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Altered timing of amygdala activation during sad
mood elaboration as a function of 5-HTTLPR
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A functional variant of the serotonin transporter gene (5-HTTLPR) has been associated with increased risk for major depression in
the context of stress. In attempting to understand the mechanisms underlying this relation, we tested the hypothesis that
5-HTTLPR genotype affects the speed with which amygdala is recruited during emotional processing in young girls with no
history of psychiatric disorder. We used functional magnetic resonance imaging to compare the rise time to peak amygdala
activation in 5-HTTLPR short-allele carriers and long-allele homozygotes during enhancement of sad mood. Relative to long-allele
homozygotes, participants with at least one copy of the 5-HTTLPR short allele showed both stronger and earlier activation in left
amygdala as they increased a sad mood state. Individuals carrying the short allele appear to exhibit a neural “readiness' to
engage and enhance negative affect. Future research should examine how exposure to negative life events and more chronic

sadness modify the time course of amygdala activity during the experience of negative emotion.
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INTRODUCTION

A large body of research has demonstrated that individuals
diagnosed with major depressive disorder (MDD) differ
from nondepressed persons in their neural processing of
emotional material. In particular, hyperactivity of the
limbic system and diminished ability of the prefrontal
cortex to modulate limbic responses to negative stimuli
have been implicated in the pathophysiology of MDD
(Drevets, 1999; Sheline et al., 2001; Anand et al., 2005;
Fales et al., 2008). Numerous studies have documented the
importance of limbic and paralimbic structures for the pro-
duction of affective and motivational states; much less is
known, however, about the precise nature of anomalous
function in these regions and its temporal or causal relation
to the onset of psychopathology (Phan et al., 2002; Phillips
et al., 2003).

In attempting to elucidate whether and how limbic hyper-
activity may play a causal role in MDD, researchers have
begun to examine the neural functioning of individuals
who are at elevated risk for the development of this disorder.
In this context, a functional polymorphism in the serotonin
transporter gene SLC6A4 (5-HTT gene-linked polymorphic
region; 5-HTTLPR) has been associated with risk for depres-
sion; carriers of the 5-HTTLPR short (s) allele have been
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found by several researchers to be at higher risk of develop-
ing depressive episodes in the face of stressful life events than
long (1)-allele homozygotes (Caspi et al., 2003; Kendler et al.,
2005; but see Risch et al.,, 2009). Mirroring findings were
obtained with currently depressed persons as well as with
individuals at familial risk for depression (Monk et al.,
2008); this polymorphism has now been shown to be asso-
ciated with both the size and the magnitude of reactivity of
the amygdala (Hariri et al, 2002; Pezawas et al, 2005;
Munafo et al., 2008). Further, functional connectivity be-
tween the amygdala and regions of the anterior cingulate
cortex has been found to be attenuated in s-allele carriers,
suggesting that top-down regulation of amygdala activity is
diminished in these individuals, potentially leading to
over-activation of systems that mediate behavioral, neuroen-
docrine, and sympathetic reactivity to negative or stressful
stimuli (Pezawas et al., 2005; Hariri and Holmes, 2006).
Interestingly, there is also evidence that specific neural path-
ways may be strengthened in these individuals. In particular,
functional coupling of the left amygdala and ventromedial
prefrontal cortex, a region implicated in the production of
affective states (Phillips et al., 2003), has been found to be
increased in s-allele carriers relative to [-allele homozygotes
(Heinz et al., 2005). Such enhanced connectivity among crit-
ical neural regions may facilitate the initiation of a negative
mood state in individuals who carry the s-allele.

