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Background: Functional brain imaging studies have shown deviant
amygdala responses to emotional stimuli in subjects suffering from
anxiety and depressive disorder, but both hyperactivity and hypoac-
tivity compared to healthy controls have been reported. To account for
these discrepant findings, we hypothesize that genetic and environ-
mental risk factors differently impact on amygdala functioning.
Methods: To test this hypothesis, we assessed amygdala responses to an
emotional faces paradigm during functional magnetic resonance imaging
in monozygotic twin pairs discordant for the risk of anxiety and
depression (n=10 pairs) and in monozygotic twin pairs concordant for
high (n=7 pairs) or low (n=15 pairs) risk for anxiety and depression.
Results: Main effects (all faces vs. baseline) revealed robust bilateral
amygdala activity across groups. In discordant twins, increased
amygdala responses were found for negatively valenced stimuli
(angry/anxious faces) in high-risk twins compared to their low-risk
co-twins. In contrast, concordant high-risk pairs revealed blunted
amygdala reactivity to both positive and negative faces compared with
concordant low-risk pairs. Post-hoc analyses showed that these
findings were independent of 5-HTTLPR genotype.
Conclusions: Our findings indicate amygdala hyperactivity in subjects
who are at high risk for anxiety and depression through environmental
factors and amygdala hypoactivity in those at risk mainly through
genetic factors. We suggest that this result reflects a difference in
baseline amygdala activation in these groups. Future imaging studies on
anxiety and depression should aim to avoid admixture of subjects who
are at genetic risk with those at risk due to environmental factors.
© 2008 Elsevier Inc. All rights reserved.
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Introduction

Functional imaging studies of brain correlates of anxiety and
depression have converged on the amygdala, a structure crucial for
emotional processing (Canli et al., 2005; Davidson et al., 2003;
Drevets, 2001; Fu et al., 2004; Kumari et al., 2003; Lawrence et al.,
2004; Rauch et al., 2000; Shin et al., 2005; Siegle et al., 2001; Stein
et al., 2002; Surguladze et al., 2005; Thomas et al., 2001; Wright
et al., 2003). A replicated association has been found between
amygdala reactivity to emotional stimuli and a polymorphism in the
serotonin transporter gene (Hariri et al., 2002, 2005; Pezawas et al.,
2005), and other genes in the serotonergic pathway also seem to
influence amygdala reactivity (Brown et al., 2005; Buckholtz et al.,
2007; Dannlowski et al., 2007; Iidaka et al., 2005). tioning. About
60% of the risk for anxiety and depressive disorders can be
attributed to environmental factors (Kendler and Prescott, 1999;
Sullivan et al., 2000) and interaction of genetic and environmental
factors has also been reported (Caspi et al., 2000; Eley et al.,
2004; Grabe et al., 2005; Kaufman et al., 2006; Kendler et al.,
1986).

It is currently unclear whether environmental risk factors have
the same pathogenic effects as genetic risk factors. It is quite
possible that these two types of risk impact on the same brain
structures but in entirely different perhaps even opposite ways.
Indeed, deviant amygdala responses to emotional stimuli in
subjects suffering from anxiety and depressive disorder have been
observed, but although most studies have found hyperactivity
compared to healthy controls (Canli et al., 2005; Fu et al., 2004;
Siegle et al., 2001; Surguladze et al., 2005), in others negative
findings (Kumari et al., 2003; Lawrence et al., 2004; Davidson
et al., 2003), or even amygdala hypoactivity has been reported
(Drevets, 2001; Thomas et al., 2001). Such discrepant findings
may well arise because genetic and environmental risk factors
differently impact amygdala functioning.

Here we employ brain imaging of concordant and discordant
monozygotic (MZ) twin pairs to test how genetic and environmental
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risks for anxiety and depression are reflected in the amygdala
response to emotionally salient stimuli. Monozygotic twins are
(nearly) always 100% identical at the DNA sequence level
(Boomsma et al., 2002) and differences in phenotypic status can
be expected to reflect discordance for environmental risk factors.
Discordant MZ twins were selected to be at low or high risk for
anxiety disorder and major depression based on their ratings on
neuroticism, anxiety, and depression in longitudinal surveys. A
compound risk score for anxiety and depression based on these
ratings was shown to have strong predictive validity for clinical
anxiety and clinical depression in this population (Middeldorp et al.,
2004) as assessed by the Composite International Diagnostic
Interview, a well-validated instrument to assess these disorders
(Andrews and Peters, 1998). Because MZ twins are genetically
identical, discordance in the risk for anxiety and depression must
arise from differential exposure to unique environmental influences.
Our design allows us to test the hypothesis that these influences
affect emotional processing by the amygdala.

