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Recent attempts to understand the biological bases of depression vulnerability have revealed that both the short
allele of the serotonin transporter-linked polymorphic region (5-HTTLPR) and activity in the amygdala are
associated with depression. Other studies have reported amygdala hyperactivity associated with the 5-HTTLPR
short allele, linking the genetic and neuroimaging lines of research and suggesting a mechanism whereby the
short allele confers depression risk. However, fewer investigations have examined the associations among
Keywords: . s e . . .
Depression depression, 5-HTTLPR variability, and amygdala activation in a single study. The current study thus investigated
Mood whether 5-HTTLPR genotype modulates the association between depressive symptoms and amygdala activity

5-HTTLPR among psychiatrically healthy adults. Regional cerebral blood flow was measured with perfusion fMRI during a
Serotonin transporter task-free scan. We hypothesized differential associations between depressive symptoms and amygdala activity
Amygdala among individuals homozygous for the short allele and individuals homozygous for the long allele. Both whole

brain analyses and region-of-interest analyses confirmed this prediction, revealing a significant negative
association among the long allele group and a trend of positive association among the short allele group. These
results complement existing reports of short allele related amygdala hyperactivity and suggest an additional

neurobiological mechanism whereby the 5-HTTLPR is associated with psychiatric outcomes.

© 2011 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Recent attempts to understand the biological bases of depression
vulnerability have focused on both genetic and neural risk factors. One
of the most commonly studied genetic polymorphisms is the
serotonin transporter-linked polymorphic region (5-HTTLPR). The
short (S) allele of the 5-HTTLPR is associated with several psychiatric
conditions, perhaps most notably depression (e.g., Lotrich and
Pollock, 2004). Given its location in the promoter region upstream
from the serotonin transporter gene, this polymorphism affects the
efficiency of DNA transcription into messenger RNA; the S allele is
associated with decreased transcription efficiency, which leads to less
production of the serotonin transporter protein and subsequently to
less reuptake of serotonin (Lesch et al., 1996).
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Part of the behavioral mechanism by which the 5-HTTLPR exerts
its effects appears to be through conferring differential reactivity to
stress. For example, Caspi et al. (2003) demonstrated that 5-HTTLPR
genotype interacts with stressful life events to predict depression
outcomes; other studies have reported similar effects (e.g., Kaufman
etal., 2004; Kendler et al., 2005; however, see Risch et al., 2009). More
recent studies have begun to identify the effects of this genetic
variability on human behavior, physiology, and neural systems. Gotlib
and colleagues, for example, identified effects of the 5-HTTLPR on
cortisol levels, both at rest (Chen et al.,, 2009) and in response to
stressors (Gotlib et al., 2008); in addition, Reimold et al. (2011)
reported a significant interaction between 5-HTTLPR genotype and
cortisol response on serotonin transporter binding potential in the
human thalamus.

An intersecting line of depression vulnerability research has
focused on activity in the amygdala. There is evidence that amygdala
activity is elevated during depression (Drevets et al., 2002) and during
experimentally induced negative affective states (Posse et al., 2003).
Other studies have shown that amygdala activity is positively
associated with an improvement in depression symptoms, including
in response to cognitive behavioral therapy (Siegle et al., 2006). These
and similar findings have led to the hypothesis that the amygdala is
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part of a limbic network that is dysregulated during depression
(Seminowicz et al., 2004).

A third line of research represents a potential link between the
effect of 5-HTTLPR variability on depression and the association
between amygdala activity and depression. The first study of this type
(Hariri et al., 2002) found that S allele carriers showed greater
amygdala reactivity to fearful or angry faces (stimuli that reliably
produce amygdala activity [Morris et al., 1996]). Independent research
laboratories have replicated the greater amygdala reactivity among S
allele carriers (e.g., Furmark et al., 2004; Canli et al., 2005). Other
groups have reported greater resting amygdala activity associated with
the S allele (Canli et al., 2006; Rao et al., 2007) including among a
sample of depressed individuals (Brockmann et al., 2011), as well as
greater amygdala activity during intentional mood regulation in S
allele homozygotes (Gillihan et al., 2010; but see Viviani et al., 2010).
Particularly relevant to the current study, Canli et al. (2006) reported a
significant gene-by-environment interaction of 5-HTTLPR genotype and
life stress on amygdala activity. A meta-analysis (Munafo et al., 2008) of
these reports concluded that the average effect size of 5-HTTLPR
genotype on amygdala activation is d =0.63 or a separation between
the groups of nearly two-thirds of a standard deviation, which by
convention falls in the “medium” range (Cohen, 1992).

