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Abstract
Rationale In major depression, prefrontal regulation of
limbic brain areas may be a key mechanism that is impaired
during the processing of affective information. This
prefrontal–limbic interaction has been shown to be modu-
lated by serotonin (5-HTT) genotype, indicating a higher
risk for major depressive disorder (MDD) with increasing
number of 5-HTT low-expression alleles.
Objective Functional magnetic resonance imaging was
used to assess neural response to uncued unpleasant
affective pictures in 21 unmedicated patients with MDD
compared to 21 matched healthy controls, taking into
account genetic influences of the 5-HTT (SCL6A4) high-
and low-expression genotype.
Results Healthy controls displayed greater prefrontal acti-
vation (BA10) to uncued negative pictures compared to
patients with MDD. While in healthy controls prefrontal

(BA10) activation and BA10–amygdala coupling increased
with the number of 5-HTT low-expression risk alleles, this
effect was abolished, and even reversed, in patients with
MDD. In MDD, connectivity decreased with severity of
depressive symptoms (HAMD total score).
Conclusion These findings suggest that increased medial
prefrontal (BA10) activation and BA10–amygdala connec-
tivity may counteract the risk for MDD in healthy carriers
of 5-HTT low-expression alleles, while this protective
factor might be lost in patients who actually suffer from
MDD. Prefrontal–limbic regulation in risk populations
could be a target of early interventions and should be the
focus of further research.

Keywords 5-HTT genotype . Functional MRI .Major
depressive disorder . Connectivity . Emotion . Regulation

Introduction

Cognitive control of emotions is particularly in demand
when negative affective events occur unexpectedly, thus
requiring cognitive appraisal (Kalisch et al. 2006;
Simpson et al. 2001). Such regulation of emotional
reactions involves interactions of medial and dorsal parts
of the prefrontal cortex (PFC; Kalisch et al. 2006; Phan et
al. 2002; Simpson et al. 2001) with emotional appraisal
systems such as the amygdala (Irwin et al. 2004;
Matthews et al. 2008; Ochsner and Gross 2005). The
interaction of medial PFC and the amygdala during
viewing of negative visual stimuli may be modulated by
serotonin genotype (5-HTTLPR) carriers of short alleles
of the 5-HTT promoter, who appear to display a higher
risk for major depressive disorder (MDD) in response to
stressful life events (Caspi et al. 2003 but see Gillespie et

Psychopharmacology (2009) 205:261–271
DOI 10.1007/s00213-009-1536-1

Eva Friedel, Florian Schlagenhauf, and Philipp Sterzer contributed
equally to this work.

Electronic supplementary material The online version of this article
(doi:10.1007/s00213-009-1536-1) contains supplementary material,
which is available to authorized users.

E. Friedel (*) : F. Schlagenhauf : P. Sterzer : S. Q. Park :
F. Bermpohl :A. Ströhle :M. Stoy : I. Puls :C. Hägele :
J. Wrase :A. Heinz
Department of Psychiatry, Charité University Medicine Berlin,
Campus Charité Mitte,
Charitéplatz 1,
10117 Berlin, Germany
e-mail: eva.friedel@charite.de

C. Büchel
NeuroImage Nord, Department of Neurology,
University Clinic Hamburg-Eppendorf,
Hamburg, Germany

http://dx.doi.org/10.1007/s00213-009-1536-1


al. 2005) and show increased coupling between medial
PFC (BA10) and the amygdala during the presentation of
negative but not positive affective pictures (Heinz et al.
2005; Pezawas et al. 2005; Munafo et al. 2008). In
contrast, prefrontal–amygdala coupling is decreased in
patients who actually suffer from MDD (Anand et al.
2005a), indicating impaired prefrontal–limbic connectivity
in this disorder (Drevets 2007; Ressler and Mayberg
2007). One explanation for these apparently contradictory
findings in healthy individuals and patients with MDD
could be that genetic risk for MDD may be counteracted by
enhanced affect regulation through prefrontal–amygdala
interaction, while the loss of this mechanism may lead
to MDD.

