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Growing evidence suggests serotonin’s role in anxiety and depression is mediated by its effects on learned fear associations. Pharmacological and genetic manipulations of serotonin signaling in mice
alter the retention of fear extinction learning, which is inversely
associated with anxious temperament in mice and humans. Here,
we test whether genetic variation in serotonin signaling in the form
of a common human serotonin transporter polyadenylation polymorphism (STPP/rs3813034) is associated with spontaneous fear
recovery after extinction. We show that the risk allele of this polymorphism is associated with impaired retention of fear extinction
memory and heightened anxiety and depressive symptoms. These
STPP associations in humans mirror the phenotypic effects of serotonin transporter knockout in mice, highlighting the STPP as a
potential genetic locus underlying interindividual differences in serotonin transporter function in humans. Furthermore, we show
that the serotonin transporter polyadenylation proﬁle associated
with the STPP risk allele is altered through the chronic administration of ﬂuoxetine, a treatment that also facilitates retention of
extinction learning. The propensity to form persistent fear associations due to poor extinction recall may be an intermediate phenotype mediating the effects of genetic variation in serotonergic
function on anxiety and depression. The consistency and speciﬁcity
of these data across species provide robust support for this hypothesis and suggest that the little-studied STPP may be an important
risk factor for mood and anxiety disorders in humans.

S

erotonin is implicated in the etiology of anxiety and depression; however, its precise role in these disorders is unclear.
An early “chemical hypothesis” that depression stems from a serotonin deﬁciency was belied by observations that reducing serotonin levels does not induce depression in healthy individuals
(1) and that inhibition of serotonin reuptake fails to yield rapid
antidepressant effects (2). These ﬁndings suggest that necessary
intervening processes mediate serotonin’s role in anxiety and
depression. The “network hypothesis” proposes that serotonin
fosters neural plasticity that supports adaptive processing of affective information (3). Under this view, anxiety and depression
stem from aberrant integration of salient environmental information due to altered serotonergic function. Consistent with
this notion, a prominent theory posits the dysregulation of learned
fear associations as a central underlying mechanism by which
serotonin contributes to mood and anxiety disorders (4).
Extinction learning is a primary means of regulating conditioned
fear responses (5). During extinction, fear expression decreases,
reﬂecting new learning that a once-threatening stimulus now signals safety. The efﬁcacy of extinction at reducing fear depends on
the ability to retrieve an extinction memory upon subsequent
encounters with a conditioned stimulus. However, failure to recall
extinction learning may occur with the passage of time, resulting in
“spontaneous recovery” of the original fear memory (6). Research
suggests that the degree of extinction retention is a relatively stable
individual trait with corresponding neurobiological substrates (7–
9). Recent reports in humans that spontaneous recovery of fear is
associated with heightened anxiety (10, 11) suggest that modulation
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of extinction memory may underlie serotonin’s effects on anxiety
and depression.
Research in animal models provides strong evidence for this
hypothesis. Genetic knockout of the serotonin transporter (5HTT) increases anxiety and depression-related behavior in the
mouse (12). Furthermore, during fear conditioning, 5-HTT knockout mice show normal acquisition and initial extinction learning,
but exhibit a selective deﬁcit in extinction recall (13, 14) accompanied by abnormal neuronal morphology in regions that support
extinction retention (9, 13). These data suggest that 5-HTT downregulation impairs extinction retention, resulting in persistent fear
memories that may contribute to anxiety and depression. However,
no study has yet examined whether normal variation in serotonergic function modulates extinction memory in humans.
The 5-HTT is expressed as two mRNA species that differ in
the use of two polyadenylation signals (15, 16). Polydenylation
is a posttranscriptional modiﬁcation of the 3′ end of the transcript that occurs in the majority of protein-coding mRNAs.
Alternative polyadenylation forms are common in the brain and
can lead to diversity in the regulation of gene expression (17).
The two reported 5-HTT polyadenylation forms differ by a 123bp element, and the human gene contains a common T/G single
nucleotide polymorphism (rs3813034) in the more distal of the
two polyadenylation signals. We have termed rs3813034 the serotonin transporter polyadenylation polymorphism (STPP) because it alters the use of the polyadenylation signal in which it
occurs, inﬂuencing the balance of the two polyadenylation forms
in the brain (15, 16). G-allele carriers have a reduced fraction of
5-HTT mRNA containing the distal polyadenylation sequence
(distal polyadenylation fraction; DPF), and also exhibit increased
risk for panic disorder (15). Of functional interest, the distal
polyadenylation sequence element is positively correlated with
the steady-state level of 5-HTT mRNA (15) and occurs adjacent
to a microRNA (miR-16) binding site (18), suggesting that
binding of regulatory proteins to the distal sequence element
may modulate miR-16 binding (19) and alter 5-HTT translation
(18), as has been described in miR-16–mediated regulation of
cyclooxygenase 2 gene expression.
Here, we genotyped participants (SI Appendix, Table S1) in
a two-day fear conditioning paradigm (Fig. 1A) for the STPP to
determine whether genetic variation in serotonergic function might
inﬂuence extinction retention. During fear acquisition, a colored
square (the conditioned stimulus +, or CS+) was paired with
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Fig. 1. Fear conditioning paradigm and summary conditioned response data.
(A) Experimental design. (B) Summary graphs illustrating group conditioned
response (mean differential SCR to the CS+ versus the CS-) during late acquisition (ﬁnal two blocks) and late extinction (ﬁnal two blocks). Participants
acquired a conditioned fear response that was signiﬁcantly decreased via
extinction learning. (C) Conditioned responses increased (P = 0.063) from the
ﬁnal block of extinction to the ﬁrst block of extinction recall (spontaneous
recovery). *****P < 0.00001. Error bars ± SEM.