A review of these findings (Hariri and Holmes, 2006) presented an
integrated model of the effects of 5-HTTLPR variability on neural
emotion regulation networks. The authors presented evidence that
inhibitory feedback circuits in prefrontal cortex are less effective in S
allele carriers, leading to poorly regulated activity in limbic emotion
centers (see also Heinz et al., 2005; Pezawas et al., 2005). These
genotype-driven differences in amygdala activity are presumed to
play arole in depression vulnerability through a cascade of behavioral
and neuroendocrine effects, particularly in response to stressful life
events.

While the studies reviewed above provide clues as to the
associations among 5-HTTLPR genotype, depression, and amygdala
activity, fewer studies to date have provided direct evidence about the
complete triadic relationship between these variables; the majority of
empirical studies in this area have focused on subsets of these variables.
However, a small and growing line of research has investigated
associations among 5-HTTLPR genotype, depression, and amygdala
activity. One such study in this area found that among depressed
individuals, S allele carriers showed greater amygdala reactivity to
emotional facial expressions (Dannlowski et al., 2008). Friedel et al.
(2009) reported that major depressive disorder moderates the
association between 5-HTTLPR genotype and functional coupling of
medial prefrontal cortex (mPFC) activity and amygdala activity.
Additional research on the role of 5-HTTLPR variability on neural
activity during induced sadness has confirmed the relative hyperreac-
tivity of the amygdala among carriers of the S allele (e.g., Fortier et al.,
2010; Furman et al., in press).

In light of the compelling evidence of associations among 5-HTTLPR
genotype, depression, and amygdala activity, we used an existing
dataset to examine the effect of 5-HTTLPR genotype (SS vs. LL) on the
correlation between depressive symptoms and baseline (task-free)
amygdala activity among non-depressed individuals (as measured by
perfusion functional magnetic resonance imaging). The data were taken
from a larger study in which we found significant effects of 5-HTTLPR
genotype on neural activity at baseline (Rao et al., 2007) and during the
intentional regulation of an inducted sad mood (Gillihan et al., 2010).
Given the hypothesized inadequate regulation of limbic emotion centers
(Hariri and Holmes, 2006) and the previous report of a Gene x Stress
interaction on resting amygdala activity (Canli et al, 2006), we
hypothesized that individuals with the S genotype would exhibit a
positive association between depressive symptoms and amygdala
activity, whereas L allele carriers would show no association between
depressive symptoms and amygdala activity. This prediction follows
from studies showing that inhibitory prefrontal circuits are less effective

in S carriers, which we expect will lead to an increase in amygdala
activity with increased depression symptoms in these individuals. The
more effective inhibitory prefrontal circuits in L carriers are hypothe-
sized here to prevent an increase in amygdala activity as depressive
symptoms increase, which thereby may prevent a temporary depressive
mood from developing into an episode of frank depression.

