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j Abstract Background Functional imaging studies
in healthy individuals revealed an association between
5-HTTLPR genotype and neuronal activity in the
amygdala. The aim of this study was firstly to inves-
tigate a possible overall impact of the 5-HTTLPR on
amygdala volume in patients with bipolar disorder
and healthy individuals and secondly to test a diag-
nosis specific influence of the 5-HTTLPR on amygdala
volume. Methods We performed a region of interest
analysis of amygdala volume in 37 patients with
bipolar I disorder and 37 healthy control subjects.
The 5-HTTLPR genotype of each proband was
determined and the subjects were separated according

to 5-HTTLPR genotype and for statistical analyses the
groups SS and SL were combined and compared with
the group LL. Results This study shows that carriers
of the short allele (SL or SS) of the 5-HTTLPR poly-
morphism exhibit a relatively increased volume of the
right amygdala compared to homozygous L-allele
carriers irrespective of diagnosis status. However,
further analyses with the factors genotype and diag-
nosis were not able to reproduce this result. Conclu-
sions The present findings are consistent with the
view that the 5-HTTLPR polymorphism might mod-
ulate neuronal size or number in the amygdala. It
would be worthwhile investigating the relationship
between serotonin transporter function and amygdala
function and volume in further studies.

j Key words serotonin Æ SLC6A4 Æ 5-HTTLPR Æ
MRI Æ amygdala Æ bipolar disorder

Objectives of the study

The amygdala is a key structure for the modulation of
emotional behaviour. Several lines of evidence suggest
that the amygdala is structurally and functionally
altered in patients with bipolar disorder [12, 14]. In
adult patients with bipolar disorder three studies
observed an enlargement of the amygdala compared
to healthy subjects [14]. In contrast to this, studies
investigating adolescent patients reported a decreased
amygdala volume [1]. A meta-analysis of volumes of
regional brain structures in bipolar disorder, how-
ever, could not observe any significant change of
amygdala volume [9]. Another recent systematic
review and meta-analysis of amygdala volume in
adolescent and adult patients with bipolar disorder
included 14 MRI studies [13]. This study revealed a
bilaterally reduced amygdala volume in the overall
sample of patients with bipolar disorder, but theE
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results of the individual studies and the pediatric
and adult subsamples were heterogeneous. An addi-
tional meta-regression analysis revealed a positive
correlation between mean age and amygdala volume
in patients with bipolar disorder [13]. Therefore, the
authors concluded that amygdala volume is decreased
at the beginning of the disorder and increases with
illness duration. This hypothesis is supported by
Chen and coworkers [3] who reported a positive
correlation of age and amygdala volume in patients
with bipolar disorder in contrast to a negative cor-
relation in healthy control subjects.

Functional imaging studies with depressed patients
suffering from bipolar disorder exhibited a disturbed
cortical-limbic network with increased metabolism in
amygdala and other subcortical structures [7]. An-
other study observed a reduced dorsolateral prefrontal
cortical activation corresponding with increased
amygdala activation in a facial affect discrimination
task in patients with bipolar disorder [19]. Taken to-
gether, these results suggest an involvement of the
amygdala in the pathophysiology of bipolar disorder.

The neurotransmitter serotonin (5-hydroxytrypta-
mine; 5-HT) is an essential modulator of emotional
behaviour and an abnormal function of 5-HT is found
in mood disorders [4]. The serotonin transporter
plays an important role in regulating 5-HT levels in
the brain by transporting 5-HT from the synaptic cleft
to the pre-synaptic neuron. A recent study reported a
26% lower serotonin transporter binding potential in
the amygdalae of depressed medication-free patients
with bipolar disorder [10]. A polymorphism (5-HT
transporter-linked polymorphic region; 5-HTTLPR)
in the transcriptional control region upstream of the
coding sequence of the serotonin transporter gene
(SLC6A4) results in short (S)- or long (L)-alleles [8].
The S-allele is associated with significant lower sero-
tonin transporter binding and mRNA expression [4].