Here, we directly compared unmedicated patients with
MDD and healthy controls with respect to the modula-
tory effect of 5-HTT genotype on neural processing of
uncued and cued negative stimuli. Bermpohl et al. (2006)
observed that cues indicating the subsequent presentation
of affective pictures activate the anterior cingulate cortex
(ACC) and further brain areas implicated in emotion
regulation and that this network is distinct from brain
areas activated by the affective pictures themselves.
Similarly, Ueda et al. (2003) and Onoda et al. (2008)
report activation in the medial prefrontal cortex (mPFC),
left ACC, and right amygdala during anticipation of
negative stimuli. Furthermore, Herwig et al. (2007)
describe an increased mPFC activation and decreased
right amygdala activation during cognitive regulation of
negative affective stimuli. Based on these findings, we
hypothesized that prefrontal–amygdala connectivity would
be particularly important during the presentation of
aversive pictures that were not preceded by a cue and
thus require the activation of compensatory centers of
emotion regulation such as the ACC and medial prefrontal
cortex. Therefore, negative stimuli were presented with or
without prior cues to assess adaptive neural responses,
comparing healthy controls and patients with MDD as
well as modulatory influences of 5-HTT genotype on
these neural responses. Specifically, we tested the effects
of the 5-HTTLPR (Heinz et al. 2005; Pezawas et al. 2005;
Praschak-Rieder et al. 2007) and a second single-
nucleotide polymorphism (rs25531), which modulates
5-HTTLPR effects on serotonin transporters, resulting in
reduced function of 5-HTTLPR long (L) allele carriers in
the presence of a G substitution in rs25331 (LG; Hu et al.
2006; Smolka et al. 2007). We expected to find (1)
increased mPFC activation and mPFC–amygdala coupling
in healthy carriers of a short or LG allele of the 5-HTT
gene, particularly when negative stimuli are uncued and
prefrontal control of limbic activation may be required,
and (2) that this potentially regulatory mechanism is
dysfunctional in major depression, resulting in reduced

prefrontal activation and prefrontal–amygdala coupling
depending on depression severity.

Methods and material

Subjects

Twenty-one patients with unipolar major depression (mean
age 40±10, five women, all right-handed) were included in
this study and compared to 21 healthy controls matched for
age, gender, and smoking (mean age 38±12, six women, all
right-handed). There were no significant group effects
concerning age (T=0.734, p=0.50), gender, and smoking
(χ2: 0.1–2.4; p>0.1). Patients suffered from unipolar MDD
according to ICD-10 and DSM-IV criteria and were
included only with a Hamilton Rating Scale for Depression
(HRSD-21, Hamilton 1960) score above 15 (mean ± STD:
20.19 ± 4.34; for clinical characteristics, see Table 1). They
had no other psychiatric axis I disorder and no past history
of drug dependence or current drug abuse (assessed with
random urine drug testing and SCID interview, Wittchen et
al. 1997) except for nicotine abuse.

Healthy controls had no psychiatric axis I or II disorder
(SCID I and II interviews). Patients were recruited from the
inpatient and outpatient center of the Department of
Psychiatry and Psychotherapy, Charité Universitätsmedizin
Berlin, Campus Mitte. Healthy control participants were
recruited from the local community by advertisement.

All patients were free of any medication at least 3 months
before the scanning session; nine patients had never
received any medication treatment (drug naïve).

Genotyping

The genotype of the promoter for the 5-HTT gene (Hu et
al. 2006; Lesch et al. 1996) was assessed with polymerase
chain reaction and oligonucleotide primers. Genotype
effects on activation and connectivity patterns in response
to negative emotional stimuli have been reported for 5-
HTT low-expression alleles (Heinz et al. 2005). An A<G
exchange leading to differential transcriptional activation
of 5-HTT messenger RNA was established in the 5-HTT
regulatory region (Hu et al. 2006). Accounting for the
hypothesized functional similarity of LG and S alleles in
driving 5-HTT transcription, we treated LG variants of the
long 5-HTTLPR version like 5-HTT low-expression
alleles (s-alleles; Hu et al. 2006; Nakamura et al. 2000;
Praschak-Rieder et al. 2007; Smolka et al. 2007). 5-HTT
genotype distribution did not significantly differ from
Hardy–Weinberg equilibrium. The genotype distribution
for patients with MDD and healthy controls with respect
to A<G exchange is given in Table 2.

262 Psychopharmacology (2009) 205:261–271



fMRI data acquisition

Imaging was performed on a 1.5-T Scanner (Magnetom
VISION Siemens®) with an Echo Planar Imaging (EPI)
sequence (TE=40 ms, TR=2,300 ms, α=90°, matrix=64×
64, voxel size=4 ×4 ×3.3 mm). A 3D Magnetization
Prepared Rapid Gradient Echo (TR=9.7 ms; TE=4 ms; flip
angle 12°; matrix=256×256, voxel size 1 mm x 1mm x
1mm) image data set was acquired. Head movement was
minimized by using a vacuum pad.

fMRI paradigm

An event-related design with pictures of different affective
valence, e.g., unpleasant (negative) and neutral pictures from
the International Affective Picture System, was used for
emotional stimulation (Lang et al. 1999). The 36 stimuli per
category were presented for 2 s in random order and with a
randomly jittered intertrial interval (1.6–3 s) in order to
sample the hemodynamic response at different data points. A
cue appeared 3 s before each picture (for a duration of
500 ms followed by a fixation cross). In half of the trials, the
cue notified the emotional valence of the upcoming picture
(e.g., “negative” or “neutral”) to the subjects (“cued”
condition) and in the other half of trails the cue consisted of
a meaningless letter combination that did not predict the
emotional valence of the following picture (here referred to as
“uncued” condition). Stimulus material was counterbalanced
for the cued and uncued condition across all subjects.
Participants were instructed to passively view the stimuli
because even simple rating tasks can influence amygdala
activation elicited by negative pictures (Taylor et al. 2003).
To keep participants engaged in the task and control for a
decrease in attention, subjects had to confirm every viewed
picture with a button press with the right thumb.