2. Material and methods
2.1. Participants and design overview

Participants were 15 homozygous S and 15 homozygous L in-
dividuals (14 female; all of European descent; mean age = 20.3 years,
range = 18-29 years; see Table 1). Written informed consent was
obtained in accordance with the Institutional Review Board of the
University of Pennsylvania. We screened 275 participants for 5-HTTLPR
genotype. Participants also completed behavioral measures of depres-
sion symptoms and personality (see below). Each potentially eligible
self-identified “Caucasian” who was homozygous for 5-HTTLPR geno-
type (SS or LL) was invited to participate in the neuroimaging portion of
the research study until the target sample size was obtained; individuals
not of European descent were excluded due to concerns about ethnic
stratification—that is, differences in allelic frequencies that are a
function of ancestry (Malhotra and Goldman, 1999). We limited our
investigation to homozygotes in order to isolate the effects of each allele.
During a second testing session participants underwent a psychiatric
interview (SCID) to screen out participants with a current psychiatric
diagnosis. All participants in the fMRI segment of the study were free of
any known neurological illness or current psychiatric diagnosis; this
exclusion factor allowed us to examine the effects of 5-HTTLPR genotype
on mood-brain relationships outside the context of major mental
disorders. None of the participants reported being a cigarette smoker
and there were no significant differences in amount of caffeine
consumed prior to the testing session (p=0.28). The final testing
session comprised an fMRI scan.

2.2. Behavioral measures and tasks

Behavioral measures included the Beck Depression Inventory, 2nd
edition (BDI-II; Beck et al., 1996); the NEO-Five-Factor Inventory
(NEO-FFI; Costa and McCrae, 1992), a self-report inventory used to
assess the major personality dimensions; and the Structured Clinical
Interview for DSM-IV Axis I Disorders (SCID-I; First et al., 1996) to
assess current and lifetime psychiatric diagnoses.

2.2.1. Mood ratings

The experimenter asked participants to rate their moods from 0 to
100 (lower indicates worse mood) for both anxiety and sadness prior
to and following the fMRI scan blocks.

2.3. 5-HTTLPR DNA extraction and genotyping
Each participant provided two buccal cell samples, scraping one

Whatman® Sterile Omni swab (Fisher Scientific) against the inside of
each cheek for 30s. Swabs were air dried for 2 h. Genomic

Table 1
Demographic, depression symptom, and personality scores by genotype.

Variable L group S group p value
Mean (SD) Mean (SD)
Age 20.6 (2.6) 20.0 (1.4) 0.44
Female/male 6/9 8/7 0.46
BDI-II 7.1 (64) 6.5 (5.6) 0.81
Neuroticism 31.3 (6.5) 30.8 (6.5) 0.82
Extraversion 41.9 (6.0) 405 (7.1) 0.56
Note. BDI-II = Beck Depression Inventory, 2nd edition.



S.J. Gillihan et al. / Psychiatry Research: Neuroimaging 193 (2011) 161-167 163

deoxyribonucleic acid (DNA) was prepared from buccal cells using the
Qiagen QIAamp® Blood Mini Kit (Qiagen, Inc, Valencia, California).
Forward (5’-ATG CCA GCA CCT AAC CCCTAATGT-3’) and reverse (5'-GG
ACC GCA AGG TGG GCG GGA-3') primers were used to amplify a
fragment from the serotonin transporter promoter region. These
primers amplify a 419 base pair fragment for the 16-repeat L allele
and a 375 base pair fragment for the 14-repeat S allele (Gelernter et al.,
1997). Polymerase chain reaction (PCR) was carried out on a Reaction
Module (BioRad iCycler, #170-872), and the products were separated
on a 2.5% agarose gel (Agarose SFR, Amresco Inc., Solon, Ohio)
supplemented with Ethidium Bromide (0.01%, Fisher Scientific) and
visualized under ultraviolet light.

2.4. Neuroimaging measures and analyses

2.4.1. Image acquisition

A continuous ASL technique was conducted on a Siemens 3.0 T Trio
whole-body scanner (Siemens AG, Erlangen, Germany), using a
standard Transmit/Receive head coil for perfusion fMRI scans.
Interleaved images with and without labeling were acquired using a
gradient echo-planar imaging (EPI) sequence. Acquisition parameters
were: FOV =22 cm, matrix=64x64, TR=3s, TE=17 ms, label
time=1.6s, delay time=0.8s, and flip angle=90°. The resting
perfusion scanning protocol lasted 6 min just before which partici-
pants received the following instruction: “Lie still and let your mind
go blank, but keep your eyes open and stay awake.” Fourteen slices
(8 mm thickness with 2 mm gap) were acquired from inferior to
superior in sequential order. Before the functional scan, high-
resolution anatomical images were obtained by a 3D MPRAGE
sequence with TR=1620ms, TI=950 ms, TE=3 ms, flip
angle =15°, 160 contiguous slices, and a 1x1x 1 mm resolution.