Most of the research examining the effects of 5-HTTLPR
genotype on limbic system sensitivity and function has
focused on the magnitude of blood-oxygen level-dependent
(BOLD) signal response during brief exposures to emotional
stimuli. Although this approach is important for increasing
our understanding of genotype-mediated neural function,
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it may not be optimal for characterizing differences in the
onset of mood. Rather, there is evidence that the time course
of amygdala activation differs among clinical populations,
and this may provide valuable insight into the nature of
dysfunctional emotional processing. Indeed the temporal dy-
namics of emotional responding—such as rise time to peak
and decay time—are posited to play an important role in
influencing vulnerability to psychopathology (Davidson,
1998). This formulation has been extended to the neuroima-
ging domain, within which considerable attention has now
been paid to examining recovery from emotional activation.
For example, Siegle et al. (2002) reported a slower decay of
amygdala activity in depressed individuals following expos-
ure to personally relevant negative words. These data reflect
findings of diminished capacity for inhibiting the processing
of negative information in MDD (Goeleven et al., 2006;
Joormann and Gotlib, 2008) and expand our understanding
of the neural underpinnings of rumination.

Little work, however, has been conducted characterizing
the rise time of neural activation in individuals with, or at
risk for the development of, psychopathology as they engage
with negative material. The few studies examining the onset
of amygdala response in this context have yielded promising
results. For example, Larson et al. (2006) described a shorter
time to onset and peak amygdala activity in phobic individ-
uals responding to pictures of spiders. Similarly, Blackford
et al. (2009) found that individuals high in behavioral inhib-
ition, a temperament construct associated with increased risk
for depression (Caspi et al., 1996), exhibit earlier onset of
amygdala activity in response to novel faces than do individ-
uals low in behavioral inhibition. Importantly, this chrono-
metric result was not accompanied by an overall difference
in activation magnitude, suggesting that differences in the
early time course of amygdala activity can convey unique
and relevant information about the nature of clinical and
sub-clinical populations.

Although researchers have not yet examined variability in
the onset of amygdala activation during the elaboration of
mood states, the results of behavioral studies suggest that
individuals at risk for affective disorders differ from low-risk
controls in the time course of their emotional responses. For
example, Hemenover (2003) found that, relative to individ-
uals with low levels of neuroticism, persons with high levels
of trait neuroticism were faster to increase, and slower to
decrease, their levels of negative affect in response to a mood
manipulation; they were also slower to increase their levels of
positive affect, putatively reflecting individual differences in
the accessibility of negative and positive associations that
drive or maintain emotional responses. Given that the
5-HTTLPR s-allele has also been associated with greater en-
dorsement of negative cognitions following sad mood induc-
tion, which itself has been conceptualized as a vulnerability
factor for depression (for a review, see Scher et al., 2005), the
present study was designed to examine the influence of
5-HTTLPR genotype on the onset of amygdala activation
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during the elaboration of sad mood. Following a sad mood
induction, we assessed both the magnitude and the latency to
reach peak activation of amygdala responses as a function of
genotype while participants actively increased their negative
affect. We hypothesized that, compared with [-allele homo-
zygotes, s-allele carriers would be characterized not only by
a greater absolute level of amygdala response but also by
a faster rise to peak amygdala activation, reflecting a
genotype-mediated neurocognitive ‘readiness’ to exacerbate
a sad mood state.

MATERIALS AND METHODS
Participants

Participants were 49 girls between the ages of 10 and 15 years
with no current or past DSM-IV Axis I disorder. At age 15,
the annual incidence of depression has been found to in-
crease markedly from 3% to 7% (Lewinsohn et al., 1998).
By targeting the age range immediately preceding this escal-
ation, we minimized the likelihood that potential partici-
pants will have already experienced a depressive episode
and were able to characterize neural functioning at a poten-
tially critical developmental stage. Moreover, given docu-
mented gender differences in the prevalence of depression
(Kessler, 2006), and in an effort to reduce possible hetero-
geneity in neural functioning, we included only female par-
ticipants in our sample. Girls were recruited with their
mothers through internet and print advertisements in the
local community or through the Department of Psychiatry
and Behavioral Sciences at Stanford University. All partici-
pants provided written informed assent; additionally, written
informed consent was obtained from each participant’s
mother.