a mild electric shock on one-third of presentations, whereas another square, conditioned stimulus − (CS-), was never paired with
shock. Differential skin conductance response (SCR) to the two
stimuli (CS+ minus CS-) served as our measure of the conditioned fear response (CR). Acquisition was immediately followed
by extinction, during which the CS+ was no longer paired with
shock. A day later, a second extinction phase enabled evaluation
of whether participants exhibited spontaneous fear recovery
(deﬁned as the increase in the CR from the ﬁnal block of day one
extinction to the initial block of extinction recall). After conditioning, participants completed questionnaires assessing anxiety
and depressive symptoms (20, 21). We found that the STPP
showed a dose-dependent association with the spontaneous recovery of fear, anxious temperament, and depressive symptoms.
To further relate the 5-HTT distal polyadenylation fraction to
anxiety-related emotional processing, we treated mice with the
selective serotonin reuptake inhibitor (SSRI) ﬂuoxetine, a treatment that facilitates extinction retention (22–24), alleviates anxiety and depressive symptoms (25), and is the most commonly used
pharmacological treatment for panic disorder. Chronic ﬂuoxetine
increased the 5-HTT DPF in mouse brain, suggesting that biological factors that increase the 5-HTT DPF are anxiolytic and
those that decrease it are anxiogenic.
Collectively, these data suggest that the 5-HTT DPF is associated with extinction retention and that common genetic variation in 5-HTT polyadenylation may modulate the retention of
fear extinction memory in humans, inﬂuencing the risk of anxiety
disorders and depression.
Results
Genetic Variation in 5-HTT Polyadenylation Selectively Modulates
Extinction Retention in Humans. Conditioned responses during late

acquisition and late extinction for participants who exhibited
successful discriminative fear acquisition (mean CS+ SCR > mean
CS- SCR during the ﬁnal two blocks of acquisition; n = 110) are
shown in Fig. 1B. Because extinction and spontaneous recovery
cannot be assessed in those who do not show initial acquisition,
these individuals were excluded from the physiological analyses. A
paired Student’s t test revealed a decrease in conditioned fear
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from late acquisition to late extinction (t = 4.868, df = 109, P =
0.0000038). As a group, participants showed modest spontaneous
fear recovery (differential CR from the ﬁrst block extinction recall
minus the ﬁnal block of extinction) the following day (Fig. 1C)
(one-sample t test; t = 1.88, df = 109, P = 0.063).
To ascertain whether STPP genotype inﬂuenced fear expression, we conducted linear regressions with each participant’s
number of putative “risk” (G) alleles as an independent variable,
and fear acquisition, extinction, and spontaneous recovery
measures as dependent variables. We made the a priori prediction
that the STPP G allele, which has been associated with a lower
5-HTT DPF and increased risk of panic disorder (15), would be
associated with impaired extinction retention. We found that the
number of G alleles showed a dose-dependent linear relationship
with the magnitude of spontaneous fear recovery (β = 0.191, P =
0.046) (Fig. 2A, see SI Appendix, Fig. S1 for scatterplot). This
association was unaffected by participants’ age, sex, and race (SI
Appendix, Tables S2 and S3). Demonstrating the selectivity of this
effect, there was no relationship between the number of G alleles
and either fear acquisition (β = −0.077, P = 0.422) or extinction
(β = −0.105, P = 0.266) (SI Appendix, Fig. S2). This STPP association is consistent with the selective effect of 5-HTT knockout in
mice on extinction retention (13, 14) (Fig. 2B).
For comparison purposes, we also genotyped samples at the
highly studied 5-HTTLPR, which has been inconsistently associated with 5-HTT expression (26, 27) and a variety of behavioral
phenotypes (28–32). There was no signiﬁcant relationship between 5-HTTLPR genotype and fear expression during any phase
of conditioning (all P > 0.05) (SI Appendix, Fig. S3 A and B and
Table S6), and there were no STPP-5-HTTLPR genotype interactions upon any of our fear conditioning measures (all P > 0.05).
Genetic Variation in 5-HTT Polyadenylation Is Associated with Individual Differences in Anxiety and Depressive Symptoms. Consis-