2.4.2. Functional imaging data analysis

Functional and structural MRI data processing and analyses were
carried out primarily with the Statistical Parametric Mapping software
(SPM5, Wellcome Department of Cognitive Neurology, UK) implemen-
ted in Matlab 11 (Math Works, Natick, MA), with some additional
modifications for perfusion analysis (http://cfn.upenn.edu/perfusion/
software.htm).

For each participant, functional images were first realigned to
correct for head motion, and then coregistered with the anatomical
image. Perfusion weighted image series was then generated by pair-
wise subtraction of the label and control images, followed by
conversion to absolute CBF image series based on a single compart-
ment CASL perfusion model (Wang et al., 2005). One mean CBF image
was generated for each scan block of each individual participant and
normalized to a 2 x2x 2 mm?> Montreal Neurological Institute (MNI)
template using bilinear interpolation. These normalized CBF images
were smoothed using a Gaussian filter with a full-width at half-
maximum (FWHM) of 10 mm, and then entered into the whole brain
voxel-wise analyses.

The ROI in amygdala was determined a priori from an automated
anatomical labeling (AAL) ROI library (Tzourio-Mazoyer et al., 2002)
in the SPM Marsbar toolbox (Brett et al., 2002); this procedure uses
templates based on structural parameters to identify the ROI in each
participant. For each participant, the quantitative global CBF value was
calculated by SPM scripts and the quantitative CBF values in the ROIs
were read out by the SPM Marsbar toolbox. The globally corrected
(relative) CBF values were calculated by normalizing the global CBF to
60 ml/100 g/min.

2.4.2.1. Whole brain analyses. Individual CBF images were entered into
three exploratory whole brain voxel-wise multiple regression analyses.
First, in order to evaluate the hypothesis of differential associations
between depressive symptoms and amygdala activity among the S and
L genotype groups, a multiple regression analysis with genotype, BDI

scores, and their interaction term was conducted. In this analysis, the
BDI scores of the two genotype groups were orthogonalized by mean
central correction and entered in the model as two independent
covariates of interest. The genotype information (coded as number of
S alleles) was entered in the model as another covariate. Three nuisance
covariates (global CBF, age, and gender) were also included in the
model to account for any variance associated with these variables. The
genotype x BDI interaction was defined by the contrast between the
correlations with the two BDI covariates. Since we were primarily
concerned with amygdala, a threshold of whole brain uncorrected
p<0.005 and small volume corrected (SVC) p<0.05 using the a priori
defined amygdala ROI (Tzourio-Mazoyer et al., 2002) was applied to this
analysis.

Moreover, in order to confirm the results from the above
interaction analysis, two additional multiple regression analyses
with BDI scores as the covariate of interest and global CBF, age, and
gender as nuisance covariates were conducted on the S and L groups
separately. Activation clusters were also identified for the whole brain
at a significance level of p<0.005 (uncorrected) and cluster size larger
than 30 voxels, and small volume correction (SVC) was applied to the
amygdala activations.

S/S vs. L/L

Fig. 1. S and L groups showed differential relationships with BDI scores in amygdala.
Top: interactions between S and L groups (threshold was set as small volume corrected
p<0.05). Middle: right amygdala activity negatively correlated with BDI scores in the L
group (threshold was set as small volume corrected p<0.05). Bottom: right amygdala
activity positively correlated with BDI scores in the S group (threshold was set as
uncorrected p<0.05).
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2.4.2.2. ROIs. ROI analyses comprise many fewer statistical compar-
isons relative to whole brain analyses, and therefore present less risk
of a Type I error; in addition, ROI analyses can increase the signal-to-
noise ratio, assuming that the voxels in the region respond similarly as
part of a functional unit (Huettel et al., 2004). We conducted
template-based ROI analyses of the a priori ROIs in left and right
amygdala. In order to address our primary hypotheses we carried out
regression analyses using a model that included 5-HTTLPR genotype,
depression, and their interaction as predictor variables and left and
right amygdala perfusion as outcome variables.

