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Abstract

The role of the serotonin transporter promoter-linked polymorphism (5-H7TLPR) in psychiatric
disease remains unclear. Behavioral traits could serve as alternative outcomes that are stable,
precede psychopathology, and capture more sub-clinical variation. We test associations between 5-
HTTLPR and (1) behavioral traits and (2) clinical diagnoses of anxiety and depression. Second
and third generation participants (N=203, 34.2+13.8 years, 54% female) at high- or low-familial
risk for depression (where risk was defined by the presence of major depression in the 15t
generation) were assessed longitudinally using the Schedule for Affective Disorders and
Schizophrenia-lifetime interview, Barratt Impulsiveness Scale-11, Buss-Perry Aggression
Questionnaire, and the NEO-Five Factor Inventory. High (but not low)-risk offspring with two risk
(short, s) alleles had higher impulsivity (+13%), hostility (+31%) and neuroticism (+23%). SS was
associated higher rates of panic (OR=7.05 [2.44, 20.38], p=0.0003) and phobic (OR=2.68[1.04,
6.93], p=0.04), but not other disorders. Impulsivity accounted for 16% of associations between 5-
HTTLPR and panic, and 52% of association between 5-HTTLPR and phobias. We show that 5-
HTTLPR predicts higher impulsivity, hostility, and neuroticism, and that impulsivity could serve
as a useful independent outcome or intermediary phenotype in genetic studies of anxiety.
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1. Introduction

The serotonin transporter gene (SLC6A4), whose product is the target of the selective
serotonin reuptake inhibitor (SSRI) class of antidepressants, is among the most extensively
studied genes in the psychiatric literature. A polymorphism in its promoter region (5-
HTTLPR) has elicited particular interest, as it occurs primarily as either a shorter (S, 14-
repeat) or longer (L, 16-repeat) repeat sequence, which are associated with lower and higher
transcriptional efficiency respectively (Bradley et al., 2005; Lesch et al., 1996). Despite
many years of investigation, the precise molecular and cellular basis of 5-HHLPR in relation
to anxiety and affective disorders remains unclear. Some studies report a link between 5-
HTTLPR and depression, anxiety, or personality traits related to them such as neuroticism,
equally as many others report either no associations, or associations only in the presence of
specific early life stressors (Brandt et al., 2015; Caspi et al., 2003; Clarke et al., 2010;
Mazzanti et al., 1998; Munafo et al., 2008; Odgerel et al., 2013; Risch et al., 2009).

There are several possible explanations for these contrary findings. One is that 5-HTTLPR
(or the serotonin transporter more generally) does not play a causal role in mood disorders.
But it may also be that there /sa role, but one that is difficult to identify by targeting
outcomes solely defined by clinical phenomenology. Depression and anxiety disorders are
particularly heterogeneous disorders, with wide ranges of qualifying symptoms and severity.
Expression of symptoms further varies across age and culture, adding heterogeneity. While
not a direct stand-in for psychopathology, behavioral traits may provide a complementary
approach to help identify the clinical sequelae posed by genetic risk factors. Unlike
diagnoses, which manifest in episodes, behavioral traits are more stable and less vulnerable
to assessment timeframe. Many have established indices of validity, reliability, and
population norms, making them useful research tools (Rush AJ, 2008). By being scalar
variables, they also offer greater statistical power and the ability to capture additional sub-
clinical variation lost in a binary classification. Examining behavioral traits, whether as
independent outcomes, or as intermediary points on the pathway to diagnoses, may be
useful, particularly in genetic studies, where statistical power is at a premium.

