the regulatory inter­

actions between amygdala and the frontal areas are suggested to

play a  key role in affect processing. The contribution of these brain

regions to social cognition (Adolphs, 2001; Frith and Frith, 2006,

2003; Gallagher and Frith, 2003), especially for the processing of

emotional facial expressions hints at the possible relevance of this

circuit.

Supported by animal and human data, an interregulatory rela­

tionship between amygdala and MPFC is widely accepted, i.e.,

MPFC function counterbalancing amygdala activation (Heinz et al.,

2005; Maren and Quirk, 2004; Meyer­Lindenberg et al., 2006, 2005;

Pezawas et al., 2005; Quirk et al., 2006; Rauch et al., 2006; Stefanacci

and Amaral, 2002; Stein et al., 2007). Since published data show

at most sparse direct anatomical connections between MPFC and

amygdala (Amaral and Price, 1984; Carmichael and  Price, 1995;

Ghashghaei and Barbas, 2002), a mediating function of the ACC

between these two regions has been hypothesized (Buckholtz and

Meyer­Lindenberg, 2008; Meyer­Lindenberg et al., 2006; Pezawas

et al., 2005; Stein et al., 2007). Furthermore, investigations by

Meyer­Lindenberg and  colleagues indicate that, in case of a com­

promised ACC functioning, a compensatory control function is

provided by the OFC (Meyer­Lindenberg et al., 2006, 2005; Stein

et  al., 2007), indicating a  complex interactive modulatory loop

between these four areas.

In the following, a review of the central nervous serotonergic

system will be presented. Within this chapter, the relevance of

serotonin for the brain circuit introduced above will be outlined.

Then, evidence of genetically driven serotonergic modulation of

this circuit will be  reviewed.

3.  Serotonin

The serotonin system is a phylogenetically ancient neurotrans­

mitter system and is suggested to have already been established

in the nervous system of invertebrate ancestors (Hay­Schmidt,

2000). Over the last decades, neuronal serotonin signaling has been

revealed to be substantially involved in  cognitive and emotional

functioning of the brain (Cools et al., 2008; Olivier, 2015) and has

specifically been related to the processing of emotional faces (Del­

Ben et al., 2008).

Serotonergic neurons primarily project from midline struc­

tures of the brain stem, the dorsal and median raphe nuclei, to

the cerebral cortex, including the MPFC and the cingulate cortex,

as well as  to limbic structures such as the amygdala (Andrade

and Haj­Dahmane, 2013; Jacobs and Azmitia, 1992; Kiyasova

and Gaspar, 2011; Moore et al., 1978; Raghanti et al., 2008).

Effects of serotonergic neurotransmission are mediated by  specific

receptors on serotonin target cells. Presently, the serotonin (5­

hydroxytryptamine, 5­HT) receptors are divided into seven classes

(5­HT1­7),  which are again subdivided into several subclasses (e.g.,

5­HT1A, 5­HT1B etc.) to  a total of 14 different 5­HT receptors (Barnes

and Sharp, 1999; Hoyer et al., 2002, 1994). All of the 5­HT recep­

tors are localized postsynaptically on serotonin target cells, with

the exception of the 5­HT1A,  5­HT1B,  and 5­HT1D receptors, which

additionally serve as presynaptic autoreceptors on serotonergic

neurons regulating the serotonin release (Barnes and Sharp, 1999;

Hoyer et al., 2002; Roberts et al., 2001). Other subtypes (e.g., 5­HT1F,

5­HT5A, and 5­HT7)  are regarded as  potential candidates for addi­

tional autoreceptors (Roberts et al., 2001). Raphe nuclei serotonin

release is thought to be regulated in a  complex manner, but particu­

larly the MPFC has been shown to modulate raphe serotonin release

(Coplan et al., 2014). Since serotonin cannot cross the blood­brain

barrier (Cansev and Wurtman, 2007; Pardridge, 1979), its prede­

cessor tryptophan is essential for the serotonin synthesis which is

regulated by  tryptophan hydroxylase (TPH) activity (Matthes et al.,

2010; Nakamura and Hasegawa, 2007). The serotonin­reuptake

from the synaptic cleft is regulated by the serotonin transporter

(5­HTT) which thereby regulates the 5­HT receptor stimulation

(Munafò et al., 2008). 5­HTT is one of the best studied serotonin sites

and its gene is regarded as a key influence on facial emotion pro­

cessing and affective disease development (Canli and Lesch, 2007;

Hariri and Holmes, 2006; Hariri et al., 2005).

3.1. Serotonin receptors 1A, 2C, and 2A

Especially three serotonin receptor subtypes have been related

to emotion processing and corticolimbic signaling: the serotonin

receptors 1A, 2C,  and 2A.

The  serotonin receptor 1A (5­HT1A)  has been associated with

emotion processing (Altieri et al., 2013) and with psychiatric

disorders presenting with alterations in  emotion regulation like

depression and anxiety disorder (Akimova et al., 2009; Savitz et al.,

2009). The 5­HT1A receptor serves as an inhibitory somatoden­

dritic autoreceptor and postsynaptic receptor (Barnes and Sharp,

1999; Riad et al., 2000; Sotelo et al., 1990; Verge et al., 1985). In

raphe nuclei neurons the 5­HT1A receptor has mainly autorecep­

tor function, while in cortico­limbic areas the receptor usually lies
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postsynaptic to serotonergic nerve terminals (Celada et al., 2004,

2001). Furthermore, a 5­HT1A receptor­driven autoregulatory func­

tion between MPFC and dorsal raphe nuclei has been reported

(Casanovas et al., 1999; Celada et al., 2001; Hajós et al., 1999, 1998;

Jankowski and Sesack, 2004).

For a deeper understanding of 5­HT1A receptor effects on emo­

tion processing, it is worth looking at its interaction with other

serotonin receptors. In 5­HTT knockout mice, parallel to  5­HT1A

reduction (Holmes et al., 2003), an upregulation of 5­HT2C receptors

was observed (Li et al., 2003). The 5­HT2C receptor is a  postsynap­

tic receptor in various brain regions, e.g., in the amygdala (Drago

and Serretti, 2009). Its  activity is probably modulated by GABAer­

gic and glutamatergic interneurons (Chen et al., 2003; Stein et al.,

2000). It has been associated with several psychiatric illnesses

associated with alterations in emotion processing like depression

(Vimaleswaran et al., 2010) and  bipolar disorder (Lerer et al., 2001),

and has been linked to suicide (Videtic et al., 2009). Besides 5­HT1A

and 5­HT2C receptors, one more 5­HT receptor increasingly came

into focus of emotion processing research, the 5­HT2A receptor.

The 5­HT2A receptor has raised attention especially in the treat­

ment of schizophrenia with atypical neuroleptics, which show high

affinity to it (Ebdrup et al., 2011; Richtand and McNamara, 2008).

In the prefrontal cortex the 5­HT2A receptor is expressed in pyra­

midal neurons and interneurons (Santana et al., 2004; Willins et al.,

1997) and is functionally involved in  the modulation of GABA and

glutamate release (Abi­Saab et al., 1999; Aghajanian and Marek,

1999; De Almeida and Mengod, 2007; Jakab and Goldman­Rakic,

1998; Leysen, 2004; Miner et al., 2003). In terms of functional

activity and cellular distribution, the 5­HT2A resembles the 5­HT2C

receptor (Aloyo et al., 2010; Leysen, 2004). In comparison to the

5­HT1A receptor, the 5­HT2A receptor is observed to exert opposite

effects (Hernández et al., 2010; Klein et al., 2010; Yuen et al., 2008).

On the animal level, Amargós­Bosch et al. (2004) reported that

in prefrontal cortices of rodents 5­HT1A and 5­HT2A receptors are

expressed highly co­localized (∼80%). While electrically stimulat­

ing raphe nuclei areas, they recorded 5­HT1A­mediated inhibitions

and 5­HT2A­mediated excitations in medial prefrontal neurons.

Using microdialysis, they could observe that the prefrontal 5­HT2A

agonist­mediated serotonin elevation was reduced by  5­HT1A ago­

nism. This indicates a counterbalancing regulatory relationship

between these two receptor subtypes. Regarding emotion regula­

tion, especially serotonergic projections from PFC to amygdala have

been proposed to be 5­HT2A receptor­mediated (Aznar and  Klein,

2013).

4. 5­HTTLPR and the imaging genetics approach

4.1. Serotonin transporter gene linked polymorphic region

(5­HTTLPR)

The  gene coding for 5­HTT, SLC6A4, is located on chromosome

17, more specifically at 17q11.1­17q12 (Ramamoorthy et al., 1993).

In 1996, Lesch and colleagues found a  functional polymorphism in

the promotor region of this gene which became known as 5­HTT

gene linked polymorphic region or 5­HTTLPR (Heils et al., 1996;

Lesch et al., 1996). This polymorphism was characterized by two

allele variants, a  short (S) and a long (L) allele, differing in the num­

ber of a 20–23­base pair repeat unit (Heils et al., 1996; Lesch et al.,

1996). Especially the S  allele has been associated with a decrease in

5­HTT mRNA and thus lesser 5­HTT expression and consequently

higher synaptic serotonin levels (Lesch et al., 1996). More recently,

the gene effect has been indicated to be of higher complexity,

encompassing several different 5­HT receptor regulations besides

5­HTT variation (Hariri and Holmes, 2006). The discovery of an A–G

single nucleotide substitution within the L allele (rs25531) led to

a triallelic classification of 5­HTTLPR with S, LG, and LA allele (Hu

et al., 2006; Nakamura et al., 2000; Wendland et al., 2006). In stud­

ies considering rs25531, the LG allele was grouped with S allele due

to its equivalent function (Murphy et al., 2013). Specifically, the S

allele tends to  be linked with an altered risk for depression (Uher

and McGuffin, 2010). Furthermore, S allele carriers are prone to

neuroticism or trait anxiety which in turn is a trait related to anx­

iety disorder and depression. Therefore, the S allele is regarded as

increasing susceptibility for these illnesses (Canli and Lesch, 2007;

Munafò et al., 2006; Schinka et al., 2004). (Regarding genetic sus­

ceptibility, scientists frequently use the terms “vulnerability genes”

or “allelic risk”. According to Belsky et al. (2009), this terminology is

regarded as inappropriate, due to known gene­environment inter­

actions. Since different genetic polymorphisms come along with

different individual susceptibility to adverse or supportive envi­

ronments, the authors consider the term “plasticity genes” as more

appropriate. Especially for 5­HTTLPR, some studies showed that

the S (as compared to L) allele when co­ocurring with adverse life

events promotes a depressive developement, whereas when co­

occuring with supportive environments, reduces depression (Caspi

et al., 2003; Taylor et al., 2006; Zammit and Owen, 2006). However,

this concept is still under debate (e.g., Karg et al., 2011; Risch et al.,

2009).

On the neural level, 5­HTTLPR variation has been particularly

linked to  altered amygdala activation in  response to aversive stim­

uli (Munafò et al., 2008; Murphy et al., 2013). An overviev of studies

reporting 5­HTTLPR effects on relevant brain activation during

emotional face processing tasks will be given below.