2.5. Behavioral statistical analyses

Tests for behavioral differences between groups on age, personality,
and depression were done using independent sample t-tests; a chi-
square test was used to determine whether the male:female ratio
differed by genotype group.

3. Results
3.1. Behavioral

The two genetic groups were very similar on age, gender,
depression symptoms, and personality dimensions (see Table 1).
These results indicate that any significant differences in neural activity
are unlikely to be due to these variables; moreover, inclusion of these
variables in the neuroimaging analyses did not substantially alter any
of the reported effects.

3.2. Neuroimaging

3.2.1. Whole brain analyses (Table 2)

Consistent with our hypothesis, whole brain multiple regression
analyses with the interaction term revealed a significantly greater
correlation between BDI scores and right amygdala activity in the S
group than L group (small volume corrected p<0.05, Table 2). This
analysis also detected a significant interaction in the left occipital
cortex (uncorrected p<0.001, Table 2). When examining the two
groups separately, there was a significant negative correlation
between BDI scores and right amygdala activity (small volume
corrected p<0.05) in the L group, while no significant correlation
was found between BDI scores and amygdala activity in the S group.
However, when the threshold was lowered to uncorrected p<0.05,
there was a trend toward a positive correlation between depressive
symptoms and right amygdala activity in the S group (see Fig. 1).
Among the L group BDI also was negatively correlated with activity in
the left hippocampus and positively correlated with activity in the
right orbitofrontal cortex. The S group showed additional correlations
between BDI and left fusiform gyrus (negative) and left orbitofrontal
cortex, right caudate, and left occipital lobe (positive).

3.2.2. Template-based ROI analyses

The regression model that included 5-HTTLPR genotype, depres-
sion scores, and their interaction in predicting amygdala activity was
significant for right amygdala, F(3, 26) = 3.47, p=0.03, but not for left
amygdala, p=0.64. Consistent with our hypothesis, there was a
significant interaction between 5-HTTLPR genotype and depressive
symptoms (BDI-II) on amygdala activity in the right amygdala,
p=0.007. Follow-up correlation analyses revealed that the interac-
tion was driven by a significant negative correlation between
depression scores and amygdala activity for the L group, r= —0.54,
p=0.03, and a nearly significant positive correlation between
depression and amygdala activity for the S group, r=0.46, p=0.08
(see Fig. 2).

Table 2

Areas that showed significant association with BDI scores in the L/L and S/S groups.
Significance levels were set as small volume corrected (SVC) p<0.05 for amygdala
activity and uncorrected p<0.001 for other regions of interest.

Cluster
size (mm?)

Brain regions Coordinates® Z score P value

X y z Uncorr. SVC

L group, negative correlation

Right amygdala 28 0 —18 363 <0001 0026 69

20 2 —18 345 <0.001 0.041
Left hippocampus —28 —14 —16 3.19 0.001 - 30
L group, positive correlation
Right orbitofrontal 24 42 —14 320 0.001 - 43
S group, negative correlation
Left fusiform —-30 —-68 —16 3.39 <0.001 - 34
S group, positive correlation
Left orbitofrontal ~ —28 40 —4 418 <0.001 - 65
Left caudate —-12 30 —4 396 <0.001 - 37
Left occipital —34 —74 20 3.82 <0.001 - 51
Right amygdala® 20 0 —18 1.95 0.026 0.73 6
Svs. L group
Right amygdala 20 0 —18 340 <0.001 0.046 58
Left Occipital —-30 —80 10 3.88 <0.001 - 43

¢ Note: Right amygdala activity survived only the threshold of uncorrected p<0.05.