We implement the above strategy within a longitudinal study of major depressive disorder
(MDD), in which we had previously reported that 5-HTTLPR genotypes varied by familial
risk for depression (Gori et al., 2014; Rocha et al., 2015). Specifically, 2"d or 3" generation
offspring who were at high familial risk for depression (by virtue of coming from a family
where the 15t generation proband had MDD) were more likely to have two copies of the
short allele than offspring at low risk (i.e., no depression in the 15t generation). Since that
time, additional family members have aged into the study, and we have acquired new trait
measures related to anxiety and depression. We focus on three of them—impulsivity,
aggression, and neuroticism—that are well suited to this analysis by virtue of their being (1)
stable constructs that run in families, (2) predictive of psychopathology, and (3) tunable by
serotonergic neurotransmission (Balestri et al., 2014; Fineberg et al., 2014; Waltes et al.,
2015). Impulsivity, broadly defined, is a predisposition to rapid or unplanned action without
consideration of consequences; aggression, a predisposition to overt hostility; and
neuroticism, a predisposition to negative responses to threat and difficulty. Genetic variation
within the serotonin transporter has been previously associated with neuroticism (Lesch et
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al., 1996), impulsivity (Sakado et al., 2003; Stoltenberg et al., 2012; Varga et al., 2012) and
aggression (Baler et al., 2008; Conway et al., 2012), although the directionality of effect has
not always been consistent. Correspondingly, serotonin transporter density and binding
levels also have been shown to correlate with neuroticism (Chang et al., 2017), impulsivity
(Marazziti et al., 2010; Patkar et al., 2003) and aggression (Coccaro et al., 2010; Marseille et
al., 2012; Patkar et al., 2003) scores.

The goal of the present study is to examine associations between 5-HTTLPR and (1)
behavioral traits related to anxiety and depression, and (2) clinical diagnoses of anxiety and
depression; and (3) to explore whether the behavioral traits mediate the relationship between
5-HTTLPR and anxiety or depression. We hypothesize that low-transcription (i.e., short)
alleles at SHTTLPR will be associated with increased behavioral trait scores and diagnoses
related to depression and anxiety, and that the traits will mediate the relationship between
genotype and diagnosis. Finally, our primary analyses define 5-HTTLPR genotype by the
aforementioned allele length (that is, short versus long, or bi-allelic). We will also explore a
second tri-allelic classification increasingly adopted in the literature [e.g (Hildebrandt et al.,
2016; Schiele et al., 2016)], that is defined as a change-of-function haplotype between 5-
HTTLPR and a neighboring polymorphism, rs25531. 5-HTTLPR and rs25531 interact
functionally such that a G allele at rs25531 diminishes transcriptional ability of the long
allele at SHTTLPR. Decreased transcriptional efficiency of SHTTLPR can be obtained
either by the presence of the short allele at SHTTLPR itself, or the presence of the longer
allele in conjunction with the G allele at rs25531 (L-G). Convergence across these
approaches will give us increased confidence in findings.

2. Methods

2.1 Cohort description

The sample has been previously described in several publications (Weissman et al., 2006;
Weissman et al., 2005). Briefly, the study began in 1982 with simultaneous recruitment of
two groups of probands (Generation (G)1). Depressed probands were selected from
outpatient psychiatric clinics for the treatment of mood disorders in the New Haven, CT,
area and were required to have moderate-to-severe MDD with impairment. Non-depressed
probands were selected from the same community, and were required to have no lifetime
history of psychiatric illness, based on several interviews. All probands were of European,
primarily Southern Italian, ancestry. Their biological children (G2), and subsequently,
grandchildren (G3) were followed prospectively over time. The offspring of the depressed
probands formed the “high-risk™ group, and those of the non-depressed probands, the “low
risk” group (Weissman et al., 2006; Weissman et al., 2005).

There were six waves of assessments including at year 0 (baseline/recruitment) and
approximately 2, 10, 20, 25, and 30 years thereafter. Diagnostic assessments were completed
at each wave; DNA samples were collected at year 25 or 30, and trait measures were
collected at the most recent wave, when all participants were 18yrs or older. Each family
member was interviewed independently and blind to the clinical status of other family
members, by trained doctoral- and masters-level mental health professionals (reliability has
been documented elsewhere (Weissman et al., 2006; Weissman et al., 2005)). All procedures
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were approved by the institutional review board at New York State Psychiatric Institute, and
informed consent was obtained.