After the MRT session, each subject rated the presented
pictures on a nine-point Likert scale for valence (unpleasant
vs pleasant) and arousal (high vs low).

fMRI analysis

Data preprocessing

Functional magnetic resonance imaging data were analyzed
in SPM5 (www.fil.ion.ucl.ac.uk/spm). The first three
volumes of each functional time series were discarded to
remove non-steady-state effects caused by T1 saturation.
The remaining images were corrected for differences in
slice time acquisition, corrected (realigned to the mean
volume), spatially normalized to the standard EPI template
provided by the Montreal Neurological Institute (MNI
template), and smoothed with an 8-mm full-width at half-
maximum Gaussian kernel.

Table 2 Genotype distribution for patients with major depressive
disorder (MDD) and healthy controls (HC) with respect to A<G
exchange

MDD L/L=6 L/S=10 S/S=5

LA/LA LA/S LA/LG S/S LG/S LG/LG

6 10 – 5 – –

HC L/L=7 L/S=10 S/S=4

LA/LA LA/S LA/LG S/S LG/S LG/LG

7 7 3 4 – –

Table 1 Clinical characteristics of patients with major depressive
disorder (MDD) and healthy controls (HC)

MDD
(N=21)

HC
(N=21)

Symptom
characteristics

M SD M SD T(p<0.000)

HRSD total score 20.19 4.34 NA

BDI total score 26.88* 8.13 3.81 3.25 11.24

STAI total score 48.61* 9.38 33.72 8.75 5.68

Past medical history

Age at onset, mean
(SD), year

33.24 10.24 NA

Previous major
depressive episodes,
mean (SD), N

2.5 2.2 0

Duration of the current
episode, day

54.41 60.02 NA

Family history
(positive), N

9 0

Treatment history

Medication status
before the scanning:
drug-naive, N

9 NA

Last individual
medication of at least
3 month drug-free
patients, N

Escitalopram 2 –

Citalopram 1 –

Duloxetin 1 –

Nortriptilen 1 –

Mirtazapin 1 –

Clomipramin 1 –

Trimipramin 1 –

Imipramin 1 –

Fluoxetin 1 –

Moclobemid 1 –

Oxazepam 1 –

M mean, SD standard deviations, N frequencies of group character-
istics, NA not applicable

P values: two tailed significance value for t test MDD vs. HC

*p>0.001 (significant difference between HC an MDD, independent
t test)
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Statistical analysis

First-level single-subject analysis

After preprocessing, the data were analyzed in the context
of the general linear model approach as implemented in
SPM5 at two levels. On the first single-subject level, the
picture valence (e.g., negative or neutral) for cued and
uncued pictures as well as the different cues (e.g., cue
negative, cue neutral, or cue meaningless) was defined as
events and were modeled separately as explanatory varia-
bles after convolution with the canonical hemodynamic
response function. Realignment parameters were included
as additional regressors. Individual beta images for each
picture condition and the contrast for “negative−neutral
pictures” (either combining cued and uncued pictures or for
each condition separately) and for the contrast “[(uncued
negative−uncued neutral)−(cued negative−cued neutral)]”
were computed for each individual and entered into second-
level random-effects models.

Second-level group statistical analyses

First, to determine the neural response to aversive stimuli,
the individual beta images of each picture condition
(combining cued and uncued pictures) were entered into a
second-level random-effects model with group and picture
valence (negative or neutral) as factors including subjects as
a random factor. Activations for negative−neutral pictures
for both groups together, for each group separately, and for
differences between groups were determined using the
appropriate contrasts. In a second analysis, we specifically
tested for group differences between cued and uncued
negative−neutral pictures and assessed the contrast
“[(uncued negative−uncued neutral)−(cued negative−cued
neutral)],” further referred to as “uncued compared to cued
negative minus neutral pictures,” which was subjected to a
two-sample t test.