In addition to discordant pairs, amygdala responses were
assessed in two comparison groups of concordant monozygotic
twin pairs. In the concordant high-risk group, both MZ twins
scored high on neuroticism, anxiety, and depression in the
longitudinal surveys. In the concordant low-risk group, both MZ
twins had scored low on neuroticism, anxiety, and depression. The
contrast between these two groups seems to mainly reflect a
difference in genetic risk rather than in environmental risk because
parents of the high-risk twins also scored very high on neuroticism,
anxiety, and depression in the longitudinal surveys, whereas
parents of the low-risk twins scored very low (De Geus et al.,
2006). Comparison of the low and high scoring subjects allowed us
to extend the finding of differential amygdala function in patients
vs. controls to extreme scoring subjects in the normal population.
Furthermore, comparing the contrast in amygdalar response
between concordant high- and low-risk pairs to the within-pair
contrast in discordant pairs allowed us to test whether genetic and
environmental risk factors have a similar effect on amygdala
responses to emotional stimuli.

Material and methods

Subjects

Selection of subjects has been described in detail by De Geus
et al. (2006). Briefly, in a sample of 2455 same sex twin pairs
registered in the Netherlands Twin Registry, a compound risk score
for anxiety and depression was computed based on a genetic factor
analysis of longitudinal survey data on trait anxiety, depression,
neuroticism, and somatic anxiety (for details, see Boomsma et al.,
2000). The surveys were collected in 1991, 1993, 1997, and 2000.
An average risk score was computed for each twin across all
available surveys (which could vary from one to four surveys).

Discordant MZ twins pairs were considered eligible for
participation if both were right-handed, the high-risk subject had a
risk score at least 0.5 standard deviation above the mean, and the
score of high- and low-risk twins was at least 2 standard deviations
apart. To estimate the relative risk for actual anxiety and depression
disorder in twins ascertained by these criteria, we selected all
subjects with comparable low- or high-risk scores from the larger
sample of 1256 subjects that underwent a CIDI interview in 2000
(Middeldorp et al., 2004). To resemble the observed mean risk
scores in our discordant twins (−0.62 vs. 0.97, SD=0.74), we
selected subjects with a risk score of at least 1.5 standard deviation
above the mean (1.06) on the 1991, 1993, and 1997 surveys and
subjects with a risk score of at least 0.5 standard deviations below the
mean (−0.32). In this sample, the relative risk to receive a lifetime
depression diagnosis in the high scoring subjects was 11.8 compared
with low scoring subjects and 40.1 for generalized anxiety disorder.

A total of 31 discordant MZ twin pairs met our criteria, of which
we invited 17 pairs because they lived near Amsterdam and had filled
out our most recent survey. Two pairs were excluded because one of
the members had epilepsy or was pregnant. Four pairs refused to
participate, mainly out of time constraints. One pair turned out to be
dizygotic. This left a final 10MZpairs whowere extremely discordant
for the risk for anxiety and depression. Notably, the risk scores of the
high-risk twin in these final 10 pairs did not differ from the risk scores
in the high-risk twin from the original 31 selected pairs.

Concordant MZ twin pairs were considered eligible for
participation if both were right-handed and both their risk scores
were at least 0.8 standard deviation above (high risk) or below (low
risk) the mean risk score. An even more stringent selection of
extreme risk scores was possible here compared to the discordant
MZ twin selection, because extreme scoring concordant MZ pairs
are much less rare than extremely discordant pairs. This yielded
115 concordant high-risk and 137 concordant low-risk pairs, of
which we invited 48 pairs that lived near Amsterdam and had filled
out our most recent survey. Five pairs were excluded because one
of the members had a medical illness or was pregnant. Twenty-one
pairs refused to participate, mainly out of time constraints. This left
a final 15 MZ pairs who were concordant for low risk and 7 MZ
pairs who were concordant for high risk for anxiety and
depression. Of the total group of 64 MZ, 28 were male and the
mean age was 30 years (range 20–42 years).