2.2 Participants and assessments

The target sample was the 248 2" and 3'd generation biological offspring of the probands
who had completed the behavioral assessments and clinical interviews at the most recent
(61 wave. The 203 (82%) of these who provided DNA form the analytic sample. The 203
individuals were from 60 original proband families; 113 (56%) were 2" and 90 (44%) 3™
generation. Participants with/without DNA did not vary by any clinical or behavioral
outcomes (all ps>0.5).

Diagnostic Interviews were conducted using the adult (Mannuzza et al., 1986) or child (6-17
years) (Kaufman et al., 1997) version of the semi-structured Schedule for Affective
Disorders and Schizophrenia—Lifetime interview. The first interview assessed the lifespan to
that point; follow-up interviews assessed catch-up periods; diagnoses are therefore
cumulative. Assessments were administered by trained doctoral- and masters-level mental
health professionals, blind to genotype or family history. Final diagnoses were made using
the best-estimate procedure (Fried et al., 1987) by two experienced clinicians, also blind to
genotype.

Behavioral Measures were administered by a trained Masters’ level research assistant in
person or over the telephone (scores did not vary by method). The Barratt Impulsiveness
Scale-11(BIS-11) (Patton et al., 1995) is one of the most frequently used measures of trait
impulsiveness. It includes 30 questions that yield a total score, as well as 6 first order
(attention, cognitive complexity, cognitive instability, motor, perseverance, and self-control),
and three 2"9-order factors (attention, which includes the 15t order attention and cognitive
instability factors; motor, which includes the motor and perseverance factors; and non-
planning, which includes the cognitive complexity and self-control factors). A total score of
70 or higher typically classifies an individual as highly impulsive. Internal consistency is
high, with coefficients ranging from .79 to .83 for undergraduate, substance abusing, and
general psychiatric patients, and the scale has good reliability and validity with other
measures of impulsiveness (Petry, 2001; Rush AJ, 2008). Given questions in the literature
about the best application of BIS-11 factors (Reise et al., 2013; Steinberg et al., 2013), and
that we found greater internal consistency for the full scale (Cronbach alpha = 0.83) and 2"-
order factors (alpha, 0.63-0.78) than 1t-order factors (alpha, 0.34-74), we use the total and
second-order factors as our primary outcomes (main findings from Table 1 are also shown in
E-Table 2 using the first-order factors).

The Buss Perry Aggression Questionnaire (Buss and Perry, 1992; Gerevich et al., 2007),
includes 29 questions grouped into four factors: physical aggression, verbal aggression,
anger and hostility. The scale has been validated in both college students and in population-
based samples, and has high internal consistency(Buss and Perry, 1992). Neuroticism was
evaluated using the neuroticism domain of the 60-item NEO five-factor inventory (NEO-
FF1) (McCrae and Costa, 1997; McCrae et al., 1999) self-report, which operationalizes a
hierarchical structure based on the five factor model of personality (neuroticism-
extraversion-openness-agreeableness-conscientiousness), and has high test-retest reliability,
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construct and predictive validity, heritability, and evidence for cross-cultural universality
(McCrae and Costa, 1997; McCrae et al., 1999). There were no missing data for impulsivity
and aggression. Neuroticism data were collected as part of a separate study, and were only
available on 132 (64%) of individuals. Individuals with and without neuroticism data did not
vary by genotype or by mean impulsivity or aggression scores. Despite the missing data, we
include neuroticism, given the theoretical framework and hypothesized associations with
internalizing disorders and with serotonergic transmission.