In a third step, the genotype effect was estimated by
including the 5-HTT low-expression allele count (0, 1, or 2)
as a covariate into the above-mentioned analyses. Correla-
tions with psychopathology measures (State Trait Anxiety
Inventory (STAI) and HRSD-21 total score) were deter-
mined by entering them as covariates in separate SPM
random-effects models. For the STAI, which was employed
in both groups, a two-sample t test with STAI total score
entered as covariate was used. For the HRSD-21, which
was only administered in MDD, a one-sample t test with
HRSD-21 total score as covariate was used. All tests for
correlations between brain activation and behavioral data
were explorative and not corrected for multiple testing;
therefore, p values are exclusively given for descriptive
reasons.

Statistical correction

Given our a priori hypothesis of an involvement of the
amygdala and the mPFC in emotional processing,
correction for multiple testing was performed using the
small volume approach (Brassen et al. 2008; Heinz et al.
2005). We used the Pick Atlas (Lancaster et al. 2000;
Maldjian et al. 2003; http://www.fmri.wfubmc.edu) to
define regions of interest (ROI) for the amygdala (left
68 voxels, right 86 voxels). The mPFC ROI was generated
by combining the BA10 ROI from the Pick Atlas with a
36-mm diameter sphere centered between the genu of the
corpus callosum and the anterior pole (x/y/z=0/52/−3, as
previously used by Heinz et al. 2005) to confine the ROI
to the medial part of BA10, in accord with our a priori
hypothesis (BA10, left 89 voxels, right 92). We corrected
for multiple comparisons using the family-wise error
(FWE) procedure for the volumes of interest at a statistical
threshold of p<0.05.

Connectivity analysis: psychophysiological interaction

We used the psychophysiological interaction (PPI)
approach (Gitelman et al. 2003) to assess genotype
effects on coupling between the prefrontal area displaying
a group effect in the whole-brain analysis (BA10) and the
amygdala, following the hypothesis that genotype effects
on amygdala activity (Hariri et al. 2003; Lau et al. 2008)
are mediated by cortical top-down modulation (Heinz et
al. 2005, Pezawas et al. 2005). To create the PPI term, the
time series of the cortical seed region (e.g., the BA10) was
extracted and deconvolved within a Bayesian framework
to generate the neuronal signal for the seed region
(Gitelman et al. 2003). The PPI was then defined as the
element-by-element product of the neuronal time series of
the seed region and a vector coding for the effects of
emotional stimuli (uncued negative versus neutral pic-
tures). As seed region, the peak voxel of the group effect
for “uncued compared to cued negative minus neutral
pictures” was chosen (x/y/z=−12/60/3). For each subject, a
new first-level statistical model was set up, which
included the following regressors: the individual time
series of the seed region (BA10), the psychological
variable (negative vs neutral uncued pictures), and the
reconvolved interaction term (the psychophysiological
variable). Because the seed region (BA10) showed a
task-by-group interaction, it is crucial to account for
variance explained by group differences of the task effect
independent of connectivity differences. Therefore, all
task conditions were included as regressors in the PPI
single-subject analysis to control for variance explained
by the task conditions (for further analysis, please see
Supplementary Material).
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The individual contrast images for the interaction term
were taken to the second level. Group, genotype, and group-
by-genotype effects were assessed with a two-sample t test
with the genotype added as a covariate implicating 5-HTT
low-expression allele count (0, 1, or 2).

Behavioral data analysis

Ratings for valence and arousal (on a nine-point Likert
scale) were analyzed in separate repeated-measures analysis
of variance with factor picture valence (negative vs neutral)
as intrasubject factor and group as intersubject factor using
SPSS 14.

Results

Behavioral data

As expected, negative and neutral pictures were differently
rated according to their valence (F=168.25, p<0.001) and
arousal (F=135.54, p<0.001) by all participants, post hoc
t test revealed more aversive valence scores (T=13.076, p<
0.001) and higher arousal scores (T=11.68, p<0.001) for
negative pictures compared to neutral ones. There were no
significant group differences in subjective ratings and no
interactions (F values between 0.58 and 0.72, all p>0.3),
indicating that the stimulus material was equally appraised
by the healthy controls and MDD patients.

Amygdala response elicited by negative minus neutral
pictures

To compare neural responses to emotional stimuli between
healthy controls and patients with MDD, we assessed
neural responses to negative minus neutral pictures (com-
bining the cued and uncued conditions). As previously
observed (Hariri et al. 2002; Heinz et al. 2005; Pezawas et
al. 2005), there was a significant activation in both
amygdalae while viewing negative minus neutral pictures
across all participants (healthy controls and patients with
MDD: peak left: x/y/z=−18/−6/−15, T=3.91, p=0.002,
FWE-corrected; peak right: x/y/z=18/−3/−15, T=4.05, p=
0.001, FWE-corrected; healthy controls: peak left: x/y/z=
−18/−6/−18, T=3.29, p=0.011, FWE-corrected; peak right:
x/y/z=30/3/−24, T=3.21, p=0.016, FWE-corrected; patients
with MDD: peak left: x/y/z=−18/−6/−15, T=2.85, p=0.033,
FWE-corrected, peak right: x/y/z=18/−3/−15, T=3.44, p=
0.009, FWE-corrected). There was no group difference
between healthy controls and patients with MDD in the
amygdala. No significant expectancy effect (uncued vs.
cued) nor interactions group-by-expectancy in amygdala
response to negative minus neutral pictures were found.