Procedure

Subjects visited the outpatient MR unit and experimental
procedures were explained in detail. Twins from the same pair
always came on the same day. Twins were randomly assigned to an
MRI scan session or a psychometric session. After about 90 min,
twins switched between sessions. During the psychometric session,
cognitive abilities and current psychiatric diagnostic state were
assessed. All subjects were interviewed using the Composite
International Diagnostic Interview (Peters and Andrews, 1995;
Wittchen, 1994). The Montgomery Asberg Depression Rating Scale
and the Beck Depression Inventory were used to assess depressive
symptom characteristics and severity scores (Beck et al., 1961;
Montgomery and Asberg, 1979). Furthermore, the state version of
the State-Trait Anxiety Inventory (Spielberger et al., 1970) was
administered pre- and post-scanning. Verbal comprehension (IQ)
and working memory (forward and backward recall scores of digit
scan) were assessed using subtests of the Wechsler Adult
Intelligence Scale (Wechsler, 1997). Finally, social support was
measured using the Duke–UNC questionnaire (Broadhead et al.,
1988) and subjects were asked to recall the occurrence of 21 major
life events. These included individual (e.g. maltreatment, disease,
financial problems, job strain, relational problems) events as well as
network-related events (e.g. disease or loss of close kin). Subjects
were asked to locate these events in four temporal categories, i.e.
whether they occurred the last six months, between 6 and 12months,
between 1 and 5 years, or more than 5 years ago. For each event, they
indicated the impact on their lives on a 10-point visual analogue
scale ranging from ‘no impact’ to ‘extreme impact’.



Table 1
Characteristics of the twins at the time of MRI scanning

Low-risk concordant twins Discordant twin pairs High-risk concordant twins

Low-risk twin High-risk twin

N=30 N=10 N=10 N=14

Male/Female, no. 14/16 4/6 4/6 6/8
Age, mean, years 30.9 30.6 30.6 26.1
BDI depression, mean (SD)¶,⁎ 1.1 (1.5) 2.7 (2.5) 9.7 (10.6) 8.0 (6.0)
MADRAS, mean (SD)¶,⁎ 0.43 (1.5) 2.1 (2.5) 5.0 (3.9) 5.1 (7.8)
STAI State Anxiety before Scan session, mean (SD)¶,⁎ 27.7 (5.0) 31.4 (5.3) 37.0(7.3) 36.7(9.8)
STAI State Anxiety after Scan session, mean (SD)¶,#,⁎ 25.1 (4.7) 28.3 (5.5) 37.1 (8.1) 33.8 (8.4)
Verbal IQ subscale, mean (SD) 13.1 (2.5) 14.5 (2.2) 14.6 (2.2) 12.9 (3.9)
Working Memory IQ subscale, mean (SD) 7.6 (1.3) 8.9 (2.4) 8.3 (3.2) 8.6 (1.6)

¶ Significant difference between low-risk and high-risk concordants.
# Significant difference between high-risk subjects from concordant and discordant pairs.
⁎ Significant intrapair difference in discordant twins.

Table 2
Regions showing significantly increased brain activation across groups
during fMRI scanning (faces vs. baseline)

Region (cortex) MNI coordinates Z-value BA

X Y Z

DLPFC L −48 15 27 3.59⁎ 45
DLPFC R 51 12 27 4.57⁎ 45
VLPFC L −36 27 0 3.50⁎ 46
VLPFC R – – – – –
Anterior cingulate −6 9 45 3.12⁎ 24
Amygdala L −21 −6 −18 4.86⁎

Amygdala R 21 −6 −15 3.94⁎

Thalamus R −6 −9 −3 3.87⁎

Temporo-occipital L −39 −60 −18 6.55⁎ 4
Temporo-occipital R 39 −57 −18 7.68⁎ 4
Occipital −33 −90 −12 5.51⁎ 18/19

36 −87 −9 5.92⁎

−6 −93 9 7.08⁎ 17

⁎ Significant FDR corrected at pb0.05.
Cluster size threshold, 5 voxels; BA, Brodmann area; DLPFC, dorsolateral
prefrontal cortex; L, left; R, right; VLPFC, ventrolateral prefrontal cortex.
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During each MRI session, which lasted 45 min, subjects
performed two tasks using emotionally relevant stimuli (faces and
words). At first, a verbal memory task took place, followed by an
emotional faces task. Between the encoding and recognition phase
of the memory task, a structural MR scan was performed (De Geus
et al., 2006). At the end of both sessions, subjects were debriefed
and received sets of buccal swabs to collect mucosal cells for DNA
extraction. DNA was used to confirm zygosity using 11 highly
polymorphic markers and to type the l/s polymorphism in the
promoter of the 5HT transporter gene. The 5-HTTLPR genotype
was assessed in 26 MZ pairs. The ethical review board of the VU
medical center approved the study and all participants provided
written informed consent.