2.3 Genotyping

DNA collection and error control have been described previously (Odgerel et al., 2013;
Talati et al., 2015; Talati et al., 2013), and thus only briefly summarized here. DNA was
extracted from saliva collected using Oragene DNA Self Collection Kit following the
protocol provided by the manufacture (Oragene Genotek, Ontario, Canada). The region
encompassing 5-HTTLPR was amplified with primers (forward: 5’-
TCCTCCGCTTTGGCGCCTCTTCC-3'; reverse 5 -TGGGGGTTGCAGGG
GAGATCCTG-3") via a polymerase chain reaction in multiplex master mix (Qiagen, CA).
Amplicon was resolved on a 2.3% UltraPure™ Agarose (Invitrogen, CA), and visualized
under the UV transilluminator. The 512bp and 469bp bands were called as L and S alleles,
respectively. For rs25531, amplicon was digested with restriction endonuclease Mspl (New
England Biolabs®Inc., Boston, MA, USA), and the product resolved in a 2.9% UltraPure
Agarose (Invitrogen) and visualized under the UV transilluminator. Digested fragments of
402 bp were called as G at rs25531. Parallel analysis of amplicon and restriction fragment
products allowed us to determine a phase of the 5-HTTLPR/rs25531 haplotype in each
individual. Genotype calling was blind to subject familial risk group or MDD status. Ninety
eight percent of participants were genotyped twice, and there were no discrepancies between
original and replication calls. Mendelian errors were controlled for using famtypes
software(Baldacara et al., 2008), and quality control analysis using PLINK(Purcell et al.,
2007).

2.4 Classification of genotypes

Two types of association tests were performed. Primary tests were based on SHTTLPR
genotype only (i.e., LL, SL, SS). We then tested a change-of-function haplotype at SLC6A4
promoter composed by 5-HTTLPR and rs25531. The phase of this two-SNP haplotype was
derived directly from the genotyping assay (as described above). Because the G allele at
rs25531 leads to diminished SLC6A4 transcription efficiency, we recoded possible
haplotypes as follows, to reflect the corresponding functionality: S-A, S-G and L-G
haplotypes were recoded as “low-function”, and L-A as “high-function”. Each participant
could thus have two low-function, two high-function, or one high-, one low-function allele.

Concordance between the primary (P) and haplotype (H)-defined variants was high. Of 193
(95.1%) individuals successfully genotyped at rs25531, 179 (93%) were fully concordant;
that is, 27 individuals with short/short genotypes under the primary definition were also
low/low in the haplotype definition; 108 short/long were also low/high; and 44 long/long
were also high/high. Only 14 (7%) individuals changed grouping: 10long/long became low/
high, and 4 short/long became low/low.
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2.5 Statistical Analysis

3. Results

Analyses were conducted using Statistical Analysis Software (SAS®) 9.4 (Cary, NC). Group
differences among continuous outcomes by genotypes were tested using a 3-way ANOVA,
followed by post-hoc tukey’s tests when the omnibus test was significant. For diagnoses, a
chi-square test was used. To formally estimate the effect parameters of genotype on outcome
while adjusting for potential non-independence of outcomes among offspring from the same
family, we used a generalized estimating equations (GEE) approach, by means of the
GENMOD procedure in the SAS software package. Behavioral traits (continuous) or
diagnoses (categorical) served as the outcome variable, genotype as the independent
variable, with age and sex as co-variates. Nominal p values are presented; findings that
survive family-wise error rate (FWE) corrections are indicated alongside in table 1. While p
values are important, effect size and directions should be also be considered when
interpreting results, as 5-HTTLPR is a known polymorphism with existing directional
hypothesis we are trying to replicate and extend. [The null hypothesis thus is not 0 (Caspi et
al., 2010)].

Finally, we explored whether behavioral traits may account for an association between genes
and psychiatric disorders, using path analyses. The model assumes that causation flows only
in one direction, and there is no feedback loop. Diagnoses serve as the (categorical)
endogenous variables, and genotype and behavioral traits (mediator, M) as the exogenous
variables (see discussion). Age and gender were included as covariates in all models. We
also included family ID as a cluster-level variable in the analysis, to account for potential
non-independence of outcomes among related individuals. The following equations were
modeled: Eq.1: diagnosis (Y)= constant+B1genotypetB2trait* B3agetB4gender; EQ.2: trait
(M)=constant+BlgenotypetB2age*B3gender. The product of the trait coefficient (32) from Eq.1
and the genotype coefficient (1) from Eq.2 models the indirect gene effect on outcome; p1
in Eq.1 models the direct effect.