Correlation between amygdala response and severity
of anxiety and depression

Using state anxiety as a covariate in a two-sample t test for
the contrast negative minus neutral pictures (combining
cued and uncued conditions), there was a significant
positive correlation of right amygdala activation across
both groups (T=2.80, x/y/z=18/3/−15, p=0.045, FWE-
corrected). This correlation was trend wise higher in
patients with major depression (T=2.38, x/y/z=30/−9/−12,
p=0.096, FWE-corrected), the most anxious subjects
showing the strongest amygdala activation to negative
pictures. Severity of depression (HRSD-21 total score) did
not modulate amygdala response in patients with MDD.

5-HTT genotype effect on amygdala activation

Modulation of amygdala activation by 5-HTT genotype
was assessed with a two-sample t test for the contrast
negative minus neutral pictures (combining cued and uncued
conditions) with the number of s-alleles entered as a
covariate (0, 1, or 2) for each group. There was a tendency
for genotype modulation in MDD (right amygdala: T=2.55,
x/y/z=27/−9/−12, p=0.067, FWE-corrected), which was
trend wise reversed in healthy controls (right amygdala: T=
2.43, x/y/z=27/0/−27, p=0.083, FWE-corrected; left amyg-
dala: T=2.50, x/y/z=−27/−3/−27, p=0.066, FWE-corrected),
the group-by-genotype interaction reaching significance
(right amygdala: T=2.95, x/y/z=24/−9/−12, p=0.030, FWE-
corrected; left amygdala: T=2.66, x/y/z=−30/−3/−27, p=
0.048, FWE-corrected): a higher number of 5-HTT low-
expression alleles were associated with a significantly
stronger increase in the BOLD response evoked in the
amygdala in patients with MDD compared to healthy
controls. With respect to previous findings (Canli et al.
2005; Heinz et al. 2007), we also assessed genotype-
modulated amygdala activation for the contrast “negative
minus baseline” (fixation cross) which also revealed a
tendency for genotype-dependent amygdala activation across
groups in the right amygdala (x/y/z=18/3/−18, T=2.37, p=
0.097); the group-by-genotype interaction showed a signif-
icantly stronger genotype-modulated amygdala response in
MDD compared to HC (left amygdala: x/y/z=−30/0/−27, T=
3.76, p=0.004, right amygdala: x/y/z=24/−9/−12, T=3.6, p=
0.006), similar to the results using the above-mentioned
contrast “negative minus neutral” (see Supplementary
Material Fig. 1).

Stronger mPFC activation in healthy controls but not MDD
to uncued aversive pictures

We next tested for specific effects of uncued compared to
cued presentations of negative affective pictures. Healthy
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controls showed stronger activation in the bilateral medial
PFC (BA10) to uncued compared to cued negative minus
neutral pictures (left: T=3.46, x/y/z=−6/51/6, p=0.015,
FWE-corrected; right: T=3.43, x/y/z=3/51/3, p=0.017,
FWE-corrected). MDD patients displayed only a trend wise
effect within our predefined ROI (T=2.82, x/y/z=−15/48/
−3, p=0.063, FWE-corrected). Directly comparing the
BOLD response of healthy controls and MDD to “uncued
compared to cued negative minus neutral pictures,” we
found a group-by-expectancy interaction in the left medial
PFC (BA10, x/y/z=−12/60/3, T=3.10, p=0.034, FWE-
corrected). As shown in Fig. 1, this interaction was due to
a stronger BA10 activation to uncued compared to cued
negative minus neutral pictures in healthy controls, while in
MDD this effect appeared to be reversed, with reduced
neural responses to uncued compared to cued negative
pictures.

There were no significant effects within healthy controls
and MDD for the reverse comparison of cued compared to
uncued negative minus neutral pictures

Correlation between mPFC activation and severity
of anxiety and depression

The association between mPFC activation and depression
severity was tested using a one-sample t test for the contrast
“uncued negative minus neutral pictures” with the HRSD-21
total score as a covariate within the MDD group. The
severity of major depression correlated negatively with the
bilateral mPFC (BA10; left: T=3.75, x/y/z=−6/45/−9, p=
0.022, FWE-corrected; right: T=3.52, x/y/z=12/39/−6, p=

0.033, FWE-corrected), revealing decreasing mPFC activa-
tion with increasing depressive symptoms. There were no
significant correlations between depression ratings and brain
activation elicited by “cued negative minus neutral pictures”
nor by “uncued compared to cued negative minus neutral
pictures.” Anxiety (STAI total score) did not modulate
mPFC activation in healthy controls or patients with MDD.