Task paradigm

We used an event-related emotional faces paradigm known to
reliably activate the anterior medial temporal lobe including the
amygdala (Wright et al., 2003). All subjects viewed human face
stimuli: angry, fearful, happy, and neutral human faces (Ekman and
Friesen, 2006), as well as a scrambled face, which was used as a
baseline condition. Each face stimulus condition consisted of 10
pictures, and each picture was presented three times. Stimuli were
randomized once and then presented in the same fixed order to all
subjects. Stimuli were displayed for 2500 ms with a variable
interstimulus interval (400–600ms), to increase experimental power
and to decrease expectancy effects. To control for overflow effects,
we displayed a baseline stimulus after each one or two face pictures.

Subjects were requested to make sex judgments during
presentation of face stimuli to control for attention differences.
Baseline stimuli (scrambled faces) were imbedded with two arrows
in the center of the screen, and subjects were asked to indicate
whether the arrows pointed to the left or to the right. To ensure that
participants were familiar with the procedure, the task was
explained outside the scanner before fMRI was performed. No
feedback regarding the answers was provided during the task.

Image acquisition

Magnetic resonance imaging was performed on a 1.5-T Sonata
MR system (Siemens, Erlangen, Germany) with a standard RF
receiver head coil. Stimuli were generated by a Pentium PC and
projected on a screen at the end of the scanner table, which was
seen through a mirror mounted above the subject’s head. Two
magnet-compatible four-key response boxes were used to record
subject’s performance and reaction times (RTs). To reduce motion
artefacts, the subject’s head was immobilized using foam pads.

For functional MRI, an echo planar imaging sequence
(TR=3.04 s; TE=45 ms; matrix: 64×64; field of view:
192×192 mm; flip angle=90°) was used, creating transversal
whole-brain acquisitions (35 slices, 3×3-mm in-plane resolution,
2.5-mm slice thickness, 0.5-mm interslice gap). In total, 214 EPI
volumes per subjects were scanned. In addition, a coronal 3D
gradient-echo T1- weighted sequence was performed (matrix:
256×256, inversion time: 300 ms, TR=15 ms, TE=7 ms; flip
angle=8°; voxel size, 1×1×1.5 mm, 160 slices).

Data analysis

Differences in the questionnaire and interview based variables
and in the performance data (reaction times) during the faces task
were examined by a mixed model ANOVA (MIXED SPSS) with
type of twin pair (Discordant, Concordant low-risk, Concordant
high-risk) and risk score level (High, Low) as two fixed factors and



Fig. 1. Main effect of faces (all faces vs. baseline) across all 4 experimental groups (upper left panel: glass brain; upper right panel: overlaid on T1-weighted
anatomical image) and for the subgroups of the concordant low-risk pairs (LC, middle left panel), the concordant high-risk pairs (HC, middle right panel), the
discordant low-risk twins (LD, lower left panel), and their high-risk co-twins (HD, lower right panel).
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Table 3
Comparison of the amygdala effects (faces vs. baseline) in low-risk and
high-risk twins

Condordant pairs

Concordant low-risk twinsNconcordant high-risk twins

Contrast Region MNI coordinates Z-score

All faces vs. baseline L amygdala −18 −3 −15 2.59#

R amygdala 27 −6 −24 3.15⁎

21 0 −6 2.97⁎

Angry/anxious faces vs. baseline R amygdala 27 −3 −24 3.39⁎

Happy faces vs. baseline R amygdala 24 0 −24 2.91⁎

Discordant pairs

High risk twinN low risk co-twin

Contrast Region MNI coordinates Z-score

All faces vs. baseline L amygdala −21 0 −21 2.67⁎

Angry/anxious faces
vs. baseline

L amygdala −30 −6 −21 2.71⁎

⁎ Results reported significant at uncorrected pb0.005, cluster size threshold
5 voxels.
# p=0.0054.
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family as a random factor to account for within-family dependence.
Primary planned contrasts were the comparison of the low-risk vs.
the high-risk co-twin within the 10 discordant pairs, and of the 7
concordant high-risk vs. the 15 concordant low-risk pairs.