tent with previous studies linking poor extinction retention to
heightened anxiety (10, 11), participants’ degree of spontaneous fear recovery was positively correlated with self-reported
state anxiety [State-Trait Anxiety Inventory (STAI)-S subscale;
mean (M) = 38.61, SD = 9.95] (r = 0.193, P = 0.043) and
showed a trending relationship with trait anxiety (STAI-T
subscale; M = 39.76, SD = 10.86) (r = 0.159, P = 0.096), independent of STPP genotype.
We then examined whether individual differences in trait
anxiety and depressive symptomatology (BDI-II; M = 8.38; SD =
7.05) were related to STPP genotype. Participants’ (n = 141)
number of STPP G alleles showed linear associations with both
trait anxiety (β = 0.320, P = 0.00011) (Fig. 2B; see SI Appendix,
Fig. S4 for scatterplot) and depressive symptoms (β = 0.293, P =
0.0004) (Fig. 2C; see SI Appendix, Fig. S5 for scatterplot), which
were unaffected by age, sex, and race (SI Appendix, Tables S4 and
S5) and remained signiﬁcant after excluding subjects reporting
high levels of depressive symptoms and trait anxiety (SI Appendix,
SI Text). The number of G alleles also showed a trending relationship with state anxiety (STAI-S; β = 0.166, P = 0.083).
By comparison, participants’ number of 5-HTTLPR S′ (triallelic “short”, S and LG) alleles showed a correlation with depressive symptoms (β = 0.170, P = 0.044) (SI Appendix, Fig. S6A),
and a trending association with trait anxiety (β = 0.121, P = 0.153)
(SI Appendix, Fig. S6B) (see SI Appendix, Tables S7 and S8 for
demographic controls). There were no STPP-5-HTTLPR interactions upon trait anxiety or depressive symptoms (both P > 0.05).
However, in our sample, participants’ number of STPP G and
5-HTTLPR S′ alleles were correlated (r = 0.296, P = 0.00037),
a phenomenon referred to in population genetics as linkage disequilibrium. We hypothesized that the observed associations of
the 5-HTTLPR with trait anxiety and depressive symptoms might
be mediated by the correlation of its alleles with those of the STPP,
which was more strongly predictive of these measures. Including
Hartley et al.

participants’ allele counts for both polymorphisms in a multiple
regression to control for their correlation revealed that only
number of STPP G alleles was a signiﬁcant predictor of both trait
anxiety (β = 0.311, P = 0.0003) and depressive symptoms (β =
0.266, P = 0.0021). A bootstrap mediation analysis (SI Appendix,
SI Text) conﬁrmed that the apparent relationship between the 5HTTLPR and these phenotypes was mediated by the STPP
(STAI-T: z = 3.26, P = 0.0011; BDI-II: z = 3.13, P = 0.0017) (Fig.
3 A and B). Reversing the position of the STPP and 5-HTTLPR in
this mediation does not yield a signiﬁcant reduction in the direct
effect of the STPP (STAI-T: P = 0.71; BDI-II: P = 0.92).
Chronic Fluoxetine Alters 5-HTT Polyadenylation in the Mouse Brain.

Administration of SSRIs is a common pharmacological approach
to the treatment of mood and anxiety disorders including panic
disorder. Recent studies indicate that chronic administration of
the SSRI ﬂuoxetine improves extinction retention (22–24), suggesting a potential mechanism underlying its anxiolytic and antidepressant effects (25). Here, we test whether ﬂuoxetine alters the
5-HTT DPF, which would further implicate the 5-HTT DPF as
a mediator of both altered extinction retention and the therapeutic effects of SSRIs. We found that brains of mice after 3 wk of
ﬂuoxetine administration (n = 5) had a signiﬁcantly higher DPF
than those of drug-free control animals (n = 5) [Fig. 4; t(8) = 5.17 ;
P = 0.000012], suggesting that the therapeutic effects of ﬂuoxetine
may stem from changes in 5-HTT polyadenylation.
Discussion
Our results suggest that the STPP selectively inﬂuences the recall
of fear extinction memory in humans. Consistent with the hypothesis that poor extinction retention confers vulnerability to
anxiety and fear-related affective disorders (11, 12), the STPP
was also associated with trait anxiety and depressive symptoms.
Fig. 2 highlights the striking parallel between these STPP associations and reported behavioral effects of genetic knockout of 5HTT in the mouse. In both species, extinction retrieval, but not
initial fear acquisition or extinction, is selectively impaired (13,
14) (Fig. 2D). Furthermore, the modulation of anxiety and depressive symptoms by STPP genotype in humans parallels the
behavioral impairments of knockout mice in the elevated plus
maze and forced swim tests (13, 33), rodent assays of anxiety, and
Hartley et al.

depression-related behavior (Fig. 2 E and F). We note that gene
knockout may not fully recapitulate the effects of the STPP because the two are very different forms of genetic variation. Nonetheless, the consistency and speciﬁcity of the phenotypes reported
here across species lend conﬁdence to the validity of the STPP
associations and support the theory that 5-HTT contributes to
the development of anxiety and depression via modulation of
extinction recall.
Our ﬁndings suggest that extinction retention may be an endophenotype mediating the effects of genetic variability in 5-HTT
function on anxiety disorders and depression. An endophenotype is
a heritable and quantiﬁable trait that genetically cosegregates with
a psychiatric illness, but manifests independently of the presence of
disease (34). Both fear acquisition and initial extinction learning
show moderate heritability (35). Although no large-scale twin study