5-HTT genotype effect on mPFC activation

Modulation of mPFC activation by 5-HTT genotype was
assessed with a two-sample t test for the contrast “uncued
compared to cued negative minus neutral pictures” with the
number of s-alleles entered as a covariate for each group.
The BA10 response was modulated by 5-HTT genotype
variation: a higher number of 5-HTT low-expression alleles
were associated with a significantly stronger increase in the
BOLD response evoked in the BA10 in healthy controls
(left: T=3.18, x/y/z=−6/42/−6, p=0.029, FWE-corrected)
but not MDD (p>0.10), the group-by-genotype interaction
approaching statistical significance (T=2.87, x/y/z=−6/42/
−9, p=0.058, FWE-corrected).

Functional connectivity between mPFC and amygdala
modulated by 5-HTT genotype

Given our previous finding (Heinz et al. 2005), we
specifically tested for group-by-genotype interaction on
functional connectivity between BA10 and amygdala. The
peak value of the group-by-valence interaction in the BA10
(x/y/z=−12/60/3) was used as a seed region and used in a

Fig. 1 Left panel: healthy controls (HC) show stronger medial
prefrontal activation elicited by uncued>cued (negative minus neutral)
pictures compared to patients with major depressive disorder (MDD).

Right panel: parameter estimates for negative minus neutral pictures
for cued and uncued condition separately are plotted for prefrontal
responses (BA10) in HC and MDD
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PPI analysis to assess the functional connectivity to the
amygdala during uncued negative compared to neutral
picture presentation.

Healthy controls showed a significant positive correlation
of BA10–amygdala connectivity with the number of 5-HTT
low-expression alleles (linear regression R=0.55, p<0.05),
while this relationship was reversed in MDD (r=−0.58,

p<0.05), thus revealing a significant group-by-genotype
interaction (left amygdala: T=4.11, x/y/z=−18/0/−12, p=
0.002, FWE-corrected, right amygdala: T=2.88, x/y/z=18/3/
−18, p=0.042, FWE-corrected; Fig. 2a). There was no
genotype modulation nor a group difference for cued
negative compared to neutral pictures (p>0.05). (For further
results, see Supplementary results Fig. 1)

Fig. 2 a Left panel: genotype-dependent medial prefrontal modulation
of the left amygdala (x/y/z=−18/0/12) during uncued negative minus
neutral pictures in healthy controls (HC)>patients with major depressive
disorder (MDD) as determined by psychophysiological interaction
analysis. Right panel: parameter estimates of connectivity plotted
against 5-HTT low-expression allele number: healthy controls (HC)
showed a significant increase in connectivity as a function of the
number of low-expression 5-HTT risk alleles (linear regression R=0.55,
p<0.05), while MDD showed the inverse pattern (R=−0.58, p<0.05).

b Left panel: state anxiety (STAI)-dependent medial prefrontal
modulation of the right amygdala during uncued negative minus neutral
pictures in healthy controls (HC)>patients with major depressive
disorder (MDD; T=5.43, x/y/z=24/0/−21) as determined by psycho-
physiological interaction (PPI) analysis. Right panel: parameter esti-
mates of connectivity plotted against STAI total score: healthy controls
(HC) showed a significant increase in connectivity with increasing STAI
total score (linear regression R=0.82, p<0.0001), while MDD show the
inverse pattern (R=−0.52, p<0.05)
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Correlation between mPFC–amygdala connectivity
and severity of anxiety and depression

Among MDD patients, low functional connectivity between
mPFC (BA10) and right amygdala was trend-wise-associated
with more severe depressive symptoms (T=2.93, x/y/z=24/
−3/−15, p=0.063, FWE-corrected) using the beta images of
the PPI analysis in a one-sample t test with the HRSD-21
total score as a covariate within the MDD group.

Correlation between functional connectivity measures
forms the PPI analysis and state anxiety was assessed within
each group and compared between both groups using a two-
sample t test with the STAI total score as a covariate for
each group. Functional connectivity between mPFC
(BA10) and amygdala displayed a positive correlation with
state anxiety (STAI total score) for the bilateral amygdala in
healthy controls (right: T=4.89, x/y/z=24/0/−21, p=0.001,
FWE-corrected; left: T=5.53, x/y/z=−15/−6/−18, p=0.001,
FWE-corrected), whereas this effect was trend-wise-
reversed in patients with MDD revealing decreasing
prefrontal–amygdala connectivity in the more anxious and
more depressive subjects (right: T=2.86, x/y/z=21/−3/−18,
p=0.051, FWE-corrected, left: T=2.43, x/y/z=−21/0/−21,
p=0.097, FWE-corrected; Fig. 2b), the group difference
reaching statistical significance (right: T=5.43, x/y/z=24/0/
−21, p<0.001, FWE-corrected; left: T=5.01, x/y/z=−15/−6/
−18, p<0.001, FWE-corrected).