Imaging data were analyzed using SPM2 (Statistical Parametric
Mapping; Wellcome Department of Cognitive Neurology, London,
UK). After the first two volumes were discarded to allow for
magnetic saturation, time series were corrected for differences in
slice acquisition times and realigned. Next, data were warped to
MNI space as defined by the SPM EPI template, and spatially
smoothed using an 8 mm FWHM Gaussian kernel. After spatial
preprocessing, data were analyzed using delta functions convolved
with a canonical hemodynamic response function to model
responses to each stimulus type. For each subject, weighted
contrasts were computed for simple main effects. This was done
across all stimulus types, i.e. viewing angry/anxious, happy, and
Fig. 2. Left panel: parameter estimates (% signal change) and 90% confidence inte
concordant high-risk (effects 1–4) vs. concordant low-risk twins (effects 5–8). Righ
for angry/anxious/happy/neutral faces vs. baseline (scrambled faces) in concordan
neutral faces vs. baseline, and within stimulus type, e.g. angry/
anxious vs. baseline. The resulting contrasts images were entered
into second level (random effects) analyses for between-group
comparisons. These used a one-way ANOVA for the groups of
concordant high- vs. low-risk pairs (Group) and paired t-tests for the
high-risk twin vs. the low-risk co-twin within discordant pairs
(Twin). SPM2’s non-sphericity option was used to account for
within-pair correlated observations. Main effects of risk status
(Group or Twin) are reported at pb0.05 FDR- corrected for multiple
comparisons with an extent threshold of five voxels (Genovese et al.,
2002). Interactive effects of Risk by stimulus type (angry/anxious
vs. baseline, happy vs. baseline, neutral vs. baseline; masked with
the relevant main effect) within the amygdala region are reported at
pb0.005 uncorrected, also with an extent threshold of five voxels.

Results

Demographic data and depression/anxiety ratings (BDI,MADRS,
STAI-state) obtained at the time of the scanning session are listed in
Table 1. Age and male/female distribution was not significantly
different across the groups. Only one subject in a concordant high-risk
pair received a current diagnosis of depression using these
instruments. One further subject currently used antidepressant
medication (SSRI). This was the subject with the high-risk score
from a discordant pair. Mixed ANOVA confirmed that the concordant
low-risk pairs scored significantly lower on the MADRS, BDI, and
state anxiety measures than the concordant high-risk pairs. Within the
discordant pairs, the MADRS, BDI, and state anxiety measures all
showed significant intra-pair differences in the expected direction.

Reaction times during the task (sex judgments) for angry, anxious,
happy, neutral faces, and across categories did not differ significantly
between groups (mean RT±SD: angry faces, 800±171 ms; anxious
faces, 787±170 ms; happy faces, 794±172 ms; neutral faces, 769±
173 ms; across categories, 787±166 ms; baseline, 698±132 ms).

Imaging data

Effects of faces
Across groups, viewing faces compared to baseline were asso-

ciated with robust activity in bilateral occipital cortex, extending into
fusiform gyrus and posterior parahippocampal gyrus, as well as in
rvals for angry/anxious/happy/neutral faces vs. baseline (scrambled faces) in
t panel: parameter estimates (% signal change) and 90% confidence intervals
t high-risk (effects 9–12) vs. concordant low-risk twins (effects 13–16).
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bilateral amygdala, with additional activity in predominantly left
lateral prefrontal cortex, dorsal anterior cingulate cortex, and thal-
amus (Table 2). These effects are depicted across groups (Fig. 1,
upper panel) and for individual groups (Fig. 1, middle and lower
panels).

Within-pair comparison of the discordant twins
Across the neutral, happy, and angry/anxious faces, paired t-tests

comparing the low-risk twin to the high-risk co-twin showed
increased left amygdala activity in the high-risk twin (Table 3).
Risk× stimulus type interaction analyses in discordant twins
revealed increased left amygdala activity for angry/anxious faces
in high-risk twin compared to the low-risk co-twin, whereas this
comparison failed to reach significance for happy or neutral faces
(Fig. 2, left panel). High-risk twins had substantially higher state
anxiety levels before the scan compared to their low-risk co-twin
(see Table 1). Rerunning the analyses using these state anxiety levels
as a covariate rendered all amygdala effects non-significant.