Assessment of psychopathology

Trained interviewers assessed the diagnostic status of the
girls by administering the Schedule for Affective Disorders
and Schizophrenia for School-Age Children-Present and
Lifetime version (K-SADS-PL), which has been shown to
generate reliable and wvalid child psychiatric diagnoses
(Kaufman et al., 1997). Any girl who received a current or
past diagnosis was eliminated from the study. To assess
inter-rater reliability, an independent trained rater evaluated
30% of all K-SAD-PL interviews by randomly selecting
audiotapes. In all cases, these diagnoses matched the diag-
noses made by the original interviewer, k¥ =1.00, indicating
excellent inter-rater reliability.

To ensure that participants did not differ in current levels
of depressive symptomatology, all participants completed
the short form (10-item) of the Children’s Depression
Inventory (CDI-S), a self-report measure of depressive
symptoms developed for children between the ages of 8
and 17 (Kovacs, 1985). The CDI-S has been demonstrated
to be internally consistent (o =0.80) and to correlate highly
with the full CDI (r=0.89) (Kovacs, 1992).
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Genotyping

Participants were genotyped from saliva collected using the
Oragene Kit (DNA Genotek Inc., Ontario, Canada), an
all-in-one system for the collection, preservation, transpor-
tation and purification of DNA from saliva. Oligonucleotide
primers flanking the 5-HTT-linked polymorphic region and
corresponding to the nucleotide positions —1416 to —1397
(stpr5, 5'-GGC GTT GCC GCT CTG AAT GC) and —910 to
—888 (stpr3, 5'-GAG GGA CTG AGC TGG ACA ACC AC)
of the 5-HTT gene 5'-flanking regulatory region (Heils et al.,
1996) were used to generate 484 bp or 528 bp fragments. The
PCR products were electrophoresed through 5% polyacryl-
amide gel (acrylamide/bis-acrylamide ratio 19:1) at 60V for
60 min. A 100 bp marker was used to measure the PCR prod-
uct size for the I- and s-allele. Alleles and genotypes were
assigned by raters blind to any other participant
information.

Procedure

The scanning procedure was similar to that described by
Cooney and colleagues (2007) with adults. A 1-min baseline
scan was conducted while participants focused on a fixation
cross. To induce an initial sad mood, participants were then
shown one of three randomly assigned film clips. Stepmom
(Barnathan & Columbus, 1998) depicts a young son and
adolescent daughter saying good-bye to their terminally ill
mother. My Girl (Gazer & Zieft, 1991) depicts an adolescent
girl learning that her best friend has died. Dead Poets Society
(Haft & Weir, 1989) depicts an adolescent boy learning that
his best friend has committed suicide. Participants then
heard an audiotaped prompt: ‘Have you ever been in a simi-
lar situation? Have you ever lost a loved one and if so, how
did it make you feel?” A screen with the words ‘really get into
this feeling’ remained on for 1 min as the girls were scanned
during the elaboration of sad mood. This elaboration pro-
cedure was conducted once during the scan. Participants
rated their mood on a five-point visual analog scale
(1 =very sad to 5=very happy) before film viewing and
after sad mood elaboration.

fMRI data acquisition and analysis

Scanning was conducted on a 1.5T GE Signa Scanner.
Functional images were acquired using a T2*-weighted
in-/out-spiral pulse sequence (Glover and Law, 2001) [repe-
tition time (TR) =83 ms/slice, echo time (TE) =40ms, flip
angle=70°, field of view (FOV)=24cm, acquisition
time = 2000 ms per frame] consisting of 24 sequential axial
slices (in-plane resolution = 3.75 mm?; through-plane reso-
lution =4 mm, no gap). High-resolution structural scans
were collected using a T,-weighted spoiled grass sequence
(1mm?® in-plane and 1.5mm through-plane resolution,
TE = min, flip angle =15).
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fMRI analysis

Preprocessing and analysis of fMRI data were conducted
using Analysis of Functional Neural Images (AFNI) software
(Cox, 1996). Time-series data were slice-time corrected, and
volume registered to correct for head translation and rota-
tion during the scan (Fourier interpolation, two-pass).
BOLD time series with sudden motion exceeding 2.0 mm
were corrected using ArtRepair (Mazaika et al, 2007); in
this procedure, subjects’ raw functional data were converted
to SPM Analyze format, processed with ArtRepair in Matlab
7.3, and then converted back to AFNI format for further
processing. This procedure was performed on five datasets.
Data were spatially smoothed with a 4mm Gaussian
smoothing kernel, high-pass filtered at 0.008 Hz, and nor-
malized to percent signal change. Before analysis, functional
images were co-registered to anatomical images.