Fig. 3. STPP polymorphism mediates apparent relationship between 5HTTLPR and anxiety and depressive symptoms. Bootstrap mediation analyses
indicate that the inﬂuence of 5-HTTLPR on trait anxiety (A) and depressive
symptoms (B) is mediated by the STPP. Path a shows the estimated coefﬁcient of the relationship between the 5-HTTLPR and STPP. Path b shows
the coefﬁcient for the relationship between STPP and each self-report
measure. Paths c and c′ show coefﬁcients for the total (dashed line) and
direct (solid line) effects of 5-HTTLPR on each measure. All coefﬁcients are
unstandardized, SEM in parentheses. **P < 0.01, ***P < 0.001 (Mediation
Effects: STAI-T: P = 0.0011; BDI-II: P = 0.0017).
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Fig. 2. STPP modulates extinction retention, anxiety, and depressive symptoms in humans and parallels reported effects of 5-HTT knockout in the mouse.
Rodent data adapted from refs. 13 and 33. (A) Participants showed a linear increase (β = 0.191, P = 0.046) in spontaneous fear recovery as a function of
number of STPP G alleles (TT vs. GG: t = 2.109, df = 61, P = 0.039). Trait anxiety (B) and depressive symptoms (C) increased linearly (STAI-T: β = 0.320, P =
0.00011; BDI-II: β = 0.293, P = 0.0004) as a function of number of STPP G alleles [GG vs. TT: STAI-T: t(79) = 3.576, P = 0.0006; BDI-II: t(79) = 3.264, P = 0.002; GG vs.
GT: STAI-T: t(105) = 3.468, df =, P = 0.0007; BDI-II: t(105) = 2.673, P = 0.009]. (D) 5-HTT knockout mice (KO) show higher levels of freezing during extinction
recall (ﬁrst block) compared with wild-type mice (WT) (E) Percentage of time spent in open arms of the elevated plus maze task was reduced in KO versus WT
mice. (F) Percentage of time spent immobile during the second day of exposure to the forced swim task was greater in KO versus WT mice.
*P < 0.05, **P < 0.01, ***P < 0.001. Error bars ± SEM.

Fig. 4. Fluoxetine increases 5-HTT distal polyadenylation fraction in mouse
brain. Brain tissue of ﬂuoxetine-treated mice had a higher fraction of 5-HTT
mRNA containing the distal polyadenylation sequence than that of control
animals. Values for ﬂuoxetine group are normalized to controls. ****P <
0.0001.