Group comparison of concordant high-risk and low-risk twin pairs
Across the neutral, happy, and angry/anxious faces, we

observed increased activity over baseline in bilateral amygdala
for concordant low-risk pairs compared to high-risk pairs (using
one-way ANOVA), with left amygdala approaching significance
(Table 3). Risk× stimulus type interaction analyses showed
increased amygdala activity in low-risk pairs compared to the
high-risk pairs for angry/anxious faces and happy faces relative to
baseline, but not for neutral faces (Fig. 2, right panel). In contrast
to the findings in discordant twins, rerunning the analyses using
state anxiety levels before the scan as a covariate left all group
differences in amygdala reactivity significant.

Additional post hoc analyses showed highly similar results after
excluding the subject meeting criteria for clinical depression and
the subject using antidepressants. In addition, in a secondary
analysis, we failed to observe amygdala activity when contrasting
baseline trials with neutral faces in either the comparison of the
low-risk twin with the high-risk co-twin in discordant pairs or in
the comparison of concordant low-risk and high-risk pairs.

5-HTTLPR genotypes
Previous studies have reported differential amygdala respon-

sivity in subjects with different genotypes for a functional
polymorphism in the gene coding for the serotonin transporter
(LL vs. LS vs. SS; Munafò et al., 2007). Because the frequency of
the LL genotype in the concordant high-risk pairs is high compared
to that found in unselected samples, part of the attenuated
amygdale response may have reflected effects of this particular
polymorphism. To test whether our findings reflected effects of the
5-HTTLPR genotype, we first examined the 5-HTTLPR genotype
Table 4
5-HTTLPR genotype in the three types of MZ twin pairs

5-HTTLPR genotype

LL LS/SL SS Total

Discordant twin pairs 4 12 2 18
Concordant high-risk pairs 4 4 0 8
Concordant low-risk pairs 8 14 4 26
Total pairs 16 30 6 52
distribution across groups (Table 4). Permutation tests showed that
5-HTTLPR genotype was not related to twin depression status (low
or high risk for anxiety and depression). Next, we examined
whether the amygdala response differed as a function of genotype
by contrasting the BOLD responses of the LL (N=8 pairs) and SL/
SS (N=18 pairs) 5-HTTLPR genotypes. This was done indepen-
dent of risk or concordance status, i.e. pooled across the four
groups. No significant differences between genotype groups were
found.

Discussion

The main aim of this study was to investigate differences in
amygdala response to emotional faces in relation to a “pure”
environmental risk for depression and anxiety and to contrast this
with the amygdala response in relation to genetic risk. All subjects
viewed positively and negatively valenced emotional and neutral
faces during functional MR imaging. Analysis of imaging data
revealed robust activation in visual processing areas including
the fusiform face area as well as in bilateral amygdala, left
ventrolateral prefrontal cortex, and bilateral dorsolateral prefrontal
cortex, the latter presumably reflecting sex categorization (Adams
and Janata, 2002). These results are in agreement with a number of
previous studies using a similar paradigm. Specifically, although in
some studies predominantly right-sided responses were observed,
irrespective of emotion (Gur et al., 2002), in others bilateral
amygdala responses were found across stimulus conditions (Britton
et al., 2006; Fitzgerald et al., 2006; Yang et al., 2002), similar to
the present study.

In discordant MZ twin pairs, increased left amygdala respon-
siveness was found in the high-risk twin for angry/anxious faces. As
MZ twins are nearly always genetically identical, this amygdala
hyperactivity in the high-risk twin necessarily reflects the role of
environmental factors. Indeed, as reported previously (DeGeus et al.,
2006), nine out of the ten high-risk twins from the discordant pairs
reported major life events that occurred more than 5 years ago, and 5
twins reported multiple events. From the low-risk co-twins, only four
reported such events, and only one reported multiple events. In
addition, the average impact of the life events was generally rated to
be larger by the high-risk twins. In keeping with these findings,
amygdala hyperactivity in response to faces has been found in
posttraumatic stress disorder (Rauch et al., 2000; Siegle et al., 2001),
in which life events are by definition of aetiological significance, but
also in social phobia and generalized anxiety disorder (Stein et al.,
2002), in which the role of genetic factors may be only modest
(Middeldorp et al., 2004; Mackintosh et al., 2006). In contrast,
normal or even lowered amygdala responses to emotional faces have
been reported in simple phobias (Wright et al., 2003) and obsessive–
compulsive disorder (Cannistraro et al., 2004).