Analysis of activation magnitude

Preprocessed time series data for each participant were ana-
lyzed with multiple regression. The model included a regres-
sor for the contrast term ‘sad mood elaboration vs baseline’,
terms for residual motion and trend regressors. Resulting
individual #-statistic maps were transformed into z-scores
and warped into Talairach space, and voxels were resampled
to 3mm’. Given our focus on amygdala, we restricted ana-
lyses to an ROI including left and right amygdala (95 voxels
or 2565 mm°) as defined with a Talairach daemon (Lancaster
et al., 2000). To control for multiple statistical testing, we
conducted 1000 Monte Carlo simulations using AFNDs
AlphaSim (Ward, 2000) and calculated that an uncorrected
single voxel-significance threshold of P=0.01 and cluster
threshold of 81 mm® were necessary to hold family-wise
Type I error at P<0.05.

Preliminary analyses revealed no significant differences
between carriers of one and two copies of the s-allele.
Therefore, consistent with the methodology of recent studies
(Hariri et al., 2002; Canli et al, 2006), we dichotomized
the sample according to the presence or absence of the
5-HTTLPR short variant for purposes of subsequent ana-
lysis. This procedure yielded 34 s-allele carriers and 15 girls
who were homozygous for the [-allele.

Analysis of activation latency

BOLD signal artifacts resulting from rotational and transla-
tional motion were removed from each voxel time series
with a linear detrending procedure, and data were subjected
to additional temporal smoothing with a linear filter (i.e.
0.15%(t—1) +0.70*t+ 0.15*(t+ 1)) in order to further min-
imize time series noise prior in our analysis. Using AFNI, the
time point (here, in TRs) reflecting peak activation was

" Functional variants in the -allele, designated as /, and /g, have been found to differentially affect transporter
expression. Of the /-allele homozygotes in our sample, four carried a copy of the /g allele. Neither eliminating
these participants from our analyses nor including them in the s-allele group significantly changed our results.
Consequently, we report our findings using the more common distinction between s- and /-alleles, given that
the majority of the literature informing our study utilize this distinction.
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identified for each amygdala voxel within the prescribed
ROIs, separately for the baseline and mood elaboration
scans. Latency to peak activation was assessed in the baseline
condition in order to rule out the possibility of systematic
group differences in the temporal pattern of amygdala activ-
ity or signal noise. Voxelwise indices were then averaged to
produce a single estimate of latency to peak activation for
each participant’s amygdalae during both baseline and mood
elaboration conditions. Two-way [genotype group (s-allele
carriers, [-allele homozygotes) repeated over condition
(baseline, mood elaboration)] analyses of variance
(ANOVAs) were conducted separately on latency to peak
activations for the left and right amygdala.

To determine whether any resulting differences in latency
to peak were restricted to the amygdala, we used two-tailed
t-tests in AFNI to compare voxelwise indices of peak activa-
tion for each voxel in the brain between genotype groups.
Resulting statistical maps were thresholded, voxelwise, at
P=0.01, with a spatial extent greater than or equal to 16
contiguous voxels, to hold family-wise Type I error at
P<0.05.

RESULTS
Participant characteristics

Demographic and clinical characteristics of the [-allele
homozygotes and the s-allele carriers are presented in
Table 1. Genotype frequencies were in Hardy—Weinberg
equilibrium, XZ(Z) =0.47. There were no significant differ-
ences between these two groups of participants in age,
1(47) =0.70; ethnicity, x*(4)=22; or CDI-S scores,
#(47) =0.63, all P’s>0.05.