has quantiﬁed the heritability of extinction retention, speciﬁc interstrain behavioral differences in extinction recall (8) suggest that
genetic background also inﬂuences extinction retention. Here, we
identify a common genetic factor associated with extinction retention and subclinical anxiety and depressive symptoms. Although
the STPP is associated with risk for panic disorder (15), it is not
known whether individuals with this illness show impaired extinction recall. A more robust future validation of this endophenotype
hypothesis would require a demonstration of a genetically driven
impaired extinction retention in a clinical population.
The deﬁcit in extinction recall associated with the STPP G allele
could stem from a failure to either consolidate or retrieve extinction learning. These processes depend on interaction between the
amygdala, the ventromedial prefrontal cortex (vmPFC), and the
hippocampus (9), regions that receive serotonergic innervation
(36, 37) and are functionally modulated by 5-HTT expression (12).
Morphological abnormalities of neurons in the basolateral amygdala and the infralimbic cortex of 5-HTT knockout mice implicate
these regions as potential substrates of the associated impairment
in extinction retention (13, 14). Successful retention of extinction
in humans is associated with increased cortical thickness in the
vmPFC (7, 38), a putative human homolog of the rodent infralimbic region thought to facilitate fear inhibition during extinction
retrieval (9). Because no studies have yet examined differences in
brain structure or function associated with the STPP, further research is needed to clarify the mechanisms underlying its effects on
spontaneous fear recovery.
Anxiety disorders are commonly treated with extinction-based
exposure therapy (39). Extinction retention across exposure sessions predicts the degree of reduction in anxiety symptoms, highlighting its importance for persistent fear reduction (40). Our data
suggest that individuals who may be most at risk for anxiety disorders might beneﬁt the least from this therapeutic approach,
because reduced extinction retention would limit its efﬁcacy. Administration of SSRIs is another common approach to treating
clinical anxiety and depression. Recent reports that chronic SSRI
administration reduces spontaneous recovery (22, 24), contextual
renewal (22), and reinstatement (23) of extinguished fear while
leaving fear acquisition intact provide further evidence for the
speciﬁcity of the effects of serotonin on extinction recall. In conjunction with our present ﬁnding that chronic ﬂuoxetine ameliorates the polyadenylation risk proﬁle associated with reduced
extinction retention in humans (15), these data suggest that the
therapeutic efﬁcacy of SSRIs may stem from molecular alterations
that facilitate consolidation and retrieval of extinction learning.
The mechanism by which the distal polyadenylation sequence
alters 5-HTT function is unknown. The steady state level of total
5-HTT mRNA expression is correlated with the presence of the
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distal polyadenylation sequence (15), suggesting that it may
stabilize 5-HTT mRNA. Furthermore, a recent report that miR16 binding to a site directly adjacent to the distal polyadenylation
sequence causes translational repression of the 5-HTT suggests
that an RNA binding protein may modulate the effects of miR16 on 5-HTT expression, as has been reported for the cyclooxygenase2 gene (19).
The 5-HTTLPR is presently the most widely studied polymorphism in human genetics. This common polymorphism has
been reported to alter transcription of 5-HTT (26, 28) and has
been associated with a range of phenotypes including anxious
temperament (28), frontoamygdala responses to emotional stimuli (41–43), and risk of depression in response to stressful life
events (29). These associations have not been consistently replicated and even recent large-scale meta-analyses of several of these
phenotypes present conﬂicting evidence for the 5-HTTLPR’s role
in behavioral variability (30–32) These inconsistent ﬁndings suggest that the link between the 5-HTTLPR and anxiety-related
phenotypes may be complex, with its detection dependent upon
the methodologies used as well as factors including alternative
genetic variants such as the STPP (44, 45). In our data, we ﬁnd
that the 5-HTTLPR does not phenocopy the effects of 5-HTT
knockout in mice on extinction retention and we do not replicate
an earlier report of a 5-HTTLPR association with human fear
acquisition (46). Furthermore, an apparent relationship of the
5-HTTLPR to trait anxiety and depressive symptoms is explained
by correlation of its alleles with those of the STPP, which was more
strongly associated with these phenotypes. Thus, inconsistent
associations of the 5-HTTLPR with anxiety and depression related
phenotypes might be due to variable correlation in experimental
samples between the two polymorphisms. Given the history of
nonreplication in the ﬁeld of behavioral genetics and the limited
statistical power of our sample, the conclusions we draw from our
data are speculative. We encourage future studies to test this
linkage disequilibrium hypothesis by genotyping behavioral samples for both the 5-HTTLPR and the STPP, clarifying their relative phenotypic effects and attempting to resolve the conﬂicts
in the present literature. We strongly suggest the use of pooled
genetic samples, consistent phenotypic criteria, and a priori
hypotheses in such efforts.
A shortcoming of our study was the failure to fully control for
psychiatric history and drug use of participants. Although our subjects were not presently taking psychiatric medication and reported
subclinical symptoms of depression, they were not formally characterized as free of psychiatric disorders. Given the high lifetime
prevalance of anxiety disorders and depression (47), undiagnosed or
unmedicated individuals with these disorders were likely included in
our sample. Furthermore, our sample might include subjects taking
nonpsychiatric medications known to inﬂuence memory consolidation (e.g., beta blockers). These confounds may have inﬂuenced
our reported effects and should be controlled for in future studies.
Depression and anxiety disorders show substantial heritability
(48, 49) and high comorbidity (50), suggesting common pathophysiological mechanisms. Based on the broad efﬁcacy of medications targeting 5-HTT and the marked behavioral effects of
genetic knockout, the 5-HTT gene has been widely proposed as
a candidate gene conferring vulnerability to these disorders (12,
37). Our present ﬁndings, as well as a previous association with
panic disorder (15), indicate that the STPP may be an important
genetic locus of risk for anxiety and depression. Furthermore, our
data suggest that the retention of fear extinction memory may be
a critical mediator of the inﬂuence of serotonin on individual vulnerability to these disorders in humans.
Methods
Participants. One hundred forty-one volunteers, aged 18–35 (M = 21.1, SD = 3.5,
87 female), were recruited at New York University for a 2-d fear conditioning
study. All participants gave informed consent and were paid for participation.
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Fear Conditioning. During fear conditioning, participants saw a sequence of
trials in which two colored squares were presented for 4 s each. During the
fear acquisition phase, one square (the CS+) coterminated with a mild electric
wrist shock on 33% of trials, whereas the other (the CS-) was never paired
with shock. Acquisition was followed immediately by extinction, in which
neither CS was paired with shock. The next day, a second extinction phase
enabled assessment of whether participants retained extinction learning or
exhibited spontaneous recovery of the conditioned fear response. Trials in
each phase were grouped into “blocks.” In every block, the CS+ and CSstimuli were presented four times each without shock. During acquisition,
there were two additional trials per block in which the CS+ was paired with
shock. Acquisition consisted of four blocks of trials (four CS+, four CS-, and
two CS+ with shock per block), and each extinction phase consisted of ﬁve
blocks of trials (four CS+ and four CS- per block) (Fig. 1A). Two randomized
trial orders were counterbalanced across subjects. The ﬁrst trial of the day 2
extinction session began with a CS+ for one-half of subjects and a CS- for the