At odds with our findings in discordant twins, the concordant
high-risk twin pairs had a blunted amygdala response to emotional
faces. Assessment of parental data for all pairs confirmed higher
values for all risk traits in the parents of the concordant high-risk
twins compared to the parents of the concordant low-risk twins (De
Geus et al., 2006). Although additional exposure of the high-risk
twin pairs cannot be excluded, this strongly suggests that the
concordant pairs mainly represent a contrast in genetic risk. Hence,
we observed a clear dissociation in the amygdala responses of
subjects who were at high-risk for anxiety and depression through
environmental causes (hyperactivity) compared to those mostly at
risk through genetic factors (hypoactivity).
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These clear differences in the effects of genetic and environmental
risk factors might help explain the inconsistency in the outcome of
previous fMRI studies using similar emotional paradigms in MDD
patients and controls. Increased responses to negative emotional
stimuli in depressed subjects were observed by several investigators
(Canli et al., 2005; Fu et al., 2004; Siegle et al., 2001; Surguladze
et al., 2005), although decreased responding to positive emotional
stimuli (happy faces) has also been found, which was associated with
anhedonia severity (Surguladze et al., 2005). Other groups, however,
failed to observe differential amygdala activity (Davidson et al., 2003;
Kumari et al., 2003; Lawrence et al., 2004) or even reported a blunted
response, in depressed children (Thomas et al., 2001) and familial
depression (Drevets, 2001), respectively. These inconsistencies have
been attributed to methodological issues (e.g. medication use), or
differences in state anxiety (Sheline et al., 2001). In the present study,
medication use was virtually absent in the high-risk twins which rules
this out as an explanation here. Anxiety ratings were high in both
discordant high-risk twins and concordant high-risk twin pairs which
suggest that state anxiety cannot fully account for the contrast between
hyporeactivity and hyperreactivity. Instead, genetic and environ-
mental risk factors, although converging on the same pathway, seem
to exert different effects on amygdala functioning. Hence, differential
exposure of patients to genetic or environmental risk factors, perhaps
related to ascertainment methods, may account for part of the dif-
ferential findings in the literature.

Previous research in genetically contrasted groups has revealed
larger amygdala activity in response to emotional faces in subjects with
one or two copies of the short allele of the serotonin transporter
promoter (HTTLPR) polymorphism (Bertolino et al., 2005; Hariri
et al., 2002, 2005). Since the short allele carriers have an increased risk
for anxiety and depression compared to long allele homozygotes,
particularly in interactionwith life stress (Caspi et al., 2003), it might be
argued that our findings could be explained by differential genotypes
for the serotonin transporter gene in the three groups of twins
(concordant low-risk, concordant high-risk, discordant). This was not
the case, as there was no difference in the distribution of the HTTLPR
alleles between the three groups. This is not without precedent since
amygdala responsiveness has previously been found to be modulated
by personality style (Bertolino et al., 2005) and harm avoidance (Hariri
et al., 2005), independent of the 5-HTTLPR genotype. Also, a direct
test of 5-HTTLPRgenotype effects on the amygdala responsewas non-
significant. This may reflect the small sample size, but null findings
have been noted before (Munafò et al., 2007).

This leaves us to explain the attenuated amygdala responses in
the concordant high-risk twins, a group selected to be at high
genetic risk for anxiety and depression. Based on the proposed
inverse relationship between amygdala reactivity and baseline
amygdala activation (Canli et al., 2006), we hypothesize that this
genetic risk co-occurs with an increase in baseline amygdala
activation. This is in keeping not only with recent perfusion MR-
findings (Canli et al., 2006) showing increased baseline amygdala
perfusion in subjects with decreased responsiveness to emotional
stimuli, but also with SPECT- and PET-resting-state studies in
familial MDD patients by Drevets and coworkers (Drevets, 2000a,b,
2001, 2003). A consistent finding in these latter studies has been
elevated baseline amygdala perfusion and/or glucose uptake in
patients with familial MDD (Drevets, 2000a,b, for an overview).
The mechanism of increased amygdala baseline metabolism in
familial MDD is insufficiently understood, but may reflect both
altered afferent transmission (increased glutamatergic input from
ventral prefrontal areas and/or decreased inhibitory control from
dorsal medial PFC) as well as a shift from ISPS to ESPS within the
amygdala due to elevated CRF secretion (Drevets, 2003; Phillips
et al., 2003; Shekhar et al., 2003). Animal research has indicated that
the increase in regionalCBFormetabolismmay be as high as 50–70%
(Drevets, 2003). Although this is still in the physiological range, it is
conceivable that a rise in baseline perfusion of such magnitude may
compromise amygdala responsiveness during processing of emo-
tional stimuli. At present, such an explanation is speculative, since
studies in MDD assessing both amygdala resting state perfusion and
responsiveness to emotional stimuli have been rare (Anand et al.,
2005). Moreover, it should be taken into account that only one of our
concordant high-risk twinsmet criteria formajor depression at the time
of scanning, so that extension of our findings of blunted amygdala
responsiveness to clinical studies should be done with caution.