4.2. Imaging genetics or the intermediate phenotype approach

Gottesman  and Gold defined an “endophenotype” (or “interme­

diate phenotype”) as a  trait meeting the 5 criteria of (1) association

with an illness in  the population, (2) heritability, (3) primary state­

independence, (4) co­segregation with illness in families, and (5)

occurrence in  nonaffected family members in higher frequency

than in the general population (Gottesman and Gould, 2003). The

imaging genetics approach follows the rationale of identifying

genetic effects of candidate genes at the level of neural systems

and circuits level based on the intermediate phenotype concept

(Bigos and Hariri, 2007; Hariri et al., 2006; Meyer­Lindenberg and

Weinberger, 2006). The neurobiological correlates of emotion pro­

cessing have been investigated as  intermediate phenotypes being

modulated by  serotonin transporter gene variants (Canli and Lesch,

2007; Hariri and  Holmes, 2006). Furthermore, 5­HTTLPR has been

linked with anxiety (Domschke and Dannlowski, 2010; Meyer­

Lindenberg and Weinberger, 2006) and  seems to have an impact

on affect­driven activation patterns between MPFC and amygdala

(Bevilacqua and Goldman, 2011; Heinz et al., 2005).

Due  to the involvement of the amygdala, OFC, ACC, and MPFC

in both, emotion processing (Adolphs et al., 1999; Heinz et al.,

2005; Paus, 2001; Rolls and Grabenhorst, 2008; Stein et al., 2007)

and social cognition (Adolphs, 2001; Frith and Frith, 2006, 2003;

Gallagher and Frith, 2003), a modulating influence of  serotonin

in the processing of facial expressions as an emotion­related and

social­cognitive function seems likely. Coming in detail to  neu­

roimaging investigations on 5­HTTLPR genotype effects regarding

emotional face processing, an overview of relevant studies will be

given in the following section.

5. Imaging genetics studies of 5­HTTLPR effects on facial

affect  processing

The PubMed database search for relevant imaging studies was

conducted by using one of the terms “serotonin”, “serotoner­
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gic”, and “5­HTTLPR” in combination with one of the keywords

“emotion recognition”, “affect recognition”, “emotion processing”,

“affect processing”, “face processing”, “facial affect”, and “facial

emotion”. The imaging genetics studies included in this review

were restricted to data on healthy volunteers with no family history

of psychiatric disease to exclude abnormalities as a consequence of

a psychiatric disorder, focusing on effects as possible susceptibility

markers. Furthermore, we did not include studies not clearly inves­

tigating emotional face processing separately from cognitive brain

functions like working memory, e.g., with a task using emotional

stimuli (emoback­task, Jonassen et al., 2013), or studies using faces

as distractors in a primarily cognitive testing, e.g., in  the emotional

alphabet task (Kilford et al., 2014). The final search for this review

was conducted in January 2016. The search process revealed a  total

of 813 publications. Only 25 studies fulfilled the inclusion criteria

for the purpose of the review. 22 reported brain activation differ­

ences associated with the 5­HTTLPR polymorphism (Battaglia et al.,

2012; Bertolino et  al., 2005; Canli et al., 2006, 2008; Dannlowski

et al., 2010; Domschke et al., 2012; Fisher et al., 2015, 2014; Hariri

et al., 2005, 2002; Lee and Ham, 2008; Lonsdorf et al., 2011; O’Nions

et al., 2011; Pezawas et al., 2005; Surguladze et al., 2012, 2008;

Thomason et al., 2010; Volman et al., 2013; Von dem Hagen et al.,

2011; Walsh et al., 2012; Waring et al., 2014; Wiggins et al., 2014).

Two of the 22 5­HTTLPR studies reported additionally TPH2 geno­

type related brain activation (Canli et al., 2008; Lee and Ham, 2008).

Unlike Lee and Ham who reported effects related to the single genes

(Lee and Ham, 2008), Canli and colleagues reported an additive

gene­gene effect of TPH2 with 5­HTTLPR alleles (Canli et al., 2008).

Of the 25 studies, only eleven groups focused on the SNP rs25531

in their analyses, a functional polymorphism suggested to mod­

ulate the transcriptional efficacy of 5­HTTLPR (Canli et al., 2006;

Costafreda et al., 2013; Dannlowski et al., 2010, 2008; Domschke

et al., 2012; Fisher et al., 2015, 2014; O’Nions et al., 2011; Surguladze

et al., 2012; Thomason et al., 2010; Wiggins et al., 2014). Two groups

decided to follow a  biallelic approach due to group size issues (Canli

et al., 2006; Thomason et al., 2010). The  present review of these

studies will be restricted to  genotype­driven activity and connec­

tivity related to the core areas of emotion processing that are also

involved in face processing, namely amygdala, ACC, OFC, and MPFC.

5.1. Serotonin transporter imaging studies (5HTTLPR, rs25531)

Regarding the fMRI paradigms, six studies used a face matching

task in which two identical faces out of a set of three faces with emo­

tional or neutral expressions had to be  identified (Hariri et al., 2000).

The fMRI study by Hariri and colleagues from 2002 (Hariri et al.,

2002) was the first publication reporting 5­HTTLPR­associated

brain activation differences related to  emotional processing. S allele

carriers showed increased right amygdala response to fearful stim­

uli as compared to  homozygous L allele subjects. This finding was

replicated in three further studies (Bertolino et al., 2005; Domschke

et al., 2012; Hariri et al., 2005). Two studies found no gene­driven

activation differences (Bastiaansen et al., 2014; Pezawas et al.,

2005). In 2005, Pezawas and colleagues published a study (Pezawas

et al., 2005) reporting functional and structual MRI data. The

authors found reduced functional connectivity between amygdala

and perigenual ACC (pACC), particularly prominent in  rostral sub­

genual ACC, in S allele carriers as compared to L allele homozygous

subjects. The functional coupling between amygdala and ventro­

medial prefrontal cortex (BA 10) was slightly increased in S allele

carriers which is discussed as evidence for dysregulated amygdala­

ACC circuitry. On a structural level, S allele carriers showed reduced

grey matter density of pACC and right amygdala with stronger dif­

ferences in comparison to L allele carriers in pACC.

Taken together, the studies using the face matching task

indicated heightened amygdala activation and slightly increased

functional  coupling with MPFC, while functional connectivity

between amygdala and ACC was reduced in  association with the

S allele.

Another paradigm that was  frequently used for investigating

5­HTTLPR effects on brain activation is an implicit emotion pro­

cessing paradigm, too. In this paradigm, participants are asked to

recognize the gender of faces with an emotional expression (Morris

et al., 1996; Phillips et al., 1997). Using this paradigm, increased

amygdala activation in  S allele carriers was shown in four stud­

ies (Battaglia et al., 2012; Canli et al., 2008; Walsh et al., 2012;

Wiggins et al., 2014). However, three studies could not replicate

this finding (Costafreda et al., 2013; O’Nions et al., 2011; Surguladze

et al., 2008), one study only reported genotype x environment inter­

action effects (Canli et al., 2006), and Fisher et al. (2015) even

found an opposite effect for angry faces, but a congruent one for

fearful faces. Most of these studies did not only focus on amyg­

dala activation, but also on activation and connectivity in  other

regions important for face processing. O’Nions et al. (2011) found

decreased subgenual ACC response to  fearful relative to  neutral

faces in LA allele homozygous subjects and an increase of sub­

genual ACC activity in homozygous S allele carriers. Surguladze

et al. (2008) reported increased functional connectivity of amyg­

dala and fusiform gyrus in homozygous S allele carriers during

prototypical fearful facial expressions as compared to  heterozy­

gous or homozygous L allele subjects. Canli et al. (2008) reported

a significant positive correlation between right ACC activation, 5­

HTTLPR S allele and TPH2 T allele for happy facial expressions.

In a study investigating the effect of bright­light therapy, Fisher

and colleagues found an increased intraprefrontal functional cou­

pling in  the medial PFC in  the angry and fearful versus neutral

faces contrast (Fisher et al., 2014). Regarding 5­HTTLPR alleles,

the authors reported a  significant moderation of this effect with a

higher functional connectivity in  LG or S  allele carriers as compared

to homozygous LA allele individuals. Walsh et al. (2012) did not only

find increased left amygdala activation in S allele homozygous as

compared to L allele homozygous subjects, but they also found an

additive effect of recent negative life events and genotype on the

left amygdala. Wiggins et al.  (2014) were the only authors detecting

differences in  behavioural data associated with 5­HTT genotype in

a  neuroimaging study. During gender discrimination of emotional

facial expressions, low­expressing individuals (S or LG allele) had

significantly shorter reaction times and showed both, significant

increase in amygdala activation, as well as  steeper decreases in

right amygdala–left ventromedial PFC connectivity with increas­

ing age. The right amygdala to right ventromedial PFC connectivity

was predicted by the genotype­by­age interaction on a  trend level.

Removing the variance in reaction time and regardless of applying

bi­ or triallelic genotype grouping, the authors’ hypotheses were

still confirmed.

Summing up, studies applying the gender recognition task

tended to reveal an S allele­associated heightened amygdala and

ACC activation, while amygdala­MPFC functional coupling was

decreased in  S allele carriers. Having looked at studies using the

most common face paradigms, results from more heterogenious

task designs will be reviewed in the following.

Investigating Asian women with a passive viewing paradigm,

Lee and Ham (2008) found bilaterally increased amygdala acti­

vation in L allele carriers as compared to S allele homozygous

individuals during the angry vs. neutral faces contrast. Inter­

estingly, this study reveals the opposite allele effect direction,

suggesting the importance to get a deeper understanding of genetic

effects depending on ethnicity.

Using  fMRI and skin conductance response (SCR) measurement,

Lonsdorf et al. (2011) investigated brain activation over time (early

vs. late phase). They found 5­HTTLPR S allele carriers to have

higher SCR habituation as  compared to homozygous L allele car­
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riers, both showing SCR habituation over time. While passively

viewing angry faces, S allele carriers had increased right amyg­

dala activation as compared to homozygous L allele carriers during

both phases. Homozygous L allele carriers showed greater right

amygdala activation especially for the early as compared to the

late phase. The authors interpreted this finding as  a stronger amyg­

dala habituation in homozygous L allele carriers. Analyzing whole

brain level, homozygous L allele carriers revealed more left sub­

genual ACC activity in the early phase while processing angry faces.

In an fMRI task by  Surguladze et al. (2012), participants passively

watched facial expressions changing from neutral to emotional.

Analyzing 5­HTTLPR (incl. rs25531) polymorphisms, they grouped

the allele carriers in low activity (5­HTTLPR S + rs25531 LG = S‘)  and

high activity alleles (L + LA = L‘). During fearful expressions, right

amygdala activation was  increased in  low activity polymorphism

carriers (S’s‘ > L’L‘), but not significantly. The number of S‘ alle­

les was reported to be significantly negatively correlated with

total effective connectivity of a general emotion­processing circuit

(encompassing the amygdala and the inferior frontal gyrus among

other regions) in the fearful emotion processing condition (in the

two contrasts: L‘/L‘ vs. L‘/S‘and L‘/L‘ vs. S‘/S‘). Volman et al. (2013)

found a genotype (S > L/L carriers) x condition effect on a  trend­

level in an Approach­Avoidance Task, in  which participants had to

decide if they would approach or avoid a displayed face. In this

study, gender recognition served only as control condition. S allele

subjects showed greater amygdala activity during the angry faces

condition. Non­S allele carriers exhibited negatively weighted con­

nectivity between amygdala and anterior PFC (BA 10), whereas

S allele carriers did not differ from zero. The authors discussed

their findings as a reduction of inhibitory PFC­amygdala control

in S allele carriers, resulting in an amygdala disinhibition. In 2010,

Dannlowski et al. (2010) used an fMRI task in  which participants

saw an emotional prime face before evaluating a following neutral

face as rather positive or negative. They found risk allele carriers

(S or LG) as compared to homozygous LA allele carriers showing

increased right amygdala responsiveness to sad faces. In a study

by Dannlowski and colleagues investigating healthy individuals

and major depression patients, no significant allele effect on brain

activation during passively viewing emotional faces was found in

the healthy control group (Dannlowski et al., 2008). Thomason

et al. (2010) investigated differences between sub­ and supralimi­

nal emotional stimulation in a dot­probe­task (indicating the side

of an asterisk displayed after two faces presented side­by­side)

investigating children. S allele carriers showed higher right ACC

activation during subliminal angry facial expressions (vs. neutral

faces). Letting participants respond whether an emotional face dis­

played was shifted to any side in  an implicit emotion processing

task, Von dem Hagen et al. (2011) found significantly higher bilat­

eral amygdala activiation in  S allele subjects in response to  angry

and sad facial expressions as  compared to L allele homozygotes.