Mood ratings

Mood ratings collected from four [-allele homozygotes and
five s-allele carriers were incomplete. Ratings from the re-
maining participants (n=40, 11 [-allele homozygotes) con-
firmed that the mood induction and elaboration procedures
were effective [pre-mood induction: 3.524+1.27 (s.d.);
post-mood elaboration: 2.414+1.05 (s.d.)], #(38)=3.55,
P<0.05. Groups did not differ in pre-mood induction
mood ratings, #38)=0.68; post-mood elaboration mood

Table 1 Participant characteristics

l-allele homozygotes s-allele carriers

N=15 N=34

Mean s.d. Mean s.d.

Age (years) 12,5 13 129 1.6
(DI-S (s.d.) 19 2.7 15 1.6

Ethnicity N % N %
(aucasian 12 80 23 67.6
African American 1 6.7 2 59
Asian American 2 133 3 8.8
Hispanic/Latino 0 0 1 2.9
Bi/multi-racial 0 0 5 14.7
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ratings, #(38) =0.40; or change from pre-induction to
post-elaboration ratings, #38) = 0.40, all P’s>0.05.

Task-related activation

To confirm the involvement of the amygdala in the gener-
ation and elaboration of sad mood within the current para-
digm, we contrasted the mood elaboration scan with the
baseline scan across the entire sample. A one-sample #-test
using subject-level statistical maps yielded a significant clus-
ter of activation in the left amygdala, corrected for multiple
comparisons (Figure 1). A between-group f-test indicated
significantly greater activation in a nearby region of left
amygdala in s-allele carriers than in the [-allele homozygotes
(Figure 2). Neither analysis yielded significant results within
the right amygdala ROL

Latency to peak

Two-way ANOVAs (genotype repeated over condition) were
conducted on average latency to peak activation indices for
the left and right amygdala. Neither analysis yielded a

Fig. 1 Whole-group amygdala activation, sad mood elaboration vs baseline. Cluster
max: —25, —7, —16; t=3.4, P <0.05, corrected.

Fig. 2 Greater amygdala activation in 5-HTTLPR short-allele carriers (n = 34) than
long-allele homozygotes (n=15), sad mood elaboration vs baseline. Cluster max:
—28, —7, —13; t=3.5, P<0.05, corrected.
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Fig. 3 Average latency to reach peak activation (£s.e.m.) for left and right amygdala regions of interest (ROIs) during baseline and sad mood elaboration.

significant main effect for the group (left amygdala:
F(1,47) =1.60; right amygdala: F(1,47)=0.48; both
P’s>0.05) or for condition (left amygdala: F(1,47)=0.17;
right amygdala: F(1,47) =0.46, both P’s>0.05). Both ana-
lyses, however, yielded significant (or marginally significant)
interactions of group and condition (left amygdala
F(1,47) =6.88, P<0.05; right amygdala, F(1,47)=3.95,
P<0.06; see Figure 3). Follow-up tests indicated that
s-allele carriers had earlier peak activations than did Il-allele
homozygotes in both left and right amygdala only during the
sad mood elaboration condition (left amygdala: #(47) =2.94,
P<0.05; right amygdala: #(47) =2.00, P<0.06); as antici-
pated, the two groups of participants did not differ in
their latency to reach ‘peak activation’ during baseline (left
amygdala: #(47)=0.32; right amygdala: #47)=0.36, both
P’s>0.05). Whole-brain analyses revealed no other regions
for which latency to peak activation differed as a function of
genotype.

DISCUSSION

The present study was designed to examine the association
between a specific risk factor for depression—carrying at least
one copy of the 5-HTTLPR short allele—and the time-course
of limbic system activation during the enhancement of sad
mood. A sizable literature has documented the effects of the
5-HTTLPR polymorphism on the magnitude of amygdala
activation; little is known, however, about how elevated re-
activity relates to the timing of neural events, or about
whether such chronometric features may themselves repre-
sent a risk phenotype for MDD. We hypothesized that, as has
been found with the response of phobic individuals to
images of spiders (Larson et al, 2006), young carriers of
the 5-HTTLPR s-allele would be quicker to activate