Various limitations of this study should be discussed. First, it is
important to note that, although our selection of high- and low-risk
twins was based on trait measures, the high- and low-risk twins
were also strongly discriminated in state anxiety levels at the time
of testing. This is an expected outcome. Individuals high on trait
scores for neuroticism, anxiety, and depression are expected to
respond to the study setting (unfamiliar environment, imperfect
prediction of things to come, unknown experimenter, intimidating
MRI apparatus, etc.) with more anxiety then individuals with low
scores for these traits. It is of note that these state anxiety
differences do not escape the basic tenet of our design: they will
derive from differential environmental exposure in the discordant
pairs and mainly derive from a difference in genetic make-up in the
concordant pairs. Nonetheless, the effects of risk status defined by
the longitudinal assessed trait values were obviously confounded
with the effects of state anxiety. In an attempt to separate the effects
of trait from state effects, we reran the analyses using state anxiety
before the scan as a covariate. This was expected to largely undo
the effects of our careful longitudinal selection for high trait values
in both genetic and environmental contrasts. Instead, hypoactivity
in the high-risk concordant twins remained significant, whereas
hyperactivity of the high-risk discordant twin disappeared. This
suggests that high state anxiety is responsible for amygdala
hyperactivity in subjects at risk through environmental factors.
They behave as healthy subjects deliberately made anxious by
employing aversive conditioning paradigms. Increased amygdala
responsiveness has consistently been observed in such paradigms
(Buchel et al., 1998, 1999; Schienle et al., 2005). In contrast, the
increased baseline activation in subjects at genetic risk seems to
completely overrule these normal effects of state anxiety. Only a
design that manages to assess the effects of state and trait anxiety
independently can fully resolve this issue.

As a second limitation, it should be noted that blunted amygdala
responses in high-concordant subjects could be due to increased
amygdala responsiveness to the baseline trials, as was recently
demonstrated by Heinz et al. (2007). In their study, these authors
showed that in s-allele carriers, amygdala activation was increased
during passively viewing a fixation cross relative to neutral stimuli,
explained as resulting from experiencing (stressful) uncertainty.
However, in the present study, post-hoc analyses failed to show
amygdala activity when contrasting baseline trials with neutral
faces. We avoided the use of unconstrained baseline trials (Stark and
Squire, 2001) by requesting subjects to report the direction of arrows
(overlaid on scrambled faces) which apparently attenuates the effect
of the uncertainty generated by fixation cross type baseline stimuli.

Finally, we acknowledge that the discordant MZ twins may not
have been perfect genocopies. A number of rare occurrences can lead



551S.P.A. Wolfensberger et al. / NeuroImage 41 (2008) 544–552
to genetic differences between MZ twins (Martin et al., 1997) and
suchMZ twin pairsmay be enriched in a sample that is highly selected
for trait discordance. If these MZ twins were not genetically identical
this would question the role of the environment in making them
discordant. In contrast to this idea and in keeping with true differences
in environmental exposure, we found that the high-risk discordant
twins had been exposed to adverse life events more often than their
low-risk co-twin. Also, the most likely source of genetic differences
within twin-pairs, epigenetics, seems to be primarily driven by
differential environmental exposure itself (Fraga et al., 2005).

In summary, we observed decreased amygdala reactivity to
emotional (positive and negative) faces in twins at high genetic risk
for anxiety and depression, whereas increased responsiveness to
negatively valenced faces was observed in twins at high environ-
mental risk. We suggest that this result reflects a difference in
baseline amygdala activation in these two groups. Further research
should aim to elucidate pathophysiological mechanisms of amyg-
dala dysfunction in genetically vs. environmentally driven anxiety
and depression. In addition, future imaging studies on anxiety and
depression should avoid admixture of subjects who are at risk due to
genetic factors with those at risk due to environmental factors.
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