This amygdala activity was found indepentently of using neutral

faces or houses as baseline condition. However, contrasts with pas­

sively watching a fixation cross as baseline condition were not

assoiated with genotype­dependent effects on amygdala activation

during emotional face processing. Waring et al. (2014) showed par­

ticipants pictures of emotional facial expressions overlayed with

the words “happy” or “fear” which were congruent or incongruent

with the facial emotion. The subjects had to identify the emotional

expression while ignoring the word (to measure conflict regula­

tion). While not reporting effects on activation, the authors found

reduced dorsal ACC­perigenual ACC connectivity in  S allele carriers

as compared to L allele homozygous subjects related to higher con­

flict regulation. The authors interpreted their finding as  an impaired

emotional conflict adaption in  S allele carriers.

In summary, most of these studies also revealed S allele­

associated increased amygdala and  ACC activation and decreased

coupling  of amygdala and MPFC/ACC (for a studies overview, see

Table 1).

Concerning 5­HTTLPR S allele­associated amygdala responsive­

ness, Canli and Lesch introduced a differentiation based on phasic

versus tonic activation (Canli and Lesch, 2007). The  phasic or stan­

dard model posits the S allele being associated with elevated

amygdala excitation in response to briefly presented or phasic neg­

ative stimuli. The tonic model approach posits greater negative

emotionality coming along with an increased baseline activation

of the amygdala in S  allele carriers as compared with noncar­

riers (Canli and Lesch, 2007). Regarding the 5­HTTLPR imaging

genetics studies reviewed in here, only three studies explicitly

discussed their findings in  light of the tonic­phasic differenti­

ation (Canli et al., 2006; Von dem Hagen et al., 2011; Walsh

et al., 2012). Canli and colleagues found a  negative correlation

between life stress and amygdala activation in  response to neu­

tral faces in comparison to a fixation cross condition. Furthermore,

they measured absolute cerebral blood flow at rest using per­

fusion imaging. They observed higher amygdala perfusion levels

at rest in S allele carriers as  compared to homozygous L allele

carriers. Due to this, they interpreted their findings as in  line

with and confirming the tonic model. Von dem Hagen and col­

leagues compared S allele­driven amygdala activation in  response

to emotional facial expression with different baseline conditions

(neutral faces, houses, fixation cross) (Von dem Hagen et al., 2011).

Since they found no significant difference between direct com­

parisons of the baseline conditions, but in response to emotional

faces in contrast to each of the baseline conditions, they inter­

preted their findings as in accordance to the phasic model. Walsh

and colleagues reported S allele­associated amygdala activation

in response to emotional faces and neutral faces in comparison

to the fixation cross (Walsh et al., 2012). They regard their find­

ings as being explained by  the phasic rather than the tonic model.

They argue that studies advocating the tonic model have gen­

erally applied block designs and longer fixation blocks possibly

increasing unconstrained cognitive activity leading to increased

baseline amygdala activity in S allele carriers. However, since

the number of studies investigating 5­HTTLPR allele­associated

amygdala responsivity to emotional faces taking resting state or

baseline amygdala activation into account is too small, further

studies will be necessary to resolve the tonic­phasic discrep­

ancy. For a better understanding of the 5­HTTLPR­associated

findings  in this review, we will in the following sections focus

on comparisons to imaging studies investigating the serotonin

system in different ways in search for a more neurochemical

model.

From  a molecular or neurochemical perspective, interpret­

ing gene polymorphism effects in fMRI experiments in humans

is still theoretical to date, because no actual transmitter level

is measured in  real­time in the brain of the participant. One

step to narrow this gap might be having a  look at phar­

macological challenge or substance abuse fMRI studies, since

psychotropic drugs have a direct or indirect impact on the

mechanism of action or the blood level of a  neurotransmitter,

e.g., acute tryptophan depletion or serotonin reputake inhibitors

(SSRIs).

Therefore, the following part of our review concentrates on

serotonin­related pharmacologic challenge fMRI studies investi­

gating emotional face processing. Subsequently, we evaluate the

results from the imaging genetics and  pharmacological challenge

studies in  the light of neurochemical and molecular transmitter

level findings from animal and further neuroimaging litera­

ture.
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Table 1

Imaging studies on 5­HTTLPR genotype effects on  corticolimbic activation in association with emotional face processing.

Reference Sample (n) Polymorphisms Faces Task Findings

Bastiaansen et al. (2014) 120 5­HTTLPR Face matching No significant effect in the contrast S >  LL

carriers.

Battaglia et al. (2012) 19  5­HTTLPR Gender recognition S  allele was associated with heightened left

amygdala response to angry but not neutral or

happy facial expressions.

Bertolino et al. (2005) 28  (14 PB, 14 EDP) 5­HTTLPR Face matching The  number of S  alleles as well as the degree of

phobia proneness predicted response in right

amygdala.

Canli  et al. (2006) fMRI:  n  = 48; aCBF: n  =  21 5­HTTLPR Gender recognition Negative correlation between life stress and

amygdala response to happy and neutral facial

stimuli (> fixation cross) as compared to

fixation cross in S  as  compared to homozygous

L allele carriers. Positive correlation in the L/L

group. Significant gene x environment effect on

gray matter volume in left amygdala positively

correlated with life stress in L  homozygotes.

Elevated aCBF in amygdala at rest in S allele

carriers as compared to L/L carriers.

Canli et al. (2008) 49  5­HTTLPR, TPH2 rs4570625 Gender recognition Increased amygdala activation in response to

fearful and sad faces associated with S  and T

alleles. At the whole­brain level, increased

right ACC activation during happy faces also

associated S  and T alleles.

Costafreda et al. (2013) HC, n =  49; MDD, n =  67 5­HTTLPR, rs25531 Gender recognition No significant interaction effect of  5  HTTLPR

genotype and diagnosis was found.

Dannlowski et al. (2008) HC, n =  28; MDD, n =  28 5­HTTLPR, rs25531 Passively viewing No significant allele effect was found in

healthy individuals.

Dannlowski et al. (2010) 44  5­HTTLPR, rs25531 Emotional prime detection Risk allele carriers (S or LG) showed significant

increased  right amygdala responsiveness to

sad faces, as compared to homozygous LA

carriers.

Domschke  et al. (2012) 85  5­HTTLPR, rs25531, COMT

rs4680

Face  matching Increasing amygdala responsiveness with

number of S  alleles.

Fisher et al.  (2014) 30  5­HTTLPR, rs25531 Gender recognition Increased intraprefrontal functional coupling

of medial PFC after bright­light intervention in

LG  or S  carriers. Little effect was observed in

LA/LA carriers.

Fisher et al.  (2015) 76  5­HTTLPR, rs25531 Gender recognition Homozygous LA carriers showed increased

response  in bilateral amygdala and frontal

cortical areas in response to angry faces. S’

individuals had increased activity of these

areas during angry and fearful faces vs. neutral.

LA/LA individuals showed a  higher response to

angry  faces as compared to S’ carriers. S’

individuals showed a greater response to

fearful faces as compared to homozygous LA

carriers.

Hariri  et al. (2002) 28  5­HTTLPR Face matching S  allele carriers exhibit an increased right

amygdala response to fearful stimuli compared

with homozygous L allele carriers.

Hariri et al. (2005) 92  5­HTTLPR Face matching Activity of  the right amygdala was significantly

greater in S  allele carriers in comparison with L

allele homozygous. Additional analyses

indicated that the 5­HTTLPR effect on right

amygdala activity was independent of  both sex

and S  allele load.

Lee and Ham (2008) 54  5­HTTLPR, TPH2

rs4570625,  5­HT1A rs6295,

5­HT2A rs6311

Passively viewing Bilateral amygdala activation in L allele

carriers as compared to S  homozygous

individuals during angry vs. neutral faces.

Lonsdorf  et al. (2011) 54  5­HTTLPR, COMT rs4680 Passively viewing S  allele carriers had higher SCR  habituation as

compared to L/L carriers. While watching angry

faces, S  carriers had increased right amygdala

activation as compared to L/L carriers during

early and late phase. L/L carriers showed

increased right amygdala activation especially

in early phase. At whole­brain level, L/L

carriers showed higher left sgACC activation in

early  phase while processing angry faces.

O’Nions  et al. (2011) 30  5­HTTLPR, rs25531 Gender recognition In  LA/LA subjects the subgenual ACC response

was  decreased for fearful relative to neutral

faces, and was increased in the S/S group.
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Table 1 (Continued)

Reference Sample (n) Polymorphisms Faces Task Findings

Pezawas et al. (2005) sMRI: n  = 114; fMRI: n = 94  5­HTTLPR Face matching In  comparison to L/L subjects, S allele carriers

showed significantly reduced volume of  the

pACC and right amygdala. Short allele carriers

showed a highly significant reduction of

amygdala­pACC connectivity in comparison to

L/L  genotype individuals, especiallyly in rACC.

The functional coupling between amygdala

and ventromedial PFC was weakly increased.

Surguladze et al. (2008) 29  5­HTTLPR Gender recognition Increased functional coupling between

amygdala and right FG in S/S carriers during

prototypical fearful faces as  compared to S/L  or

L/L  carriers.

Surguladze  et al. (2012) 91 5­HTTLPR, rs25531,

COMT  rs4680

Passively viewing dynamic faces While fearful faces, right amygdala activation

was increased in S’/S’ >  L’/L’ carriers, but not

significantly. S’ allele number was inversely

correlated with total effective connectivity of  a

general emotion­processing circuit

(encompassing amygdala) during fearful faces.

Thomason  et al. (2010) 51  5­HTTLPR, rs25531 Dot­Probe­Task S  carriers showed more right ACC activation

during subliminal angry >  neutral contrast as

compared to L­homozygous.

Volman et al. (2013) 48 5­HTTLPR Approach­Avoidance­Task S  carriers showed higher amygdala activation

during the angry faces condition.

Amygdala­anterior PFC functional coupling

was negatively weighted in non­S carriers.

Von  dem Hagen et al. (2011) 68 5­HTTLPR Face shift recognition S  carriers exhibited higher bilateral amygdala

activation in response to angry and sad facial

expressions.

Walsh  et al. (2012) 67 5­HTTLPR Gender recognition Left amygdala showed increased activation in

S/S  carriers as compared to L/L carriers.

Additive effect of recent negative life events

and genotype on  left amygdala activation.

Waring et al. (2014) 29 5­HTTLPR Emotional conflict regulation As compared to L/L carriers, S  carriers showed

decreased functional connectivity between

dorsal and pACC associated with impaired

conflict regulation.