Discussion

Our results demonstrate that neural responses to uncued
negative minus neutral stimuli and the interaction of 5-HTT
genotype with these neural responses are altered in unmed-
icated patients with MDD. Compared to healthy controls,
they showed (1) reduced PFC activation in the BA10, (2) a
diminished effect of 5-HTT genotype on PFC activation, and
(3) a reversed influence of 5-HTT genotype and anxiety on
functional connectivity between BA10 and the amygdala. In
patients with major depression, reduced activation of the
mPFC (BA10) and weaker connectivity between the mPFC
and amygdala elicited by uncued negative minus neutral
stimuli was correlated with the severity of depression and
anxiety, whereas in healthy subjects, anxiety interacted with
stronger prefrontal–amygdala connectivity.

Our results suggest that in healthy individuals mPFC
activation may reflect a regulatory mechanism for the control
of affective responses to negative events that occur without
prior anticipation. In contrast, this regulatory mechanism may
be deficient in MDD, in line with earlier findings
(Keedwell et al. 2005). In subjects suffering from high
anxiety, Bishop et al. (2004) observed a high amygdala
response independent of directed attention, indicating a

potential lack of (prefrontal) attentional regulation of emo-
tional responses. Interestingly, PFC responses have previously
been reported to be more pronounced in healthy 5-HTT low-
expression allele carriers (Canli et al. 2005; Smolka et al.
2007), who are thought to be at higher risk for stress-induced
negative mood states (Caspi et al. 2003 but see Gillespie et
al. 2005) and anxiety (Gonda et al. 2008). In contrast, the
effect of 5-HTT genotype was reversed in patients with
MDD in our study. This may indicate that increased PFC
activation in healthy carriers of 5-HTT low-expression
alleles reflects a protective mechanism that breaks down in
MDD. Similar to the responses to uncued negative minus
neutral stimuli in BA10, connectivity between this region
and the amygdala was stronger in healthy subjects carrying
5-HTT low-expression alleles, in line with previous findings
(Heinz et al. 2005; Pezawas et al. 2005). Anxiety was
associated with higher (and potentially compensatory) PFC–
limbic connectivity in healthy subjects, whereas, in MDD,
the influence of 5-HTT genotype and anxiety on prefrontal–
amygdala connectivity was reversed. Simpson et al. (2001)
reported regional cerebral blood flow (rCBF) increases in the
mPFC (BA10/32) during anticipatory anxiety for anxious but
healthy subjects, whereas the least anxious subjects demon-
strated a strong decrease in regional rCBF of the mPFC. This
finding supports the notion that prefrontal regulatory control
of limbic responses may be a compensatory mechanism,
which is even more in demand in healthy but anxious
subjects, particularly if carrying the 5-HTT risk genotype and
which breaks down in MDD. Our findings are also in line
with the previous observation of impaired prefrontal–
amygdala connectivity in patients with MDD (Johnstone et
al. 2007; Matthews et al. 2008), as we observed reduced
functional connectivity in MDD patients compared to
controls with respect to 5-HTT genotype. Indeed, in our
study, low mPFC activation and decreased connectivity with
the amygdala correlated with symptom severity and anxiety
in MDD patients supporting the notion that this interaction
may be clinically relevant.

Such dysfunctional corticolimbic connectivity may
serve as a target for therapeutic interventions (Anand
et al. 2005a, b, 2007; Irwin et al. 2004; Seminowicz et al.
2004). Chen et al. (2008) reported decreased functional
coupling between the amygdala and right frontal and
cingulate cortex, striatum, and thalamus in unmedicated
patients with MDD compared to healthy controls during
the processing of aversive stimuli (sad faces). Decreased
coupling was positively modified via antidepressant
medication, extinguishing differences in prefrontal–amygdala
coupling between healthy controls and patients with
MDD. Antidepressants thus may increase corticolimbic
coupling and enhance the cortical regulation of poten-
tially abnormal limbic activation (Anand et al. 2005b;
Chen et al. 2008).
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In the light of the present study, we can only speculate with
respect to factors in healthy control 5-HTT risk allele carriers
that may protect prefrontal–amygdala connectivity. However,
nonhuman primate studies revealed that rhesus monkeys
carrying a comparable 5-HTT risk allele display reduced
serotonin turnover rates (as measured with the serotonin
metabolite 5-hydroxyindole acetic acid in the cerebrospinal
fluid; Bennett et al. 2002; Lesch et al. 1997; Spinelli et al.
2007) after social separation stress compared with carriers of
two long alleles. Interestingly, stimulation of the medial
prefrontal cortex in cats increased serotonin release in raphe
neurons projecting to cortical and subcortical brain areas
(Juckel et al. 1999). Therefore, increased stress vulnerability
(Brown and Harris 2008; Caspi et al. 2003; Kendler et al.
2005; Zalsman et al. 2006 but see Gillespie et al. 2005) and
anxiety (Gonda et al. 2008), as clinically seen in 5-HTTLPR
short allele carriers, may interfere with medial prefrontal
regulation of raphe serotonin neurons that project to the
amygdala and other limbic areas. In the amygdala, indices of
serotonergic neurotransmission have been shown to directly
affect amygdala responses to negative (Hariri et al. 2005)
and fearful (Lau et al. 2008) stimuli. Multimodal imaging
studies that combine the assessment of functional activation
with measurement of serotonergic neurotransmission and
genotyping may further explore these interactions.