Functional imaging studies in healthy individuals
revealed an association between 5-HTTLPR genotype
and neuronal activity in the amygdala. Carriers of the
S-allele showed reduced serotonin expression and an
increased fear and anxiety-related behaviour [8].
Furthermore, in functional magnetic resonance

imaging it could be shown that carriers of the S-allele
exhibited greater amygdala neuronal activity in re-
sponse to fearful stimuli [5] or aversive pictures [6]
compared to individuals with the homozygous L
genotype. Pezawas and colleagues observed an
uncoupling of a cingulate-amygdala feedback circuit
in healthy carriers of the S-allele. Moreover, in this
study a structural analysis using optimized voxel-
based morphometry showed a significantly reduced
gray matter volume of the right and left amygdala in
S-allele carriers [11]. Taken together, these studies
suggest that the 5-HTTLPR genotype might modulate
serotonergic function and, moreover, amygdala
function as well as structure in healthy individuals.

We hypothesized that the 5-HTTLPR genotype
might impact the amygdala volume generally in pa-
tients with bipolar disorder as well as in healthy
individuals. In the above mentioned studies on
amygdala volume in bipolar disorder the influence of
the 5-HTTLPR genotype were not considered. The aim
of this study was to clarify the role of the 5-HTTLPR
genotype on amygdala volume in patients with bipolar
I disorder and healthy control subjects. Firstly we
tested the overall effect of the 5-HTTLPR genotype on
amygdala volume and secondly we looked for a diag-
nosis specific influence.

Materials and Methods

j Subjects

Thirty-seven euthymic patients with bipolar I disorder and 37
healthy control subjects participated in the study (Table 1). Written
informed consent was obtained from all subjects and the study was
approved by the local ethical committee. Subjects were recruited
from the outpatient unit of the Department of Psychiatry and
Psychotherapy of the Saarland University Hospital. The diagnosis
of bipolar I disorder and the condition as healthy subjects was
confirmed by using the German version of the Structural Clinical
Interview for DSM-IV [17]. Other axis-I disorders in particular
alcohol dependence and medical disorders were excluded. All
bipolar disorder patients were receiving stable medication at the
time of the study. The healthy control subjects exhibited no past or
present psychiatric, neurological or medical disorder and had no
positive family history of psychiatric disorders. They were recruited
from the general population via advertisement in newspapers.

Table 1 Demographic and genotype data

5-HTTLPR Genotype df F/Chi2 P

LL SL SS

Bipolar disorder (N) 8 23 6
Controls (N) 18 14 5
All individuals (N) 26 37 11
All individuals (N) 26 48 1 5.93 0.01
Age (years; mean ± SD) 39.7 ± 14.5 44.0 ± 11.4 1, 72 1.98 0.16
Education (years; mean ± SD) 13.7 ± 2.4 13.9 ± 2.6 1, 72 0.09 0.77
Gender (male/female) 7/19 26/22 1 5.07 0.02
Handedness (right/not right) 20/6 42/6 1 1.39 0.24

Subjects are separated according to 5-HTTLPR genotype and for statistical analyses the groups SS and SL are combined and compared with the group LL. Number (N)
of subjects and demographic data are shown
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j Imaging

MRI scanning was performed on a 1.5 Tesla Magnetom (Siemens,
Erlangen) and a T1-weighted, MPRAGE sequence of 176 consecu-
tive slices with a voxel size of 1 mm3 was acquired. One rater blind
to diagnosis and genotype (PM) determined amygdala volume by
direct manual tracing of the boundaries as previously described by
Brambilla and colleagues [2]. The intra-rater intra-class correlation
coefficients (ICC), established by double tracing of 14 scans, were
ICC = 0.980 for the right and ICC = 0.978 for the left amygdala.
Relative volume was computed by dividing amygdala volume by
total gray matter volume.