other. The skin conductance response (SCR) to each stimulus was assessed.
Participants showing a greater mean SCR to the CS+ versus CS- during the
ﬁnal two blocks of acquisition were considered to have acquired a fear response (only CS+ presentations not paired with shock were analyzed). Our
recovery measure was the increase in the CR from the ﬁnal block of day 1
extinction to the initial block of extinction recall.
Shocks were delivered via a stimulator (Grass Instruments) connected to
a bar electrode attached to the right wrist. Participants selected shock levels
via a procedure in which the shock (200-ms duration) was gradually increased
until it was deemed “uncomfortable, but not painful” (maximum shock level
was 60 V). There were no genotype differences in shock level (SI Appendix,
Table S1). SCR was recorded through shielded Ag-AgCl electrodes attached
to the second and third ﬁngers of the left hand by using a Biopac Systems
module. AcqKnowledge software (Biopac Systems) was used to conduct
ofﬂine analysis of the SCR waveforms. SCR data were low-pass ﬁltered and
smoothed. The greatest base to peak change in SCR in a 0.5- to 4.5-s window
after each CS onset was assessed. These values were then square-root
transformed to normalize the distribution and divided by the mean SCR to
the shock to enable between-subject comparisons. Only unreinforced CS+
presentations were included in the analysis.
Eight participants were excluded from the physiological analysis because
of experimental error in physiological recording or a failure to display
a variable skin conductance signal. Another 23 participants were excluded
because of failure to exhibit a discriminative CR (mean CS+ SCR > mean CSSCR) during late acquisition. The remaining 110 participants (STPP: 28 TT, 47
GT, 35 GG; 5-HTTLPR: 22 L′L′, 50 S′L′, 38 S′S′) were included in the physiological analyses. χ2 tests showed no signiﬁcant differences between the STPP
and 5-HTTLPR genotypes of those who did not acquire a CR and the genotype frequencies of the complete sample (all P > 0.05).
Questionnaires. After conditioning, participants completed the STAI (20), the
Beck Depression Inventory II (BDI-II) (21), and the Life Experience Survey
(LES) (51), assessing recent life experiences. There were no signiﬁcant differences in STAI-T or BDI-II scores as a function of sex or age (all P > 0.05) or
between Caucasian and Asian participants (both P > 0.05). There was no
1. Booij L, Van der Does AJ, Riedel WJ (2003) Monoamine depletion in psychiatric and
healthy populations: Review. Mol Psychiatry 8:951–973.
2. Nestler EJ (1998) Antidepressant treatments in the 21st century. Biol Psychiatry 44:
526–533.
3. Castrén E (2005) Is mood chemistry? Nat Rev Neurosci 6:241–246.
4. Deakin JFW, Graeff FG (1991) 5-HT and mechanisms of defence. J Psychopharmacol 5:
305–315.
5. Hartley CA, Phelps EA (2010) Changing fear: The neurocircuitry of emotion regulation. Neuropsychopharmacology 35:136–146.
6. Bouton ME (2004) Context and behavioral processes in extinction. Learn Mem 11:485–494.
7. Milad MR, et al. (2005) Thickness of ventromedial prefrontal cortex in humans is
correlated with extinction memory. Proc Natl Acad Sci USA 102:10706–10711.
8. Hefner K, et al. (2008) Impaired fear extinction learning and cortico-amygdala circuit
abnormalities in a common genetic mouse strain. J Neurosci 28:8074–8085.
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signiﬁcant interaction of either genotype and negative life events (LES
scores) upon anxiety and depressive symptoms, or any fear conditioning
measures (all P > 0.05).
Genotyping. DNA was prepared from saliva samples by using standard procedures (Oragene; DNA Genotek). The STPP (rs3813034) was genotyped by using
a commercially available TaqMan assay (Applied Biosystems; C__27504840_10).
The 5-HTTLPR was genotyped by using a protocol that allows assignment of
both the biallelic and triallelic genotype categorizations (52). Samples whose
initial genotype was not clear were regenotyped in duplicate, and all such
samples provided clear concordant genotypes on rerun.
Statistical Analysis. All tests were two-tailed by using an α level of 0.05. Using
SPSS 18.0 (IBM), we conducted simple linear and multiple regressions to
assess the relationships between our fear conditioning measures, questionnaire scores, genotypes, and potential covariates. Independent samples t
tests were used in pairwise genotype comparisons of conditioning measures
and questionnaire scores, and comparison of DPF in control and ﬂuoxetine
treated brains. We conducted mediation analyses and bootstrap signiﬁcance
testing by using a custom Matlab toolbox (53, 54) (SI Appendix, SI Text).
Rodent Fluoxetine Distal Polyadenylation Analysis. C57BL/6J mice were given
160 mg/L ﬂuoxetine (n = 5) in their drinking water for 21 d, an approximate
dose of 18 mg/kg per day under ad libitum access, which yields therapeutic
plasma levels and anxiolytic behavioral effects (25). Controls (n = 5) received ad
libitum access to tap water. Whole brain tissue was harvested and homogenized in Tri reagent (Molecular Research Center). Total RNA was isolated
according to the manufacturer’s standard protocol. Total RNA (2 μg) was
treated with DNase I and heat-inactivated then reversed transcribed by using
oligo dT primers and Moloney Murine Leukemia Virus reverse transcriptase
(200 units). Total 5-HTT and distal sequence containing 5-HTT messages were
quantiﬁed by using SYBR green-based quantitative PCR assays as described
(15) except that the primers for the total 5-HTT assay targeting the proximal 3′
UTR were as follows: Forward: 5′-CCAAGCTGATGATGTAAGGTCTTT-3′, Reverse: 5′-GTCACCAGCTAATGTGGCAGTAA-3′. Standard curves for each assay
were prepared by using serial dilutions of pooled cDNA samples to allow
relative quantiﬁcation. Distal polyadenylation fraction was calculated by dividing the relative amount of distal sequence containing 5-HTT messages by
the relative amount of total 5-HTT message determined for each sample. All
samples were reverse transcribed twice, and each cDNA sample was run in
six replicates.
5-HTT Knockout Mouse Data. Behavioral data from two published studies (13,
33) in the 5-HTT knockout mouse are included here to show cross-species
phenotypic correspondence in fear conditioning (13) and anxiety and depression-like behavior [elevated plus maze (33) and forced swim (13) tasks, in
the mouse]. Details of the experimental protocols and analyses appear in the
methods sections of these manuscripts.
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Supporting Information Appendix
Participants in our sample were not formally characterized as free of psychiatric disease.
However, in our sample, all subjects’ BDI-II scores fell below the clinical cutoff level
designated as indicating severe depression (a score of 29). Furthermore, when we
restrict our analysis of the relationship between number of STPP G alleles and BDI-II to
the subjects whose scores indicate “minimal” to “mild” depression (the 127 of our 141
subjects with scores of 0-19), the linear effect of STPP genotype remains significant (β =
.271, p = .002). The STAI-T is not a clinical instrument as it does not assess impairment
and thus no clinical cutoff levels exist. However, the STAI manual20 reports norms for
trait anxiety in a large sample of college age students and restricting our analysis to
subjects who fall at or below the 90th percentile levels for each gender, the effect of
STPP genotype on STAI-T scores remains significant (β = .261, p = .0038). These
analyses suggest that the effect of STPP genotype upon anxiety and depressive
symptoms reported in this manuscript is not driven by the inclusion of participants with
undiagnosed clinical disorders.
Our bootstrapping mediation analyses were conducted using the publicly-available
Multilevel Mediation and Moderation (M3) Toolbox1,2. Bootstrap estimates of the path
coefficients were derived by randomly sampling with replacement 10,000 observations
from our sample. The bootstrap mediation test implemented within the M3 toolbox uses
a method known as the bias-corrected and accelerated (BCa) bootstrap3, which
estimates and adjusts for both bias and skewness in the bootstrap distribution, enabling
the computation of an adjusted z-statistic based on the bootstrap confidence intervals,
from which two-tailed p-values for each path coefficient were derived.
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FULL SAMPLE	
  