We did not find a significant group difference between
MDD and healthy controls in amygdala response to
negative minus neutral pictures in this sample. This finding
is in line with previous research (Lee et al. 2008), although
the majority of studies reported amygdala hyperactivation
in MDD (Anand et al. 2005a; Sheline et al. 2001; Siegle et
al. 2002). However, we did find a significant group
difference in 5-HTT genotype modulation of amygdala
activation to negative minus neutral pictures between
patients with MDD compared to healthy controls. This
increased limbic activation to aversive stimuli in 5-HTT
genotype carriers with MDD compared to healthy controls
might be the result of lacking medial prefrontal (BA10)
regulation (Heinz et al. 2005; Pezawas et al. 2005). Lau et
al. (2008) reported the reverse activation pattern in healthy
5-HTT risk allele carriers compared to MDD, using fearful
faces to induce aversive emotional processing in adoles-
cents. Studies on adults (for meta-analysis, see Munafo et
al. 2008) and 5-HTT knockout mice (Wellman et al. 2007)
match our results with opposite gene–amygdala response
patterns. Dannlowski et al. (2008) also reported increased
amygdala activation in 5-HTT risk allele carriers to masked
(unconscious) emotional faces (angry, sad, and happy
compared to neutral) in MDD and healthy controls but
did not find a group-by-genotype interaction.

These conflicting results might be due to differences in
stimulus material (e.g., IAPS pictures vs. faces) and paradigms
(e.g., conscious vs. unconscious processing of emotional

stimuli) as well as sample characteristics (Mayberg 2003;
Mitterschiffthaler et al. 2006), medication status (Dannlowski
et al. 2008) and sample size (which constrains the explana-
tory power of our genetic data and will have to be further
validated in bigger samples).

Besides 5-HTT genotype effets on amygdala activation
(Munafo et al. 2008) and functional connectivity between
the mPFC (BA10) and amygdala, which were seen in two
studies (Heinz et al. 2005; Pezawas et al. 2005), one of
these studies also reported further 5-HTT genotype-driven
connectivity between the amygdala and another prefrontal
brain area, the ACC (Pezawas et al. 2005), which can
contribute to fear extinction. However, we did not observe a
significant activation in this brain area with our paradigm,
neither in healthy controls nor MDD patients and therefore
did not use this region as a seed in our functional
connectivity analysis.

Heterogeneity in anatomical structures, connections, and
directions of neural responses between prefrontal and
limbic brain areas to emotional information across pub-
lished reports pay tribute to the richness and complexity of
anatomical connections and the heterogeneity of ongoing
intrinsic compensatory processes observed on a clinical and
neural basis in patients with MDD (Lee et al. 2008;
Mayberg 2002).

One major limitation of our study is the relatively small
sample size (see Munafo et al. 2008), which was mainly
due to the exclusion criterion of antidepressive medication
in MDD subjects. Indeed, we only observed trends towards
5-HTT genotype effect looking at each group separately on
amygdala activation elicited by aversive pictures, although
genotype effects on neural responses have been observed in
comparable samples before (Dannlowski et al. 2007;
Domschke et al. 2006; Lau et al. 2008; Smolka et al.
2007). Furthermore, life events were not recorded, so gene-
by-environment interactions could not be assessed.

Taken together, our pilot study suggests that healthy
individuals with 5-HTT low-expression risk alleles display
increased prefrontal activation in connection with reduced
amygdala responses to sudden information. In healthy
controls, prefrontal activation is modulated by anxiety,
i.e., more anxious subjects display increased mPFC
activation. In contrast, MDD patients with higher levels of
anxiety display reduced prefrontal activation and a dimin-
ished 5-HTT-driven prefrontal–amygdala connectivity. This
reduced connectivity may contribute to the severity of
depressive symptoms in MDD.
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