j Genotyping

Genotyping was accomplished essentially as described by Lesch and
collaborators [8]. In brief, genomic DNA was extracted from EDTA
blood by standard procedures. 5-HTTLPR (SLC6A4)-specific
primers (forward, 5¢-TAGAGGGACTGAGCTGGACAACCAC-3¢;
reverse, 5¢-GGTGTTGCCGCTCTGAATGC-3¢) were used for poly-
merase chain reaction (PCR). The thermocycler protocol involved
an initial denaturation cycle (4 min, 94�C), 35 cycles of denatur-
ation (30 s, 94�C), annealing (30 s, 61.4�C), and extension (30 s,

72�C), followed by a final extension step (7 min, 72�C), and ter-
minating at 10�C. This procedure resulted in fragments of 585
(short, S) and 628 (long, L) bp in length.

Fragments were amplified by PCR in a final volume of 50 ll
containing 100 ng genomic DNA, 50 mM KCl, 10 mM Tris–HCl
(pH 8.3), 0.025 % Tween 20, 0.025 % BSA, 10 pmol of each primer
(MWG Biotech), 0.2 mM of each dNTP (MBI Fermentas), 7.5 mM
MgCl2, 5 % DMSO and 2 unit of Taq Polymerase (Eurogentec,
Seraing, Belgium). For analysis, 10 ll of PCR product were visu-
alized on 1.5 % agarose gels stained with ethidium bromide.

j Statistics

Statistical analysis was performed using SPSS 14. All tests were two-
tailed. Significance level was a = 0.05. The subjects were separated
according to 5-HTTLPR genotype and for statistical analyses the
groups SS and SL were combined and compared with the group LL.
With this approach we follow several previous studies which
combined all individuals with at least one S-allele in one group [5,
6, 11]. The groups divided by genotype (Table 1) or by genotype
and diagnosis (Table 2) did not show significant differences
regarding age, education or handedness. However, the female
fraction in the group LL was disproportionately high (Table 1), in

Table 2 Demographic data divided
by diagnosis and genotype Controls Bipolar disorder

LL SL or SS LL SL or SS

(a) Demographic data
Age (years; mean ± SD) 39.6 ± 15.1 42.3 ± 10.8 39.8 ± 14.1 45.1 ± 11.8
Education (years; mean ± SD) 13.8 ± 2.4 14.2 ± 2.8 13.6 ± 2.6 13.8 ± 2.5
Gender (male/female) 3/15 12/7 4/4 14/15
Handedness (right/not right) 14/4 15/4 6/2 27/2

5HTTLPR Genotype Diagnosis

df F P df F P

(b) Statistics
Age (years; mean ± SD) 1, 70 1.46 0.23 1, 70 0.21 0.65
Education (years; mean ± SD) 1, 70 0.15 0.7 1, 70 1.17 0.68

Controls Bipolar disorder

df Chi2 P df Chi2 P

Gender (male/female) 1 8.29 0.004* 1 0.01 0.93
Handedness (right/not right) 1 0.01 0.93 1 0.44 0.51

(a) Subjects are separated according to diagnosis and 5-HTTLPR genotype. (b) The statistical analyses exhibited no
difference of age, education and handedness between groups. Gender allocation was different between groups
*Significant group differences

Table 3 MANCOVA with variables
of right/left amygdala volume and
independent factor 5-HTTLPR-geno-
type adjusted for gender and age

5-HTTLPR Genotype df F P

LL SL/SS

Gray matter volume (cm3) 714.7 ± 80.5 716.3 ± 74.5 1, 69 0.0 0.85
Absolute amygdala volumes
Multivariate 2, 68 3.9 0.026*
Right (cm3; mean ± SD) 1.23 ± 0.22 1.38 ± 0.30 1, 69 5.9 0.018*
Left (cm3; mean ± SD) 1.20 ± 0.25 1.24 ± 0.25 1, 69 1.6 0.22

Relative amygdala volumes
Multivariate 2, 68 3.5 0.034*
Right (·10)3; mean ± SD) 0.17 ± 0.03 0.19 ± 0.04 1, 69 5.6 0.021*
Left (·10)3; mean ± SD) 0.17 ± 0.03 0.17 ± 0.03 1, 69 1.5 0.22