4. Discussion

The current study found that depression symptoms and amygdala
activity among a sample of non-depressed individuals had opposite
patterns of association based on 5-HTTLPR genotype; depression
symptoms were associated with less amygdala activity among carriers
of the L allele and with marginally greater amygdala activity among S
allele carriers. This interaction effect was obtained for right amygdala
only; there was no differential pattern of association between
depression and amygdala perfusion for left amygdala. Although the
current results are consistent with earlier studies (e.g., Pezawas et al.,
2005; Friedel et al., 2009; Brockmann et al., 2011) and with the
study hypothesis, they are surprising in that it appears that the
interaction effect was driven in large part by the significant negative
association between depression symptoms and amygdala activity in L
carriers (see Table 2 and Fig. 2). That is, these individuals tended to
have greater amygdala activity at lower levels of depressive
symptoms. This association is somewhat puzzling, given that
depression has been shown to be associated with increased amygdala
activity (e.g., Drevets et al., 2002); however, it is important to note
that no subjects in the present study met criteria for a current
depressive episode.

Although the negative correlation between depression symptoms
and amygdala activity in the homozygous L group is surprising,
similarly inverted relationships have been found for L carriers in at
least two other studies examining other variables. First, Canli et al.
(2006) showed not only that life stress is positively associated with
amygdala activity in S carriers but that life stress is negatively correlated
with amygdala activity in the L group (see their Fig. 2, p. 16035). Given
the strong association between life stress and depression, it is plausible
that the negative correlations reported for the L groups in the current
study and in Canli et al. represent two manifestations of the same
underlying effect. Similarly, Dannlowski et al. (2008) also found in a
group of depressed individuals that emotional faces (contrasted with
neutral faces) provoked a relative increase in amygdala activity in S
allele carriers whereas the L allele was associated with a relative
decrease in amygdala activity. Thus the present findings along with
those of Canli et al. and Dannlowski et al. suggest the need to more
closely examine the effects of the L allele on depression- and amygdala-
related variables.
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Fig. 2. Right amygdala perfusion as a function of depressive symptoms for a) S group
and b) L group.

The present results were found using perfusion ASL fMRI, which
provides a measure of absolute CBF that can be quantified in a well-
characterized physiological unit of ml/100 g/min (Detre et al., 1992).
Because CBF is regionally coupled to brain metabolism (which requires
the delivery of oxygen and nutrients), it provides a surrogate marker for
mapping regional brain activity (Raichle, 1998). Previous work has
shown that approximately 70% of the observed variance in CBF data is
due to stable trait-like effects (Hermes et al., 2009), which suggests that
the present results were driven in large part by stable differences in
amygdala activity as a function of the interaction of 5-HTTLPR genotype
and depressive symptoms and not to extraneous variables (e.g.,
differential reactivity to the scanning environment). The results also
seem to be driven by enhanced regional CBF in the amygdala and not by
more global vascular changes, given that the analyses used normalized
measures of amygdala CBF that controlled for global CBF.

The right-lateralized specificity of the reported effect is consistent
with the original report by Hariri et al. (2002) which found differential
activity for right amygdala only, although the authors interpreted their
results as deriving from the special role of the right hemisphere in facial
processing. Based on the current results, it is possible that this right
lateralization is a more general effect since the results in the current

study were found during a task-free scan. A meta-analysis of 5-HTTLPR
effects on amygdala activation (Munafo et al., 2008) noted that the effect
size estimate (based on a subset of studies that reported right and left
amygdala activity separately) was larger for right vs. left amygdala
(d=0.68 vs. 0.36, respectively), although this difference was not
statistically significant.

These results complement existing reports in this area, including
results from an earlier report from additional scans of the same
participants that found greater amygdala activity among carries of the
S allele during the conscious regulation of an induced negative mood
(Gillihan et al., 2010; for a review see Hariri and Holmes, 2006). A
plausible explanation of these findings is that in non-depressed
individuals with the S allele, negative affective states and amygdala
activity are part of a positive feedback loop that leads to persistence
and aggravation of depressive states; in contrast, in individuals with
the L allele, neural regulatory regions work to dampen amygdala
activity as depressive symptoms increase, thereby maintaining
affective homeostasis through negative feedback.