Wiggins et al. (2014) 48 5­HTTLPR, rs25531 Gender recognition S  or LG carriers showed shorter RT. Low

expressing  group showed increased amygdala

activation and steeper right

amygdala­ventromedial PFC functional

connectivity with increasing age. Functional

connectivity was predicted by

genotype­by­age interaction (trend level).

aCBF = absolute cerebral blood flow; COMT =  catechol­o­methyltransferase; EDP =  eating disorders prone; FG  = fusiform gyrus; fMRI = functional magnetic resonance imaging;

MDD  = major depressive disorder patients; pACC = perigenual anterior cingulate cortex; PD =  phobia prone; PFC =  prefrontal cortex; rACC =  rostral subgenual anterior cingulate

cortex;  RT =  reaction time; SCR  = skin conductance response; sgACC =  subgenual anterior cingulate cortex; sMRI =  structural magnetic resonance imaging; TPH2 = tryptophan

hydroxylase 2.

6. Functional neuroimaging of pharmacological challenge

of  the serotonin system

Having  a closer look at pharmacologic challenge imaging liter­

ature according to its impact on serotonin, relevant emotional face

processing studies can be coarsely divided into two  groups. The

first group of relevant fMRI studies investigates healthy volunteers

taking a psychopharmacologic agent (e.g., SSRI) in  comparison to

placebo during an emotional faces task. The second group of studies

reports experiments modulating serotonin levels in  healthy volun­

teers by depleting or elevating blood concentrations of tryptophan,

a precursor of serotonin.

The  systematic PubMed database search was  conducted,

using the search terms “serotonin”, “serotonergic”, “emotion

recognition”, “affect recognition”, “emotion processing”, “affect

processing”, “face processing”, “facial affect”, “facial emotion”, and

“imaging” in combination with the keywords “antidepressant”;

“tryptophan depletion” or “tryptophan elevation”. The final search

for this review was carried out in  January 2016 and revealed a total

of 83 publications. The search process revealed 13  fMRI studies ful­

filling the inclusion criteria for the antidepressant group and 8 fMRI

studies for the tryptophan group.

6.1.  Antidepressant treatment

Most  of the studies investigated agents inhibiting the presy­

naptic reuptake of serotonin from the synaptic cleft, so called

selective serotonin­reuptake inhibitors (SSRIs), e.g., citalopram or

escitalopram. In one study the extract of the plant Sceletium

tortuosum (Zembrin), a  dual serotonin­reuptake and  PDE4

inhibitor, was given, another study tested the combined serotonin­

norepinehrine­reuptake inhibitor duloxetine. All of these drugs are

known to  increase synaptic serotonin.

Ten studies used citalopram as pharmacologic agent (Anderson

et al., 2007; Bigos et al., 2008; Del­Ben et al., 2005; Di Simplicio

et al., 2014; Harmer et al., 2006; Klomp et al., 2013; Ma  et al.,

2015; Murphy et al., 2009; Norbury et al., 2009; Windischberger

et al., 2010). Six  of these 10  studies used a gender recognition task

(Anderson et al., 2007; Del­Ben et al., 2005; Di  Simplicio et al., 2014;

Harmer et al., 2006; Klomp et al., 2013; Murphy et al., 2009). Del­

Ben et al. (2005) found a decrease in right amygdala associated with

aversive facial expression (anger, disgust, fear) after citalopram

intake. Using the same task, the finding of an attenuated amygdala

activation following citalopram could be replicated by three more

studies (Anderson et al., 2007; Harmer et al., 2006; Murphy et al.,

2009). Two studies reported an opposite effect, elevated amygdala
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responsivity to emotional facial gender recognition (Di Simplicio

et al., 2014; Klomp et al., 2013). Further regions related to face

processing have been found to be  altered by citalopram effects.

Two studies reported decreased lateral OFC activation associated

with aversive facial expression after citalopram intake (Anderson

et al., 2007; Del­Ben et al., 2005). An attenuated MPFC activa­

tion under citalopram was  reported by Harmer et al. (2006). In

addition, the authors found a decrease in the ability to recognize

fearful facial expressions under citalopram. Murphy et al. (2009)

found decreased medial frontal responsivity to fearful faces under

citalopram as compared to placebo. In a recent fMRI and haemop­

erfusion study by Di  Simplicio et al. (2014), healthy controls were

grouped in high and low level neurotic and compared during citalo­

pram vs. placebo treatment. Analyzed was the processing of happy

and fearful faces. Under citalopram they found greater response

to fearful as compared to happy faces in  areas including paracin­

gulate cortex and dorsal ACC specifically in participants with high

level neuroticism. Two of the ten reviewed citalopram studies used

an emotion matching task (Norbury et al., 2009; Windischberger

et al., 2010). In an fMRI study by Norbury et al. (2009), bilat­

eral amygdala activation increase in  response to  happy faces was

observed under citalopram. The  placebo group showed elevated

bilateral amygdala activation related to fearful expressions. In an

fMRI publication by Windischberger et al. (2010), both, citalopram

and escitalopram, were tested during an emotional faces vs. geo­

metric shape matching paradigm. Associated with both drugs, they

found decreased right amygdala activation during face processing.

The placebo group showed stronger bilateral amygdala activation.

Bilateral medial frontal activation decrease was observed under

escitalopram exposure. Bigos et al. (2008) reported citalopram

concentration­dependent bilateral amygdala activation increase

during an emotion matching task. In a  pharmaco­genetics fMRI

study by Ma  et al. (2015), citalopram was revealed to increase left

amygdala activation during fearful faces processing in a repetition­

detection task. Furthermore, both amygdalae showed elevated

activation during fearful faces processing in homozygous L, but not

homozygous S allele carriers. In line with the 5­HTTLPR imaging

genetics studies reviewed above, the homozygous S allele carri­

ers as compared to the homozygous L allele carriers in  the placebo

group revealed significantly stronger (left­sided) amygdala activa­

tion while viewing fearful faces.

Analyzing solely escitalopram effects, Arce et al. (2008) found

decreases in bilateral amygdala and subgenual ACC activation

associated with elevated escitalopram urine concentrations. Left

amygdala responsivity to fearful faces was decreased under esci­

talopram, the same effect in response to angry faces was marginally

significant. Terburg et al. (2013) published a study testing the

dual SSRI and PDE4 inhibitor Zembrin during emotional face

matching. They found heightened amygdala activation under Zem­

brin during emotion processing. Functional connectivity between

amygdala and hypothalamus was decreased after Zembrin as

compared to placebo administration, marginally larger in the emo­

tional condition. The serotonin­norepinephrine­reuptake inhibitor

duloxetine was used in  a study by  Van Marle et al. (2011). The

group reported attenuated amygdala and ventral ACC activa­

tion under duloxetine during face­matching (>control condition).

In addition to that, they found increased functional coupling

between amygdala and  anterior insula after duloxetine adminis­

tration.

Summing up, despite some inconsistent findings the majority

of studies reports decreased amygdala and decreased frontal or

cingulate activation to emotional face stimuli under antidepres­

sant (synaptic serotonin elevating) medication (for a more detailed

overview, see Table 2).

6.2. Acute tryptophan depletion (ATD)

5­hydroxytryptophan emerges from the hydroxylation of the

amino acid tryptophan. Serotonin is synthesized by  decarboxyla­

tion of 5­hydroxytryptophan (Wurtman et al., 1980). Since only

the precursors of serotonin can cross the blood­brain barrier,

tryptophan levels can control the serotonin synthesis rate in  the

brain (Cansev and Wurtman, 2007; Pardridge, 1979). Subsequently,

depleting tryptophan levels experimentally to  lower the serotonin

availabilty has become a  common method to investigate the sero­

tonergic function of the brain (Reilly et al., 1997). Since acute

tryptophan depletion (ATD) has been applied in  several emotion

processing studies (for an excellent review on this topic, see Evers

et al., 2010), the comparison of its serotonin­modulated brain

activation and the 5­HTTLPR­related one during emotional face

processing is of high interest. As  ATD comes along with serotonin

decrease, an opposing effect to SSRI treatment can be hypothesized.

We found eight articles fulfilling our inclusion criteria for ATD

studies. Five of the eight ATD studies included in the review used a

gender recognition task (Cools et al., 2005; Fusar­Poli et al., 2007;

Grady et al., 2013; Passamonti et al., 2012; Van der Veen et al.,

2007). Using this task, Cools et al. (2005) reported ATD­associated

increased right amygdala activation predicted by  threat­sensitivity

during the processing of fearful faces. This finding of increased

amygdala responsivity to emotional faces after ATD was  replicated

by three studies (Fusar­Poli et al., 2007; Grady et al., 2013; Van

der Veen et al., 2007). However, one study could not replicate this

effect (Passamonti et al., 2012). Grady and colleagues addition­

ally observed bilateral increased amygdala activation under ATD as

compared to serotonin increase by citalopram (Grady et al., 2013).

Only Fusar­Poli and colleagues found an opposite effect, a decrease

in left amygdala activation under ATD, in a combined happy and

sad faces contrast (Fusar­Poli et al., 2007). Furthermore, several

studies reported activation and connectivity related to  other brain

regions important for face processing. On whole­brain level, Van

der Veen and colleagues found ATD­related increased right­sided

ventromedial PFC activation overlapping with rostral ACC in  the

fearful vs. happy condition (Van der Veen et al., 2007). Grady and

colleagues reported ATD­associated MPFC activation during pro­

cessing angry and fearful faces (Grady et al., 2013). While not

finding significant treatment­related activation, Passamonti and

colleagues found increased effective connectivity between amyg­

dala and ACC and between amygdala and ventrolateral PFC (VLPFC)

associated with the processing of angry faces under ATD modula­

tion (Passamonti et al., 2012).

In another fMRI study, Williams et al. (2007) found increased

right amygdala activation during viewing happy faces and

increased left amygdala responsivity associated with fearful face

processing during an emotion recognition task. Both results were

observed for the ATD group. Furthermore, they found increased

ACC/MPFC activation associated with ATD during processing of

frontally viewed faces as compared to faces shown from a sided

perspectve. In a study by  Robinson et al. (2013), only a trend for ele­

vated amygdala activation during processing of fearful faces under

ATD was  observed using an emotional conflict regulation task.

Additionally, activation of dorsal ACC and dorsal medial PFC was

increased under ATD in  the fearful faces condition as  well. Regard­

ing connectivity findings, Robinson et al. (2013) observed increased

ACC/dorsal MPFC–amygdala connectivity during processing of fear­

ful faces. In another fMRI study, Kroes and colleagues found no

effect on brain activation by modulating the tryptophan blood

plasma concentration during an emotion matching task (Kroes

et al., 2014).

Taken together, the ATD imaging literature rather homoge­

niously suggests elevated amygdala activation. In addition, these

findings suggest a prefrontal/cingulate activation increase and
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Table 2

Pharmacological imaging studies on antidepressant treatment effects on corticolimbic activation in association with emotional face processing.

Reference Sample (n) Drug (period of treatment) Faces Task Findings

Anderson et al. (2007) 12 citalopram (single dose) Gender recognition Decreased left amygdala activation during disgust faces

and  decreased right amygdala and right lateral OFC

activation related to fearful facial expressions under

citaloram.

Arce  et al. (2008) 13 escitalopram (21 days) Emotion matching Decreases in bilateral amygdala and subgenual ACC

activation associated with elevated escitalopram urine

concentrations. Left amygdala responsivity to fearful faces

was  decreased under escitalopram, the same effect in

response  to angry faces was marginally significant.