Sex	
  
Mean Age (SD)	
  
Caucasian	
  
Asian	
  
Black/African-American	
  
Hispanic	
  
Mixed Race	
  
FEAR CONDITIONING
SUBSET
Mean Shock Level (SD)
Sex	
  
Mean Age (SD)	
  
Caucasian	
  
Asian	
  
Black/African-American	
  
Hispanic	
  
Mixed Race	
  

TT	
  
n = 34	
  
20M, 14F	
  
21.0 (3.3)	
  
25	
  
2	
  
2	
  
3	
  
2	
  
n = 28

GT	
  
n = 60	
  
18M, 42F	
  
21.0 (3.4)	
  
23	
  
28	
  
1	
  
0	
  
8	
  
n = 47

GG	
  
n = 47	
  
16M, 31F	
  
21.3 (3.9)	
  
15	
  
28	
  
0	
  
3	
  
1	
  
n = 35

Total	
  
n = 141	
  
54M, 87F	
  
21.1 (3.5)	
  
63	
  
58	
  
3	
  
6	
  
11	
  
n = 110

37.4v (9.5)
15M, 13F
20.6 (2.7)
21
2
2
1
2

36.6v (8.1)
14M, 33F
21.0 (3.3)
22
19
1
0
5

36.6v (6.3)
13M, 22F
21.6 (4.2)
11
22
0
2
0

36.8v (7.9)
42M, 68F
21.1 (3.5)
54
43
3
3
7

Table S1: Participant demographics by STPP genotype group. Demographic
information and experimental variables of participants in each STPP genotype group.

	
  
Model

Unstandardized
Coefficients
B

Standardized
Coefficients

Std. Error

(Constant)

-.589

.236 	
  

Gender

-.022

.063

Age

.003

Shock Level
STPP G allele
count

t

Sig.

Beta
-2.495

.014

-.031

-.341

.734

.009

.027

.294

.770

.139

.039

.327

3.568

.001

.087

.041

.197

2.151

.034

a. Dependent Variable: Spontaneous Recovery
Table S2: STPP association with spontaneous recovery was not related to age or
gender of participants. Including all 110 subjects from the physiological analysis in a
multiple regression with number of STPP G alleles, gender, age, and shock level as
independent variables reveals that number of STPP G alleles remains a significant
predictor of level of spontaneous recovery. Shock level is also a significant predictor of
spontaneous recovery, however this effect is independent of the genotype effect.

Model

Unstandardized
Coefficients
B

Standardized
Coefficients

Std. Error

(Constant)

-.520

.244 	
  

Race

-.019

.072

Gender

.012

Age

t

Sig.

Beta
-2.132

.036

-.029

-.270

.788

.068

.018

.183

.855

.000

.009

-.003

-.032

.974

Shock Level

.133

.040

.330

3.328

.001

STPP G allele
count

.091

.048

.207

1.869

.065

a. Dependent Variable: Spontaneous Recovery
Table S3: STPP association with spontaneous recovery was not related to
race of participants. When we restrict analysis of the relationship between the
STPP G allele and spontaneous recovery to the 97 Asian and Caucasian
subjects in order to also include race (dummy-coded as 0 or 1)), gender (dummycoded as 0 or 1), and age as regressors, the p value for the genotype effect is
.065 due to reduced power in the smaller sample. However, there is no effect of
race on spontaneous recovery.

Model

Unstandardized
Coefficients
B

Std. Error

38.01
3

5.889

.576

2.120

-1.330

Age
STPP G allele
count

(Constant)
Race
Gender

Standardized
Coefficients

t

Sig.

Beta
	
  

6.455

.000

.026

.272

.786

2.043

-.059

-.651

.516

-.167

.267

-.055

-.626

.532

5.095

1.431

.346

3.560

.001

a. Dependent Variable: STAI-T
Table S4: STPP association with trait anxiety was not related to race, gender, or
age of participants. Including the 121 subjects who self-identify as Caucasian or Asian
in a multiple regression analysis with number of STPP G alleles, gender (dummy-coded
as 0 or 1), race (dummy-coded as 0 or 1), and age as independent variables, only
number of G alleles was significantly related to STAI-T scores.