Subjects are separated according to 5-HTTLPR genotype and for statistical analyses the groups SS and SL are combined
and compared with the group LL. Volumes of gray matter and amygdala are shown. Right relative amygdala volume is
significant increased in S-allele carriers
*Significant group differences
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particular in the control group (Table 2). Therefore, we adjusted
the main analyses for gender. Additionally, we adjusted for age
considering the negative correlation between brain volume and age
and the hypothesized positive correlation between age and amyg-
dala volume in bipolar disorder. Multivariate analyses of covari-
ance (MANCOVA) with 5-HTTLPR polymorphism and gender as
independent factors, age as covariate and right and left amygdala
volume as dependent variables were calculated (Table 3). Addi-
tionally, the factor diagnosis was entered into the model to assess
whether interactions between genotype and diagnosis could be
found (Table 4).

Results

The multivariate analyses with independent factors 5-
HTTLPR polymorphism and gender and covariate age
revealed a significant effect for 5-HTTLPR genotype on
absolute (df = 2, 68, F = 3.9, P < 0.05) and relative
(df = 2, 68, F = 3.5, P < 0.05) amygdala volume (Ta-
ble 3). Following univariate tests showed that the abso-
lute (+12%, df = 1, 69, F = 5.9, P < 0.05) and relative
volume of the right amygdala (+12%, df = 1, 69, F = 5.6,

P < 0.05) were increased in S-allele carriers compared to
individuals with the homozygous L-genotype (Table 3;
Fig. 1). Absolute and relative volumes of the right
amygdala were increased in S-allele carriers for both
groups investigated in this study (healthy controls:
absolute volume +11%, relative volume +9.4%; patients
with bipolar disorder: absolute volume +10%, relative
volume +11.4%). The additional MANCOVA with the
independent factors 5-HTTLPR-polymorphism, diag-
nosis, gender and covariate age was only able to show a
statistical trend for the multivariate analysis of the factor
5-HTTLPR on absolute amygdala volumes, though.
With respect to the factor diagnosis or the interaction
between genotype and diagnosis no significant effect was
found (Table 4).

Discussion

In this study we investigated the influence of the 5-
HTTLPR polymorphism on amygdala volume in

Table 4 MANCOVA with independent factors 5-HTTCPR-polymorphism, diagnosis, gender and covariant age

Controls Bipolar disorder

LL SL or SS D (%) LL SL or SS D (%)

(a) Amygdala volume divided by diagnosis and genotype
Gray matter volume (cm3) 707.3 ± 72.8 718.2 ± 85.5 +1.5 731.4 ± 99.2 714.9 ± 67.5 )2.2
Absolute amygdala volumes
Right (cm3; mean ± SD) 1.21 ± 0.25 1.35 ± 0.37 +11.0 1.27 ± 0.14 1.40 ± 0.26 +10.0
Left (cm3; mean ± SD) 1.19 ± 0.27 1.26 ± 0.29 +5.7 1.21 ± 0.21 1.24 ± 0.22 +2.1

Relative amygdala volumes
Right (·10)3; mean ± SD) 0.171 ± 0.03 0.187 ± 0.05 +9.5 0.176 ± 0.03 0.196 ± 0.04 +11.4
Left (·10)3; mean ± SD) 0.168 ± 0.03 0.176 ± 0.04 +4.5 0.166 ± 0.02 0.173 ± 0.03 +4.4

Factor 5HTTLPR genotype Factor diagnosis Interaction 5HTT · diagnosis

df F P df F P df F P

(b) MANCOVA (5HTTLPR, diagnosis, gender, age)
Gray matter volume (cm3) 1, 65 0.39 0.53 1, 65 1.00 0.32 1, 65 0.13 0.72
Absolute amygdala volumes
Multivariate 2, 64 2.64 0.079 2, 64 0.74 0.48 2, 64 0.33 0.72

Relative amygdala volumes
Multivariate 2, 64 2.03 0.14 2, 64 0.87 0.42 2, 64 0.24 0.79