Bigos  et al. (2008) 8 citalopram (single dose) Face matching Citalopram concentration­dependent bilateral amygdala

activation  increase.

Del­Ben et al. (2005) 12 citalopram (single dose) Gender recognition Decrease in right amygdala and right lateral OFC

responsivity associated with aversive facial expression

(anger, disgust, fear)

Di Simplicio et al. (2014) 48 citalopram (7  days) Gender recognition Healthy controls were grouped in high and low level

neurotic and compared during citalopram vs. placebo

treatment. Analyzed was the processing of  happy and

fearful  faces. Under citalopram they found greater

response to fearful as compared to happy faces in areas

including  paracingulate cortex and dorsal ACC in

participants with high level neuroticism. Extracting mean

perfusion levels from the amgdalae, they observed a

citalopram­associated increased right amygdala perfusion.

Regardless  of emotion increased bilateral amygdala

activation was found under citalopram as  compared to

placebo  during face processing.

Harmer et al. (2006) 24 citalopram (7  days) Gender recognition In relation to fearful faces, attenuated bilateral amygdala

and  MPFC activation under  citalopram. Additionally, a

decrease  in the ability to recognize fearful facial

expressions under citalopram.

Klomp et al. (2013) 12 citalopram (single dose) Gender recognition Participants were scanned twice. During the second scan

increased  medial frontal and paracingulate activation was

revealed  suggesting a  citalopram effect. When they

directly compared the citalopram scans and its  preceding

baseline scan, a  positive effect of  citalopram on amygdala

activation increase was revealed during the second scan

session  while processing emotional faces.

Ma  et al. (2015) 46 citalopram (single dose) Repetition­detection task The placebo group revealed significantly stronger left

amygdala in S/S than L/L carriers in fearful >  neutral

contrast; citalopram increased left amygdala activation

during fearful; acute administration of  citalopram

increased response in the left and right amygdala to fearful

vs.  neutral faces in L/L,  but not S/S carriers; no  effect

related to happy faces.

Murphy et al. (2009) 26 citalopram (single dose) Gender recognition Decreased right amygdala and medial frontal responsivity

to  fearful faces under citalopram as compared to placebo

Norbury et al. (2009) 28 citalopram (7–10 days) Emotion matching Bilateral amygdala activation increase in response to

happy  faces under citalopram. The placebo group showed

elevated  bilateral amygdala activation related to fearful

expressions.

Terburg  et al. (2013) 16 Zembrin (single dose) Emotion matching Heightened amygdala activation under Zembrin during

emotion  processing. Functional connectivity between

amygdala and hypothalamus was  decreased after Zembrin

as  compared to placebo administration, marginally larger

in  the emotional condition.

Van Marle et al. (2011) 19 duloxetine (14 days) Face matching Attenuated amygdala and ventral ACC activation under

duloxetine  during face­matching (>control condition). In

addition,  increased functional coupling between amygdala

and  anterior insula after duloxetine administration.

Windischberger et al. (2010) 18 citalopram, escitalopram (10 days) Emotion matching Citalopram and escitalopram were tested during an

emotional  faces vs. geometric shape matching paradigm.

Associated with both drugs, they found decreased right

amygdala activation during face processing. The placebo

group  showed elevated bilateral amygdala activation.

Bilateral medial frontal activation decrease was observed

under  escitalopram exposure.

ACC =  anterior cingulate cortex; MPFC =  medial prefrontal cortex; OFC =  orbitofrontal cortex.

intensified amygdala­prefrontal coupling, if less brain serotonin is

available (for an overview of studies, see Table 3).

7. Serotonin modulation at the neurochemical level

The  purpose of this review is to provide an overview of imaging

studies on emotional face processing, investigating genetic effects
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Table 3

Imaging studies on tryptophan modulation effects on corticolimbic activation in association with emotional face processing.

Reference Sample (n) TRP modulation Faces Task Findings

Cools et al. (2005) 12 ATD Gender recognition ATD­associated increased right

amygdala activation predicted by

threat­sensitivity during processing of

fearful faces. This finding could be

replicated by Van der Veen et al.

(2007).

Fusar­Poli et al. (2007) 10 ATD Gender recognition Decreased left amygdala activation

under ATD in a  combined happy and

sad faces contrasts and increased right

amygdala responsivity associated with

ATD as compared to serotonin

elevation  using a  balanced

tryptophan­containing amino acid

mixture.

Grady  et al. (2013) 20 ATD citalopram Gender recognition ATD­associated enhanced left

amygdala and MPFC activation during

processing angry and fearful faces.

They additionally observed bilateral

increased amygdala activation under

ATD as compared to serotonin increase

by citalopram.

Kroes  et al. (2014) 32 TRP/LNAA ratio modulated drink Emotion matching No effect of  test­drink consumption on

neural responses to emotional face

processing.

Passamonti et al. (2012) 19 ATD Gender recognition Increased effective connectivity

bewteen  amygdala and ACC and

amygdala and VLPFC associated with

the processing of  angry faces under

ATD modulation.

Robinson  et al. (2013) 19  ATD Emotional conflict regulation Trend for elevated amygdala activation

during processing of  fearful faces

under ATD. Additionally, activation of

dorsal ACC and dorsal medial PFC was

increased under ATD  in the fearful

faces condition. Furthermore, under

ATD increased ACC/dorsal

MPFC–amygdala connectivity during

processing of fearful faces.

Van der Veen et al. (2007) 24 ATD Emotion intensity recognition Gender recognition Replication of  the findings by Cools

et al. (2005). On whole­brain level, the

authors additionally found ATD­related

increased right­sided ventromedial

PFC activation overlapping with rostral

ACC in the fearful vs. happy condition.

Williams et al. (2007) 10 ATD Emotion recognition (different face positions) Increased right amygdala activation

during viewing happy faces and

increased left amygdala responsivity

associated with fearful face processing.

Both results were observed for the ATD

group. Furthermore, they found

increased ACC/MPFC activation

associated with ATD during processing

of frontally viewed faces as  compared

to faces shown from a sided

perspectve.

ATD = acute tryptophan depletion; LNAA =  long neutral amino acids; valine, isoleucine, leucine, tyrosine, and phenylalanine; TRP = tryptophan.

of the 5­HTTLPR polymorphism as well as  pharmacologic effects

of tryptophan­level and antidepressant serotonergic modulation.

The online database search was focused on studies in  healthy vol­

unteers and restricted to impact on neural circuitry encompassing

amygdala, OFC, ACC, and MPFC. In the first part of this review,

neuroimaging studies on 5­HTTLPR have been reported, with their

results indicating specific tendencies in  their overall brain activa­

tion patterns, indirectly modulated at the transmitter level due to

the genetic variation. For connecting the dots between the genetic

and the neurotransmitter level in  the second part of this review,

we conducted an additional systematic search for imaging studies

which investigated the influence of direct transmitter modulation,

comparing pharmacologically challenged healthy individuals. Our

interest was to see if there are similarities or differences in  brain

activation  regarding the pharmacologically facilitated serotonergic

state as compared with the imaging genetics results. However, the

challenge studies revealed partially contradictory results in com­

parison to the imaging genetics findings. In the following third part,

we evaluate these different imaging studies in light of recent neuro­

biological evidence, trying to bridge the gap between neuroimaging

findings of imaging genetics and challenge studies. For this purpose,

first challenge studies and then the imaging genetics studies will be

discussed to provide a comprehensive model of serotonin effects on

brain activation in response to facial expressions (for an overview

on the effects found by all 46 reviewed neuroimaging studies, see

Fig. 1).
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Amygdala

MPFC

ACC

OFC

Serotonin effects

Fig. 1. Effects of 5­HTTLPR S  allele (red arrow), pharmacological serotonin reup­

take inhibition (green arrow) and acute tryptophan depletion (yellow arrow) on

amygdalo­(pre­)frontal activation and functional connectivity (black horizontal

line)  during aversive facial emotion processing; direction of  the arrow indi­

cates  the direction of the effect (enhancing versus decreasing); length of  the

arrow  indicates the related frontal or cingulate cortex areas; MPFC =  medial pre­

frontal cortex, ACC =  anterior cingulate cortex, OFC = orbitofrontal cortex, arrows

up/down  =  increase/decrease.

7.1. Antidepressant treatment studies

The functional imaging studies on antidepressant serotonin­

reuptake inhibiting drugs revealed a tendency to hypoactivated

amygdala, frontal and cingulate cortex under medication (sero­

tonin elevated).

Regarding pharmacologic serotonin­reuptake inhibition, the

in­vivo microdialysis studies have shown that the inhibition of

serotonin reuptake produced by  single administration of tri­

cyclic antidepressants and SSRIs caused a significant elevation of

the extracellular serotonin concentration in the midbrain raphe

nuclei of rodents (Adell and Artigas, 1991; Bel and Artigas, 1992;

Invernizzi et al., 1992). This extracellular serotonin increase in the

midbrain raphe nuclei has been observed to activate inhibitory 5­

HT1A autoreceptors which leads to a  reduction in  5­HT firing in the

forebrain (Artigas, 2013; Artigas et al., 1996; Blier and de Montigny,

1994; Romero et al., 1996). For humans, Fisher et al.  (2006) could

show an inverse relationship between 5­HT1A autoreceptor den­

sity in dorsal raphe nuclei and threat­related amygdala activation

using a combined fMRI­PET approach. The authors hypothesized

a 5­HT1A receptor­mediated loss of negative feedback regulation,

leading to disinhibited arousal of the amygdala. The other way

round, the conclusion that increased 5­HT1A density and activation

are associated with decreased amygdala activation can be drawn.

Thus, drug­induced 5­HT1A receptor activation might be an expla­

nation for decreased corticolimbic signaling in participants treated

with serotonin­reuptake inhibiting antidepressants during emo­

tional face processing (see Fig. 2).

Chronic treatment with serotonin­reuptake inhibiting drugs has

been observed to come along with neuronal adaption processes. Bel

and Artigas reported a transient increase in extracellular serotonin

in the frontal cortex of the rat  after acute SSRI administration (Bel

and Artigas, 1993). As compared to that, they found a six times

higher frontal extracellular serotonin increase after a continuous

infusion of the same SSRI over a period of 14  days. This is  explained

by a desensitization of the 5­HT1A receptor due  to a chronic SSRI

treatment (Blier et al., 1990; Celada et al., 2004; El Mansari et al.,

2005; Hervás et al., 2001). The desensitization allows more sero­

tonin to be released per impulse reaching the nerve terminals

(Blier and de Montigny, 1994). This suggests that different periods

of pharmacologic antidepressant treatment might lead to differ­

ent corticolimbic activational patterns, e.g., increased corticolimbic

activation after chronic as compared to single dose treatment. The

antidepressant challenge studies reviewed in here partially dif­

SRI
Cor+colimbic

ac+va+on

ATD

Antidepressant  serotonin-reuptake  inhibition  and  ATD  effects

Cor+colimbic

ac+va+on

MRN

MRN

5-HT1A

5-HT

5-HT

5-HT1A

Fig. 2. Effects of  pharmacologic challenge on corticolimbic activation (red arrow)

during  emotional face processing driven by  5­HT1A receptor signaling in midbrain

raphe  nuclei area; 5­HT =  serotonin concentration altered by  SRI or ATD (orange

arrow);  5­HT1A receptors; ATD =  acute tryptophan depletion; MRN  = midbrain raphe

nuclei; SRI = serotonin­reuptake inhibition by pharmacologic antidepressant drug;

arrows up/down = increase/decrease.

fer  in  the periods of drug administration as follows: single­dose

(Anderson et al., 2007; Bigos et al., 2008; Del­Ben et al., 2005;

Klomp et al., 2013; Ma  et al., 2015; Murphy et al., 2009; Terburg

et al., 2013), 7 days (Di  Simplicio et al., 2014; Harmer et al., 2006),

7–10 days (Norbury et al., 2009), 10 days (Windischberger et al.,

2010), 14  days (Van Marle et al., 2011), and 21 days (Arce et al.,

2008). Unfortunately, the reviewed imaging studies do not allow

conclusions about effects of the length of the treatment period

due to inconsistent results. Therefore, further investigations are

needed.