	
  
Model

Unstandardized
Coefficients
B

Standardized
Coefficients

Std. Error

(Constant)

13.07
6

3.919

Race

-.307

1.410

Gender

-.796

Age
STPP G allele
count

t

Sig.

Beta
	
  

3.337

.001

-.021

-.218

.828

1.359

-.053

-.586

.559

-.333

.178

-.165

-1.871

.064

2.857

.952

.292

3.000

.003

a. Dependent Variable: BDI-II
Table S5: STPP association with depressive symptoms was not related to race,
gender, or age of participants. Including the 121 subjects who self-identify as
Caucasian or Asian in a multiple regression analysis with number of STPP G alleles,
gender (dummy-coded as 0 or 1), race (dummy-coded as 0 or 1), and age as
independent variables, only number of G alleles was significantly related to BDI-II
scores.

	
  

Model

Unstandardized
Coefficients
B
(Constant)
Race

-.560

Standardized
Coefficients

Std. Error

t

Sig.

Beta

.249 	
  

-2.246

.027

.013

.068

.020

.198

.844

-.012

.068

-.018

-.180

.857

Age

.001

.009

.013

.133

.894

Shock Level

.137

.041

.341

3.381

.001

5-HTTLPR S’
allele count

.075

.047

.162

1.583

.117

Gender

a. Dependent Variable: Spontaneous Recovery
Table S6: 5-HTTLPR was not associated with spontaneous recovery even when
controlling for race, gender, age, and shock level of participants. Including the 97
Asian and Caucasian subjects in our physiological sample in a multiple regression
analysis with number of 5-HTTLPR S’ alleles, gender (dummy-coded as 0 or 1), race
(dummy-coded as 0 or 1), age, and shock level as independent variables, only shock
level was significantly related to spontaneous recovery.
	
  
	
  
Model

Unstandardized
Coefficients
B

Std. Error

(Constant)

41.655

6.223 	
  

Race

-1.766

2.131

Gender

-2.762

Age
5-HTTLPR S’
allele count

Standardized
Coefficients

t

Sig.

Beta
6.694

.000

-.080

-.829

.409

2.112

-.122

-1.308

.193

-.062

.279

-.020

-.221

.826

1.357

1.434

.089

.946

.346

a. Dependent Variable: STAI-T
Table S7: 5-HTTLPR was not significantly associated with trait anxiety after
controlling for race, gender, and age of participants. Including the 121 Asian and
Caucasian participants in a multiple regression analysis with number of 5-HTTLPR S’
alleles, gender (dummy-coded as 0 or 1), race (dummy-coded as 0 or 1), and age as
independent variables, none were significantly related to STAI-T scores.
	
  

Model

Unstandardized
Coefficients
B

Std. Error

(Constant)

14.390

4.060 	
  

Race

-1.385

1.390

Gender

-1.655

Age
5-HTTLPR S’
allele count

Standardized
Coefficients

t

Sig.

Beta
3.545

.001

-.094

-.996

.321

1.378

-.110

-1.201

.232

-.279

.182

-.138

-1.537

.127

1.368

.935

.136

1.462

.146

a. Dependent Variable: BDI-II
Table S8: 5-HTTLPR was not significantly associated with depressive symptoms
after controlling for race, gender, and age of participants. Including the 121 Asian
and Caucasian participants in a multiple regression analysis with number of 5-HTTLPR
S’ alleles, gender (dummy-coded as 0 or 1), race (dummy-coded as 0 or 1), and age as
independent variables, none were significantly related to BDI-II scores.

Figures

Figure S1: Scatterplot of association between STPP genotype and spontaneous
recovery. Participants showed a significant linear increase in the spontaneous recovery
of fear memory as a function of number of STPP G alleles (β =.191, p = .046).

Figure S2: No differences in fear acquisition or extinction as a function of STPP
genotype. Demonstrating the specificity of the STPP association with spontaneous
recovery, there were no significant linear effects or pairwise group differences in
conditioned fear responses during late fear acquisition (β = -.077, p = .422) or extinction
(β = -.105, p = .266) as a function of STPP genotype.

Figure S3: Variation in fear conditioning is not associated with 5-HTTLPR
genotype. There were no significant linear effects or pairwise group differences in
conditioned fear responses during (a) late fear acquisition (β = .041, p = .668), late
extinction (β = -.086, p = .371), or (b) spontaneous recovery (β = .079, p = .410) as a
function of 5-HTTLPR genotype.

Figure S4: Scatterplot of association between STPP genotype and trait anxiety.
Self-reported trait anxiety increased linearly as a function of number of STPP G alleles
(STAI-T: β = .320, p = .00011).

Figure S5: Scatterplot of association between STPP genotype and depressive
symptoms. Depressive symptoms increased linearly as a function of number of STPP
G alleles (BDI-II: β = .293, p = .0004).

Figure S6: 5-HTTLPR shows a weak association with trait anxiety and depressive
symptoms before accounting for the influence of correlation with the STPP. Simple
linear regression shows a significant linear relationship between number of 5-HTTLPR
S” alleles with (a) depressive symptoms (β = .170, p = .044) (b) and a trending
association with trait anxiety (β = .121, p = .153).
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