amygdala than would low-risk girls as they enhance a sad
mood. Supporting this hypothesis, we found earlier peak
activation in the amygdalae of s-allele carriers than in
l-allele homozygotes during elaboration of sad mood.
Further, we found 5-HTTLPR group differences in the
time course of right amygdala activation in the absence of
differences in BOLD magnitude, suggesting that elucidating
temporal features of neural activation provides unique in-
formation relative to examination of the intensity of activa-
tion alone. Importantly, the temporal effect was not evident
during the baseline scan, indicating that the group differ-
ences in latency to reach peak amygdala activation during
sad mood elaboration were not driven by systematic differ-
ences in the temporal pattern of amygdala activity or signal
noise in general.

The association of amygdala activation with negative
mood states has been well documented (e.g. Phan et al,
2002). Investigators are now focusing increasingly on at-
tempting to elucidate the role that cognition plays in mod-
ulating amygdala activity and, therefore, in the experience of
mood. For example, Ochsner and colleagues (2004) asked
participants to try to control their affective responses to
emotional stimuli, and found that activity in the left amyg-
dala was increased during the up-regulation, and decreased
during the down-regulation, of negative affect. Similarly,
Posse et al. (2003) found that the level of amygdala activity
increased during single 60-s periods of self-induced sadness.
These investigators reported further that the magnitude of
this activation was correlated with participants’ ratings of
sad mood, suggesting a relation on a trial-by-trial basis
between the intensity of amygdala activation and subjective
experience. Interestingly, Posse et al. mentioned that partici-
pants varied in the time it took for amygdala activation to
increase and discussed the possibility of tailoring scan



Altered timing of amygdala activation

protocols to participants with ‘rapid and strong amygdala
response’. The present finding of shorter latency to reach
peak amygdala activity in 5-HTTLPR s-allele carriers than
in [-allele homozygotes indicates explicitly that there are sig-
nificant individual differences in the timing of neural events
that warrant systematic study.

Importantly, the current study focused on the enhance-
ment of negative affect following a sad mood induction.
Previous research suggests that s-allele homozygotes engage
in more negative cognitive processing than do [-allele homo-
zygotes, but only following a negative mood induction
(Beevers et al., 2008). Theorists have postulated that the cog-
nitions following a stressful or emotionally evocative event
can prolong, and even exacerbate, the deleterious affective
and somatic consequences of the event itself
(Nolen-Hoeksema, 2000; Brosschot et al., 2006). It is prob-
able, therefore, that the 5-HTTLPR s-allele might contribute
to risk for depression by influencing the types of cognitive
and emotional processing in which individuals engage im-
mediately following an emotional event. While the neural
mechanisms underlying mood-related changes in cognition
have not yet been fully characterized, the finding that s-allele
carriers increase activity in the amygdala earlier than do
l-allele homozygotes as they elaborate sad mood suggests
that they are ‘primed’, not only cognitively but also neurally,
to maintain or enhance sadness following an aversive experi-
ence. Future research should examine whether faster recruit-
ment of the amygdala in s-allele carriers occurs in the
absence of a sad mood induction, and whether individual
differences in the baseline state of the amygdala might affect
the speed of its recruitment (Canli et al, 2005).

Finally, we note two limitations of the current study. First,
our sample of -allele homozygotes was small relative to that
of s-allele carriers. While we do not think that the current
results reflect a sampling artifact, a larger sample size would
enable us to determine with greater precision how genotype
affects chronometric parameters. Second, while we selected a
young, never-disordered sample in part to minimize previ-
ous exposure to negative life events, it is important to note
that the interactions among cognitive patterns, genetic fac-
tors and neural circuitry may change as a function of age and
exposure to negative or stressful experiences. It will be im-
portant in future research to determine whether and how age
and exposure to negative life events affect the speed with
which activity escalates in the amygdala, thereby also testing
a ‘prekindling’ hypothesis (Kendler et al, 2001).
Furthermore, delineating the down-stream effects of quick-
ened amygdala activation may aid in the identification of a
measurable phenotype of a gene-by-experience interaction,
as well as in the design of more effective strategies for the
prevention and treatment of MDD.
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