7.2. ATD studies

The  imaging results of the tryptophan experiments suggest

an ATD­mediated amygdala and prefrontal/cingulate activation

increase and intensified coupling (serotonin attenuated).

Despite a  controversy about the exact neurobiological effect

of ATD on serotonin (Van Donkelaar et al., 2011; Young, 2013),

several studies have revealed a  decrease in plasma tryptophan lev­

els following ATD in  animals (e.g., Blokland et al., 2002; Lieben

et al., 2004) and humans (e.g., Reilly et al., 1997; Van der Does,

2001). Furthermore, a reduction in  levels of the 5­HT metabolite 5­

hydroxyindoleacetic (5­HIAA) in human cerebrospinal fluid (CSF)

has been found after ATD (e.g., Carpenter et al., 1998; Moreno et al.,

2000; Williams et al., 1999).

Using positron emission tomography (PET) in  humans,

Nishizawa and colleagues could demonstrate a reduction in sero­

tonin synthesis after ATD in different cerebral areas, e.g., the frontal

cortex and the amygdala (Nishizawa et al., 1997). Detecting a  cor­

tisol response in depressed patients after ATD as compared to

after a control amino acid mixture in  a study by  Price and col­

leagues, a  regulatory function of 5­HT receptors was suggested

(Price et al., 1998). In another study, Price and colleagues inves­

tigated the cortisol response in depressed patients after having the

serotonergic agonist m­chlorophenylpiperazine infused following

ATD (Price et al., 1997). The results were similar to  the other study,

suggesting compensatory upregulation of 5­HT2A/2C receptors. In

an animal study, Cahir and colleagues observed an elevated cor­

tical 5­HT2A receptor binding in the rat brain after three weeks of

tryptophan decrease (Cahir et al., 2007), indicating a compensatory

upregulation in response to serotonin deficiency. Interestingly,

Cahir and colleagues additionally reported a reduction in 5­HT1A

autoreceptor binding in raphe nuclei after ATD, while not alter­
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ing cortico­limbic binding sites, suggesting a  reduced serotonergic

feedback modulation in  the raphe nuclei area (Cahir et al., 2007).

This diminished inhibitory feedback loop after ATD might account

for an increased corticolimbic activation during emotion processing

as observed in the ATD studies reviewed in here (see Fig. 2). How­

ever, further studies on differences between effects of acute and

chronic tryptophan depletion on serotonin receptors are needed.

7.3.  5­HTTLPR studies

Looking  at the 5­HTTLPR neuroimaging publications, the results

indicate increased amygdala activation related to  the processing

of negative emotions in  S allele carriers. In  addition, some stud­

ies report S allele­associated elevated ACC activity and reduced

functional coupling between amygdala and MPFC/ACC.

Lesch and colleagues demonstrated in  vitro that the 5­HTTLPR

polymorphism is associated with changes in 5­HTT expression,

coming along with a two­fold reduced 5­HT­reuptake in S  allele

carriers as compared to homozygous L allele carriers (Lesch et al.,

1996). Heinz and colleagues were the first to show in  vivo alter­

ations in 5­HTT binding due to 5­HTTLPR (Heinz et al., 2000).

Using b­CIT SPECT imaging, they detected reduced 5­HTT bind­

ing levels in the dorsal raphe nuclei of human S allele carriers.

Given the fact that the serotonin transporter is the main target of

antidepressant serotonin­reuptake inhibition (Chang et al., 1996;

Zhou et al., 2009), the difference between the amygdala activation

in S allele carriers and antidepressive medicated subjects on the

one hand (both facilitate synaptic serotonin elevation), and the

pattern of reduced amygdala and PFC activation in response to

ATD on the other hand does not appear conclusive immediately.

Trying to disentangle this observed phenomenon, looking at sero­

tonergic effects on the development of the central nervous system

(CNS) might provide an explanatory approach. Already Ansorge

and colleagues have investigated the seeming paradox between

5­HTT­lacking mice exhibiting increased depressive and anxious

behaviours and long­term SSRI treatments leading to a  reduction

of 5­HTT and decreased depression­ and anxiety­related symp­

toms (Ansorge et al., 2004). Administering the SSRI fluoxetine to

postnatal mice, Ansorge and colleagues induced a transient 5­HTT

inhibition during early development of the animals. As  a conse­

quence, mice positive for 5­HTT treated with fluoxetin postnatally

showed the same anxious and depressive behaviours such as  5­

HTT­deficient conspecifics. The authors draw the conclusion that

gene polymorphisms reducing 5­HTT expression might exert their

effects in early stages of CNS development by changing the mat­

uration of emotion­modulatory neural circuits. With this in mind,

several molecular 5­HTTLPR­associated effects on serotonin recep­

tor regulation, especially regarding 5­HT1A,  5­HT2C,  and 5­HT2A

receptors, may  provide an explanatory approach for these seem­

ingly paradoxical neuroimaging fndings (for an excellent overview

on serotonergic mechanisms related to cerebral threat reactivity,

see the reviews by Canli and Lesch, 2007; Hariri and  Holmes, 2006;

Fisher and Hariri, 2013).

In  animal models, mice deficient for the serotonin transporter

revealed a significant reduction in 5­HT1A receptor expression

(Holmes et al., 2003). Additionally, 5­HTT knockout (KO) mice

showed a  5­HT1A autoreceptor downregulation in dorsal raphe

neurons (Gobbi et al., 2001; Kim et al., 2005). Thus, a genetically

driven absence of the serotonin transporter has been associ­

ated with a reduced expression or downregulation of 5­HT1A

autoreceptors leading to diminished serotonergic autoregulation

in raphe nuclei. For humans, Fisher et al. (2006) could show an

inverse relationship between 5­HT1A autoreceptor density in dor­

sal raphe nuclei and threat­related amygdala activation using a

combined fMRI­PET approach. The authors hypothesized a 5­HT1A

receptor­mediated loss of negative feedback regulation, leading to

disinhibited arousal of the amygdala. Accordingly, using PET, David

et al. (2005) observed decreased 5­HT1A binding potentials in sev­

eral brain areas, including raphe nuclei and ACC, associated with

5­HTTLPR S allele load. (Since contradicting findings were discussed

(Lee et al., 2005), this has to be regarded cautiously.) In sum, atten­

uated 5­HT1A receptor density in raphe nuclei has been associated

with human amygdala response to threat. Furthermore, decreased

5­HT1A receptor binding in  raphe nuclei and ACC has been related

to the S allele of the 5­HTTLPR polymorphism. Another 5­HT recep­

tor of interest for a deeper understanding of 5­HTTLPR­associated

corticolimbic activation is the 5­HT2C receptor.

Regarding  a  potential role in emotion processing for the 5­

HT2C receptor, microinjecting 5­HT2C agonists in the amygdala of

rats induced a fear­related behavioural response (Campbell and

Merchant, 2003; De Mello Cruz et al., 2005). An increase in 5­

HT2C receptor availability, while 5­HT1A receptor is downregulated,

has previously been discussed as facilitating an amygdala state

of hyperexcitability (Hariri and Holmes, 2006). Taken together, 5­

HT2C receptor stimulation has been linked to  fear­related behaviour

in animals. Additionally, an upregulation of 5­HT2C receptor in

association with a  downregulation of 5­HT1A receptor has been sug­

gested to promote heightened amygdala activation. Besides 5­HT1A

and 5­HT2C receptors, one more 5­HT receptor increasingly came

into focus of emotion processing research, the 5­HT2A receptor.

In humans, recent neuroimaging studies have reported 5­HT2A­

and 5­HT1A­associated alterations related to aversive emotion reg­

ulation. In a  combined PET­fMRI study on healthy volunteers, Fisher

et al. (2009) reported an inverse correlation between 5­HT2A recep­

tor density in  the MPFC and threat­associated amygdala activation,

using the face matching paradigm (threat­related: fearful/angry

faces) by Hariri et al. (2002). Furthermore, they found 5­HT2A den­

sity in the MPFC correlating with the magnitude of amygdala­MPFC

functional connectivity (Fisher et al., 2009). In a further investi­

gation, Fisher and colleagues revealed that the aforementioned

inverse relationship between medial prefrontal 5­HT2A receptor

density and amygdala signaling was significantly moderated by  low

5­HT1A receptor binding in  the MPFC (Fisher et al., 2011). Addition­

ally, in  an fMRI study by Hornboll et al. (2013), the 5­HT2A receptor

antagonist ketanserin was  associated with an increase in  medial

OFC activation and medial OFC­left amygdala functional coupling

during the processing of fearful faces in a  gender recognition task.

To sum up, these investigations could reveal an increased amyg­

dala excitation correlating with diminished 5­HT2A availability in

the MPFC associated with lowered 5­HT1A receptor function in  the

MPFC during threat­related emotional face processing. Consider­

ing threat­related amygdala activation increase in S allele carriers

associated with 5­HT1A and 5­HT2A receptor hypofunctionality,

the observed medial prefrontal 5­HT2A receptor density­related

amygdala­MPFC functional connectivity effect might serve as an

explanatory approach for the S allele­driven decreased corticol­

imbic functional coupling found in  the 5­HTTLPR neuroimaging

studies (for an overview of 5­HTTLPR­associated 5­HT receptor

alterations, see Fig. 3). All in all, S allele carriers appear to have

a disinhibited sertonergic modulation of amygdala activity during

facial emotion processing associated with altered serotonin recep­

tor relationships in raphe nuclei and medial prefrontal or anterior

cingulate cortex. These considerations might provide one possi­

ble answer narrowing the question why the threat­related neural

activation patterns associated with the drug­induced serotonin ele­

vation vary from the 5­HTTLPR polymorphism effect.

8.  Conclusions, limitations, and future directions

This review explored the neuroimaging findings on the process­

ing of emotional facial expressions, taking account of serotonergic
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5-HTTLPR S allele effects

5-HT2C
5-HT2A

5-HT1A

Amygdala MPFC

MRN

ACC

5-HT1A

Fig. 3. 5­HTTLPR model (S allele­promoted synaptic serotonin increase): S allele­

associated availability of 5­HT1A ,  5­HT2C , and 5­HT2A receptors (curved arrow

up/down  = up­/downregulation), reciprocal receptor relationships (black double

arrow), and brain region activation increases (red arrow). MRN  =  midbrain raphe

nuclei, MPFC = medial prefrontal cortex, ACC =  anterior cingulate cortex.

modulation. We  aimed to examine the influence of 5­HTTLPR,

serotonin­reuptake inhibiting antidepressant drugs and ATD on

neural circuit activation (encompassing amygdala, OFC, ACC, and

MPFC) associated with the processing of emotional facial expres­

sions. We have reviewed studies that demonstrated serotonin

effects on activation of brain areas for social processing. Never­

theless, since our review considered only studies investigating the

processing of emotional faces, future research needs to verify if our

model can also be applied to other social­cognitive functions, such

as theory of mind, or emotion processing in  general. Furthermore,

for future investigations several other aspects seem worth to be

considered and some limitations have to be  mentioned.