This explanation is consistent with reports of altered associations
among S allele carriers in the functional coupling of the amygdala
with prefrontal regulatory regions (e.g., Pezawas et al, 2005).
However, this interpretation may not account for the negative
correlation (vs. no association) between amygdala activity and
depressive symptoms found among L carriers. It is possible that the
negative correlation is caused by the L carriers' temporarily “over-
regulating” amygdala activity; longitudinal studies of 5-HTTLPR
genotype, depressive symptoms, and neural activity could help to
determine whether the reported differential correlations predict
different depression outcomes. While the observed effects are
consistent with this interpretation, the cross-sectional design of the
current study cannot provide definitive evidence for the direction or
the cause of the observed effects.

A study by Schardt et al. (2010) has potentially important
implications vis-a-vis the results reported here. The authors reported
that the amygdala hyperreactivity associated with the S allele could be
attenuated by the intentional regulation of negative emotion. Thus
clinical techniques that teach individuals to regulate their emotions,
such as those practiced in cognitive-behavioral therapy, may be
effective in lowering the risk for psychopathology associated with the
S allele. Further research is necessary to investigate this hypothesis.

The a priori hypotheses about the amygdala and the significant
results for both the whole brain and ROI analyses, together with
previous positive findings in these regions as a function of the 5-
HTTLPR, minimize concerns of a Type I error with regard to the
amygdala. Other brain regions whose activity was found to vary as a
function of 5-HTTLPR genotype and depression symptoms are listed in
Table 2 for consideration in future studies; it is noteworthy that in the
whole brain analyses, depression symptoms and 5-HTTLPR genotype
significantly predicted only right amygdala activation at a significance
of p<0.05, corrected. For this reason, considerable caution should be
exercised in the level of confidence that is placed in these findings
with regard to regions other than the amygdala, particularly in light of
the absence of a priori hypotheses about these other regions.

4.1. Limitations and future directions

The current study had several limitations. First, as noted above, the
correlational design does not permit the establishment of causation or
precedence of the observed effects (e.g., whether symptoms of
depression in individuals with the L allele lead to a dampening of
amygdala activity to rein in negative affect). Also, the relatively
modest sample size (cf. Munafo et al., 2008) points to the need for
replication with larger samples. Additionally, recent research (pub-
lished after the analysis of our DNA samples, which are no longer
available) has revealed an A-to-G single nucleotide polymorphism
(SNP) in the long allele, with a more common “Long-A” allele (high 5-
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HTT expressing) and less common “Long-G” allele (low 5-HTT
expressing; Hu et al., 2005). Therefore our L homozygotes likely
were somewhat heterogeneous in terms of low- vs. high-5-HTT
expression. Future studies should include a distinction between long
allele variants, which could lead to a finer-grained resolution of the
interactive effect of the 5-HTTLPR and symptoms of psychopathology
on neural response. Furthermore, it is unknown based on the current
data whether heterozygotes are more similar to the S or the L group.
Generalizability of these findings to 5-HTTLPR heterozygotes could be
tested in future research with larger sample sizes.

Although we limited our analyses to individuals of European
descent, occult stratification may have been present. Future studies
could include more sensitive tests of stratification. Finally, additional
work may reveal whether the reported right lateralization of findings
are reliable and specific to resting tasks or whether 5-HTTLPR
variability is differentially associated with right vs. left amygdala
activity.

5. Conclusion

The current results demonstrate an opposite pattern of association
between depression and amygdala activity based on 5-HTTLPR
genotype. As such these results add another piece to the rather
complex puzzle of how this genetic variability interacts with life stress
to affect neural systems and influence risk for psychopathology.
Additional investigations that clarify the temporal sequence of these
effects may be a fruitful area of future research; these studies also may
attempt to replicate and extend the intriguing finding of a negative
correlation between depressive symptoms and amygdala activity
among L allele carriers.
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