Subjects are separated according to 5-HTTLPR genotype and diagnosis. For statistical analyses the groups SS and SL are combined and compared with the group LL
SD standard deviation, D% difference SS/SL versus LL in percent terms
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Fig. 1 Relative amygdala volumes.
Relative amygdala volume · 5-
HTTLPR genotype. The right relative
amygdala volume is increased in S-
allele carriers compared to subjects
with homozygous L genotype
(P < 0.05). CI confidence interval,
vol. volume
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healthy individuals and patients with bipolar disor-
der. The analyses revealed increased absolute and
relative volumes of the right amygdala in all S-allele
carriers of the 5-HTTLPR polymorphism. These
findings indicate that the 5-HTTLPR genotype has an
impact on amygdala volume both in patients with
bipolar disorder and healthy control subjects. Further
analyses with the additional factor diagnosis were
unable to show an effect of genotype or diagnosis on
absolute or relative amygdala volume. Even though no
interaction between genotype and diagnosis was
found, we were not able to show that the increased
amygdala volume depends on the genotype only.
However, as both healthy individuals and patients
with bipolar disorder displayed an increased amyg-
dala volume in the first analysis, we hypothesize a
potential general influence of the 5-HTTLPR poly-
morphism on amygdala volume.

The statistical not significant findings of the second
analyses might result from the relatively small sample
size of 74 subjects. Nevertheless, we interpret these
data as an indication for a possible interaction be-
tween 5-HTTLPR-genotype and amygdala volume.
Further analyses with a larger sample size might be
able to verify these first results.

An increased volume of the amygdala derived from
MRI could indicate an increased number of neurons in
this brain region. It has been discussed that variations
in MRI measurements potentially reflect alterations of
neuronal and non-neuronal tissue compartments,
physiological alterations in brain tissue or changes in
other chemical constituents [16]. However, a recent
study using post mortem tissue of the pulvinar from
patients with major depressive disorder, bipolar dis-
order, schizophrenia and healthy controls reported a
higher number and volume of pulvinar neurons in
subjects with the homozygous short 5-HTTLPR
genotype [18]. As both the pulvinar and amygdala
contain high levels of serotonin transporter and are
connected with each other [18] the possible effects of
5-HTTLPR genotype on neurons might be compara-
ble. We hypothesize, therefore, that the increased
amygdala volume in S-allele carriers may reflect a
higher number of neurons or an increased volume of
neurons in the right amygdala. As we found this rel-
atively increased volume both in healthy control
subjects and patients with bipolar disorder we
hypothesize furthermore that it might reflect a basic
regulatory mechanism between serotonin transporter
function and neuronal number or size in amygdala
and maybe in other regions of the human brain.

As a relatively increased volume may also account
for increased activity observed in functional MRI
studies, our data is in accord with prior findings of
higher amygdala activity in healthy carriers of the S-
allele [5, 6]. By contrast, another study using voxel-
based morphometry observed a reduction of amyg-
dala gray matter volume in healthy S-allele carriers
[11]. Investigation with voxel-based morphometry

(VBM) allows structural analyses free from hypothe-
ses and user-bias. Despite these advantages, its gen-
eral application in structural MRI studies might be
restricted by a low sensitivity in detecting marginal
abnormalities. A recent study concluded that manual
tracing of the corpus callosum was more sensitive in
detecting discrete structural changes than VBM [15].
Therefore, the different findings in the VBM and the
present study may be caused by methodological dif-
ferences.

However, an increased volume of the amygdala
with a higher number of neurons or an increased
neuronal size could explain the observed higher
activation in these subjects.

Taken together, the present findings are consistent
with the view that the 5-HTTLPR polymorphism may
modulate neuronal size or number in the amygdala. It
seems to be worthwhile to investigate the relationship
between serotonin transporter function and amygdala
function and volume in further studies. Moreover, 5-
HTTLPR genotype might be used as a covariate in
further structural MRI investigations.
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