Regarding candidate genes, several other genetic regions

besides 5­HTTLPR have been associated with emotion processing

or social cognition. Among them are polymorphisms concerning

catechol­o­methyltransferase (COMT) (Egan et al., 2001; Heinz and

Smolka, 2006; Mier et al., 2010a), monoamine oxidase­A (MAOA)

(Buckholtz and Meyer­Lindenberg, 2008; Meyer­Lindenberg et al.,

2006), or oxytocin (Bethlehem et al., 2013; Sauer et al., 2012; Skuse

and Gallagher, 2011; Tost et al., 2010). Additionally, neuroimaging

findings on 5­HT receptor genes in emotion processing appear as

another road for further investigation (Iidaka et al., 2005; Kilpatrick

et al., 2011).

Besides studies on different single gene effects, more sophis­

ticated imaging genetics analysis techniques, taking biologic

interactions of several genes (gene x gene interaction, “epistasis”)

on brain activation into account, have been developed (Bigos and

Weinberger, 2010). For example, Pezawas and colleagues found an

epistatic effect of 5­HTTLPR and the neurotrophin brain­derived

neurotrophic factor (BDNF) on corticolimbic volume alterations

(Pezawas et al., 2008). Several gene x gene interactions on neural

activation during emotion processing have already beeen reported

(e.g., Naudts et al., 2012; Outhred et al., 2012; Wang et al., 2012).

Furthermore, the development of polygenic risk models is sug­

gested to be a promising field within the next wave of imaging

genetics (Birnbaum and  Weinberger, 2013), leading to a  more pro­

found understanding and more realistic and complex genetical

models of brain function.

Moreover,  it should be mentioned that there are general

concerns regarding the endophenotype concept which is the the­

oretical basis for imaging genetics studies (Bigos and Hariri, 2007;

Gottesmann  and Gold, 2003; Hariri et al., 2006; Meyer­Lindenberg

and Weinberger, 2006). Specifically, some potential risks for data

interpretation are under discussion (Flint and  Munafò, 2007;

Kendler and Neale, 2010; Walters and  Owen, 2007) and have to

be kept in  mind when assessing the results of studies presented in

our review. Walters and Owen emphasize four possible schematic

relationships between genes, endophenotypes, and psychiatric dis­

ease phenotypes which should be taken into account: (1) The

endophenotype is  a  consequence of disease symptoms or state, (2)

the endophenotype is an epiphenomenon, (3) different genes are

associated with endophenotypes and disease, and (4) the endophe­

notype arises from non­genetic factors (Walters and Owen, 2007).

For a  further discussion of limitations of this endophenotype

approach, see the articles by Flint and Munafò (2007), Kendler

and Neale (2010), and Walters and  Owen (2007). Indpendent of

the validity of the endophenotype concept, there are further issues

with 5­HTTPLR imaging genetics studies (Bastiaansen et al., 2014;

Munafò et al., 2008; Murphy et al., 2013). In 2008, Munafò and col­

leagues published a meta­analysis on 5­HTTLPR imaging genetics

studies on amygdala activation during emotion processing (Munafò

et al., 2008). They found the 5­HTTLPR polymorphism accounting

for up to  10% of phenotypic variance, supporting the association

of the polymorphism and the phenotype. Nevertheless, they con­

cluded that most studies published lack in  statistical power, mainly

due to too small sample sizes. They recommended that samples

should at least encompass 70  participants, assuming equal num­

bers of each genotype. Furthermore, they concluded that studies

showing negative results and therefore are less likely to be pub­

lished lead to a publication bias, distorting estimations of the likely

magnitude of effects of associations. In another meta­analysis, Mur­

phy and colleagues reported a small but significant effect of the

S allele on amygdala activation (Murphy et al., 2013). They also

pointed to a majority of underpowered studies with significant

findings, mainly because of too small sample sizes as main source of

study outcome variations. Furthermore, the authors underline the

danger of not publishing negative results, promoting a  publication

bias. Interestingly, their meta­analysis was  stratified for several

factors of between­study heterogeneity, e.g., imaging methods

used, task designs, contrasts used within the subtraction meth­

ods etc., not finding any significant moderating influence of study

design characteristics. Bastiaansen and colleagues reported meta­

analytic results (Bastiaansen et al., 2014), including unpublished

studies added to the body of studies analyzed by Murphy et al.

(2013). They found previously significant effect size no longer sig­

nificant, suggesting the genotype­phenotype association smaller

than previously assumed. In conclusion, the authors emphasized

the need for null results publications to fight publication bias. All

in all, further studies with increased sample sizes and a  greater

acceptance of null results publications are needed. For a  greater

overview of the discussion, see the publications by  Bastiaansen

et al. (2014), Munafò et al. (2008), and Murphy et al. (2013). Regard­

ing sample sizes of the 5­HTTLPR studies reviewed in  here, only 6

studies included at least 70 participants (Bastiaansen et al., 2014;

Domschke et al., 2012; Fisher et al., 2015; Hariri et al., 2005;

Pezawas et al., 2005; Surguladze et al., 2012) as recommended

by Munafò et al.  (2008). Two  more studies had almost 70 par­

ticipants (Von dem Hagen et al., 2011, n =  68; Walsh et al., 2012,

n = 67). Furthermore, because of inhomogenous allelic distribution,

in some studies the building of genotype groups (e.g., S vs. L/L) was

required for comparison purposes. Only 9 of the 25 studies reported

groups quite equal in  size due to genotype grouping (Hariri et al.,

2002; Fisher et al., 2014; Lonsdorf et al., 2011 O’Nions et al., 2011;

Volman et al., 2013; Von dem Hagen et al., 2011; Walsh et al., 2012;

Waring et al., 2014; Wiggins et al., 2014). Furthermore, the trial­

lelic approach in analyzing the 5­HTTLPR genotype has only been

considered in 10  of the reviewed studies (Costafreda et al., 2013;
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Dannlowski et al., 2010, 2008; Domschke et al., 2012; Fisher et al.,

2015, 2014; O’Nions et al., 2011; Surguladze et al., 2012; Thomason

et al., 2010; Wiggins et al., 2014), promoting variation in  sensi­

tivity for detecting differences in cerebral activation (Bastiaansen

et al., 2014). To summarize, inconsistent neuroimaging results of

the reviewed studies might be related to issues with sample size or

allele distribution. Further research on these aspects is required.

Regarding  pharmacological fMRI, there are some limitations

concerning the interpretation of measured neuronal activation.

A repeatedly discussed issue is the vasoactive impact of admin­

istered compounds and the changes in the vasoactive coupling

or blood oxygen level­dependency (BOLD) measured by  fMRI

(Honey and Bullmore, 2004; Wise and Tracey, 2006). Since the

vascular signaling system encompasses multiple vasoactive agents

(e.g., potassium, neurotransmitters, neuropeptides, or nitric oxide)

(Iadecola, 2004), which are thought to  be pharmacologically mod­

ulated and to play a role in the increase of cerebral blood flow,

the complexity of interaction between the pharmacological agent

and vascular effects has to be taken into account, while inter­

preting the neuronal activation (Honey and Bullmore, 2004; Wise

and Tracey, 2006). Another issue is  the interpretation of drug­

related brain activation changes without behavioural alterations,

which can on the one hand nihilistically be seen as epiphenomenal,

or on the other hand as  the result of compensatory cerebro­

functional adaptions (Honey and Bullmore, 2004). For a deeper

overview of the discussion, see the excellent reviews by Honey

and Bullmore (2004) and Wise and Tracey (2006). In addition,

a recent meta­analysis of Ma  (2015) on neuroimaging studies,

investigating antidepressants effects during emotion processing,

pointed to potential factors causing inconsistent results between

studies. The analyses revealed different brain activation in response

to antidepressant pharmacologic modulation dependent on single

or repeated administration. The studies reviewed in here differed

in their dosage design, encompassing administration of antidpres­

sants as single­dose (Anderson et al., 2007; Bigos et al., 2008;

Del­Ben et al., 2005; Klomp et al., 2013; Ma  et al., 2015; Murphy

et al., 2009; Terburg et al., 2013), administration for 7 days (Di

Simplicio et al., 2014; Harmer et al., 2006), for 7–10 days (Norbury

et al., 2009), for 10 days (Windischberger et al., 2010), for 14 days

(Van Marle et al., 2011), and for 21  days (Arce et al., 2008). Further­

more, inconsistencies in antidepressants effects might be related to

different dosages or ways of administration (oral vs. intravenous)

(Ma, 2015). The studies differed not only in  administration fre­

quencies, but also in  citalopram dosages given to the participants,

such as 7,5 mg  (Anderson et al., 2007; Del­Ben et al., 2005), 20 mg

(Di Simplicio et al., 2014; Harmer et al., 2006; Klomp et al., 2013;

Murphy et al., 2009; Norbury et al., 2009; Windischberger et al.,

2010; Bigos et al., 2008), or 30 mg (Ma et al., 2015). The three

other studies used 5 and 10  mg of escitalopram (Arce et al., 2008),

25 mg of Zembrin (Terburg et al., 2013), or 60 mg of duloxetine (Van

Marle et al., 2011). Regarding the administration method, 10  stud­

ies used oral drug administration (Arce et al., 2008; Di Simplicio

et al., 2014; Harmer et al., 2006; Klomp et al., 2013; Ma  et al., 2015;

Murphy et al., 2009; Norbury et al., 2009; Terburg et al., 2013; Van

Marle et al., 2011; Windischberger et al., 2010), wereas in 3 stud­

ies participants took the antidepressant intravenously (Anderson

et al., 2007; Bigos et al., 2008; Del­Ben et al., 2005). Additionally,

other factors are thought to modulate the antidepressants effects,

such as gender or genes (Ma,  2015). The  studies reviewed in  here

showed differences in gender compositions of the samples, with

only males (Anderson et al., 2007; Del­Ben et al., 2005; Di Simplicio

et al., 2014; Ma  et al., 2015), only females (Arce et al., 2008; Bigos

et al., 2008; Klomp et al., 2013), mostly males (Harmer et al., 2006;

Windischberger et al., 2010), or balanced for sex (Murphy et al.,

2009; Terburg et al., 2013; Van Marle et al., 2011). Regarding genetic

effects, only the study by Ma  et al. (2015) reported 5­HTTLPR

polymorphism effects (see above). Thus, in addition to general

critics on pharmacological challenge studies, there are several fac­

tors potentially promoting inconsistent results and complicating

comparability between studies, emphasizing the need for further

investigations.

Regarding serotonergic antidepressant drug effects, the effect

of chronic SSRI treatment on emotion processing should be studied

more extensively to investigate the effect of 5­HT receptor desensi­

tization (Blier et al., 1990; Celada et al., 2004; El Mansari et al., 2005;

Hervás et al., 2001). Furthermore, 5­HTT polymorphism effects on

the efficacy of antidepressants have been reported (Karlović and

Karlović, 2013; Porcelli et al., 2012; Serretti et al., 2007; Smits

et al., 2004). However, only the study by Ma and colleagues inves­

tigated this relationship refering to emotional face processing (Ma

et al., 2015). Further studies might be of intertest to investigate

the impact of the interaction of genetics and drug therapy on facial

emotion processing.

Although  ATD is currently regarded as one of the most estab­

lished methods to investigate the serotonergic involvement in  the

neurobiology of affective disorders, the extent to which ATD alters

serotonin directly or indirectly and  the underlying neurobiological

mechanisms are still unclear (Van Donkelaar et al., 2011; Young,

2013). One critical aspect regarding the extent of the impact of ATD

on cerebral serotonin levels is that it cannot be measured directly

in humans, but is estimated based on peripheral tryptophan levels

(Van Donkelaar et al., 2011). Van Donkelaar and colleagues empha­

size that often for analyses needed total and free tryptophan levels

as well as amino acids competing with tryptophan, like methio­

nine and threonine, are not integrated in estimations, promoting

distorted results (Van Donkelaar et al., 2011). Other potential

confounding factors are e.g., influences of ATD on nitric oxide syn­

thase, cerebrovascular dynamics, and stress, which furthermore are

thought to have an impact on serotonin levels, complicating the

interpretation of ATD effects on serotonin (Van Donkelaar et al.,

2011; Young, 2013). Young suggests that being in an fMRI scanner

as compared to a  quiet room might already change the ATD effect on

serotonin release due to a state of greater arousal (Young, 2013). For

an overview of the discussion, see the excellent reviews by Crockett

et al. (2012), Van Donkelaar et al. (2011), and  Young (2013). Fur­

ther, in terms of inconsistencies in  results of ATD neuroimaging

studies on emotion processing, Evers et al. (2010) underlined small

sample sizes, differences in  tasks used, and gender of the partic­

ipants as  potential confounding influences. Regarding the sample

sizes of the studies reviewed in here, it has to be mentioned that

the numbers of participants is relatively small, with only 1 study

with over 30 participants (Kroes et al., 2014; n = 32). Furthermore,

regarding the tasks used, the 8  included studies used 4 different

tasks (see above). Focusing on the gender of the participants, the

studies reviewed in here differed in  the composition, with groups

of only males (Cools et al., 2005; Williams et al., 2007), only females

(Kroes et al., 2014; Van der Veen et al., 2007), mostly males (Fusar­

Poli et al., 2007; Grady et al., 2013; Robinson et al., 2013), or mostly

females (Passamonti et al., 2012). Nevertheless, the ATD effect on

amygdala activation is quite consistent, emphasizing the impor­

tance of this observed effect.

Since differences in  5­HT receptor regulation dependent on the

period of tryptophan alteration have been reported (Cahir et al.,

2007), further studies need to investigate differences between

effects of acute and chronic tryptophan depletion on serotonin.

Additionally, ATD has been proposed to influence not only sero­

tonin, but also proteins likely relevant for brain function, e.g., BDNF

(Van Donkelaar et al., 2011). Since BDNF has been associated with

alterations in  cognitive and  emotional processing (Domingos da

Silveira da Luz et al., 2013; Lu  et al., 2014; Scharinger et al., 2010),

studying an BDNF­allelic effect on corticolimbic signaling after

tryptophan modulation in response to facial emotion processing
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could be a  promising path to a deeper understanding of under­

lying neurobiological mechanisms of social­cognitive functioning

derived from pharmacogenetic effects.

Even though many of the reviewed studies focused on amyg­

dala and ACC activation, a limitation of this review might be the

restriction to specific brain areas. Since different other regions pre­

viously associated with serotonergic modulation, such as insula

(Klumpp et al., 2014), and  striatum (Balcioglu and Wurtman, 2000

Navailles and De Deurwaerdère, 2011; Zhou et al., 2005), are sug­

gested to play a role in emotion processing, an extended set of brain

areas seems necessary for a comprehensive neurobiological under­

standing. Additionally, the aspect of hemisphere­dependent area

activation as regarded elsewhere (Hardee et al., 2008; Nakamura

et al., 2014) should be taken into consideration.

Another important factor which makes the comparability of

studies increasingly complicated is the heterogeneity of fMRI

paradigms. On the one hand, many of the studies on emotional face

processing reviewed used different tasks associated with different

activation patterns; on the other hand, some tasks do not clearly

allow to differentiate between cognitive or affective brain func­

tions tested (e.g., emotion processing vs. word processing, working

memory, or conflict monitoring). To enhance our understanding

of genetic effects on brain activation, future tasks should be more

homogenous and preferentially focused on single brain functions.

Such an attempt to synchronize modern psychiatric research can

be found in the Research Domain Criterea (RDoC), as recommended

by the National Institute of Mental Health (NIMH) (Cuthbert 2015;

Cuthbert and Insel, 2013; Cuthbert and Kozak, 2013; Insel et al.,

2010; Insel, 2014).

In  2010, Thomas Insel and colleagues from the NIMH published

a commentary in the American Journal of Psychiatry, introduc­

ing a new approach for classifying mental illness for research

purposes, the RDoC (Insel et al., 2010). The  current psychiatric

diagnostic systems, as the Diagnostic and Statistical Manual of

Mental Disorders (DSM; American Psychiatric Association, 2013)

and the mental and behavioural disorders section of the Inter­

national Classification of Diseases (World Health Organization,

1992), define diagnoses in  terms of nosological categories based

on clusters of symptoms, regardless of neurobiological underpin­

nings of mental illnesses (Cuthbert, 2015; Cuthbert and Insel, 2013;

Cuthbert and Kozak, 2013; Insel et al., 2010; Insel, 2014). The

RDoC project aims for a taxonomic system for research purposes,

taking neurobiological evidence into account and resting on the

assumptions that mental illnesses are the results of dysfunctional

brain circuits which can be neuroscientifically identified (e.g., with

functional neuroimaging, electrophysiology etc.), and ideally lead

to the development of biosignatures (“constructs”) presumed to

underlie core symptoms of mental disorders, indicating a cer­

tain clinical management (Casey et al., 2014; Insel et al., 2010).

The innovative dimensional approach of RDoC divides the system

into five research “domains”: Negative valence domain, positive

valence systems, cognitive systems, systems for social processes,

and arousal/modulatory systems (Cuthbert, 2014; Cuthbert and

Insel, 2013). Each of these domains consists of several “constructs”

and “subconstructs” (Cuthbert, 2014; Cuthbert and Insel, 2013).

Regarding  the placement within the RDoC system of the neural

processing of emotional facial expression and the impact of

genetic polymorphisms or pharmacological challenge, as reviewed

in here, the NIMH assigns the domain “social processes”, the con­

struct “social communication”, and the subconstruct “reception

of facial communication” to paradigms testing emotional facial

expressions (see http://www.nimh.nih.gov/research­priorities/

rdoc/rdoc­constructs.shtml). Following the RDoC rationale of

the  implementation of empirical neuroscientific evidence (see

http://www.nimh.nih.gov/research­priorities/rdoc), our model

combines different levels of analysis, e.g., genetics (5­HTTLPR),

molecules  (serotonin, pharmacologic drugs, tryptophan, 5­HTT,

5­HT receptors), neural circuits (cortico­limbic), physiology (brain

activation as measured by  fMRI), and behaviour (identification

of emotion), demonstrating an approach in line with the RDoC

principles. What is missing in the current review is providing the

dimensional approach recommended in the RDoC. For example,

Dannlowski and colleagues showed an increase in amygdala

activity during passively viewing masked emotional faces in S and

LG allele carriers as  compared to LA/LA homozygotes in a  sample

consisting of healthy controls and patients with major depression

(Dannlowski et al., 2008). This effect remained significant in the

patient group alone, but not in the healthy control group. In the

study by Costafreda and colleagues, elevated amygdala activation

during a gender recognition faces task in  S as compared to L allele

carriers, as well as in SA,  SG, and LG allele carriers as compared to

LA/LA allele homozygotes was  reported (Costafreda et al., 2013).

The sample consisted of patients with recurrent depression and

healthy controls. The effect of greater amygdala response was

more intense in the patient group as compared to the healthy

controls. These results suggest that the impact of the S allele might

even be stronger in patient groups. However, an analysis of how

the described interplay of different serotonin receptors with the

serotonin transporter applies to the results from patient studies is

needed.

Finally, despite limitations, we found empirical evidence for

cerebral activation patterns related to 5­HTTLPR allele­associated

alterations in serotonergic neurotransmission. The reviewed 5­

HTTLPR studies indicate increased amygdala activation, an elevated

ACC activation and reduced functional coupling between amygdala

and MPFC/ACC related to the processing of negative emotions in

S allele carriers (see Fig. 1). For comparison, we regarded these

results in  relation to  pharmacological challenge neuroimaging

findings from antidepressants and ATD studies. Antidepressants

neuroimaging studies reviewed here suggest a  hypoactivation of

amygdala, frontal and cingulate cortex under medication during

facial emotion processing (see Fig. 1). The reviewed ATD publica­

tions indicate an elevation in  amygdala and prefrontal/cingulate

responsivity and  functional coupling between these corticolim­

bic areas to  emotional faces after ATD (see Fig. 1). Thus, contrary

to our expectations, these studies revealed activation patterns

which were not immediately explained by  solely regarding the

influences of the investigated genes, or the drugs on neurotrans­

mitter concentrations. Trying to bring these different neuroimaging

findings into line with theories on neurotransmitter biology, we

discussed these imaging findings in the light of recent neurobiolog­

ical evidence, especially on serotonin receptor relationships. Based

on that, we propose a  neurobiological model, suggesting that 5­

HTTLPR genotype­, antidepressants­ and ATD­induced alterations

in 5­HT1A,  5­HT2A, and  5­HT2C receptor activation, distribution, and

binding behaviour might play a  critical role in corticolimbic activa­

tion during emotional face processing. Within this model, studies

on antidepressants suggest an increase in extracellular serotonin

concentration in midbrain raphe nuclei. This serotonin elevation

has been thought to activate inhibitory 5­HT1A autoreceptors, lead­

ing to a diminished serotonergic corticolimbic firing (see Fig. 2). As

opposed to this, ATD has been observed to lower plasma serotonin

concentrations, facilitating a reduction in 5­HT1A autoreceptor

binding in raphe nuclei. Furthermore, this promotes an attenuated

feedback inhibition of corticolimbic activation, what might explain

the heightened corticolimbic responsivity during facial emotion

processing (see Fig. 2). Regarding the 5­HTTLPR effects, within our

model, (5­HTTLPR S allele­associated) 5­HTT reduction facilitates a

downregulation of 5­HT1A receptors in raphe nuclei which has been

associated with an increased amygdala response to threat. Addi­

tionally, a decreased 5­HT1A receptor binding in  raphe nuclei and

ACC has been related to the S allele of the 5­HTTLPR polymorphism.
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Further, linked to a downregulation of 5­HT1A receptors, an upreg­

ulation of 5­HT2C receptors has been described. 5­HT2C receptor

stimulation in amygdala has been linked to fear­related behaviours.

In sum, these 5­HT1A receptor and 5­HT2C receptor alterations

have been thought to promote heightened amygdala response to

emotional cues. Furthermore, associated with a lowered medial

prefrontal 5­HT1A receptor function, an increased amygdala excita­

tion has been found correlating with diminished medial prefrontal

5­HT2A receptor availability during threat­related emotional face

processing. We think this interplay of serotonin receptors with

serotonin transporter variations serves as an explanatory approach

for the S allele­driven decreased corticolimbic functional coupling

found in the 5­HTTLPR neuroimaging studies (For an overview of

the model, see Fig. 3).

All  in all, we believe our  review provides evidence of serotoner­

gically driven functional corticolimbic circuit architecture during

social­cognitive functioning and a  contribution to a  deeper under­

standing of its neurobiological underpinnings, hopefully facilitating

further steps towards a personalized medical treatment.
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