Mean sample age was 34.17+13.8 (yrs/std), 53.8% female, and 64% from families at high
risk for depression. Familial risk, gender, generation, and age did not vary by whether the
participant provided DNA.

3.1 Associations between genotype and trait measures of depression and anxiety

Impulsivity, aggression, and neuroticism scores did not vary significantly by gender, age,
generation, or presence/absence of DNA, with one exception: females had lower scores than
males for physical aggression (21.13 vs 28.7, t=5.39, p<0.0001).

We first examined associations between 5-HTTLPR and each trait measure independently
(note, correlation between traits is shown in e-Table 2). As shown in Table 1a, 5-HTTLPR
was associated with impulsivity and (trend) neuroticism. Post-hoc contrasts (right-column)
showed that individuals with two risk alleles (i.e., SS) had higher impulsivity or neuroticism
than those with either one or no s alleles. We next examined the above associations within
high-risk (Table 1b, middle panel) and low-risk (1C, bottom panel) separately. All
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associations were specific to the high-risk group, where SS was associated with higher
impulsivity (attentional and non-planning but not motor), hostility, and neuroticism. There
were no significant associations in the low-risk offspring.

Given the above patterns, we collapsed the SL and LL genotypes among high-risk offspring
to model the overall effect conferred by having two risk alleles. After adjusting for age, sex,
and inter-family relatedness (see methods), offspring with the two risk alleles (i.e., SS
genotype), had significantly higher impulsivity (~13% higher), hostility (31% higher) and
neuroticism (23% higher) than those with one or no risk alleles (Table 2). These associations
did not vary by gender (genotype x gender interaction, p>0.40 for all outcomes, not shown).
The association between 5-HTTLPR genotype and impulsivity remained significant after co-
varying for either hostility (beta =4.48 (s.error, 1.89), p=0.019) or neuroticism (beta=7.16
(2.94), p = 0.017); however the relationship between 5-HTTLPR and neuroticism, and
between SHTTLPR and hostility, did not survive adjustments for other traits (see Table 2,
right columns for details).

3.3 Exploration of alternative change-of-function haplotype

We also explored the alternative classification of transcriptional efficiency based on the
change-of-function haplotype at SHTTLPR-rs25531 (see methods). Distributions of trait
scores by haplotype are shown in e-Table 3. Akin to the SHTTLPR findings, 5-HTTLPR-
rs25531 was associated with higher rates of impulsivity and neuroticism, and these increases
were exclusively accounted for by individuals who had two copies of the risk (low-
functioning) alleles.

3.2 Associations between genotype and clinical diagnoses

We examined associations between genotypes and clinical outcomes (Table 3). In high-risk
offspring, 5-HTTLPR was associated with panic disorder and phobic disorders, but not
major depression or any other depressive disorders. Post hoc tests showed that for panic
there was an additive effect of genotype, where individuals with SS were significantly more
likely than those with SL, who were in turn more likely than those with LL genotypes, to
have the disorder. For phobias, individuals with SS had higher rates than those with either
one or no S alleles.

Formally modeling the effects of genotype on these disorders in the high risk group, while
further accounting for age, sex, and family inter-relatedness, showed that individuals with
SS, as compared to other genotypes, had higher rates of panic (Adjusted Odds Ratio, AOR,
7.05 [2.44, 20.38], p= 0.0003) and phobic (AOR=2.68 [1.04, 6.93], p=0.04) disorders. Also,
though not statistically significant, onset age for panic disorder was a full decade earlier in
those with the SS (14.5 £ 9.6 yrs) as compared to other (25.6 = 18.7 yrs) genotypes (t=1.66,
d.f=18.8, p=0.11). Age of onset for phobias however were similar across those with SS (10.2
+ 10.4 yrs) vs other (8.9 + 10.8 yrs) genotypes (t= 0.43, d.f.=61, p = 0.67).

3.4 Linking 5-HTTLPR, behavioral traits and clinical diaghoses

Given that 5-HTTLPR predicted both behavioral traits (higher impulsivity, hostility, and
neuroticism) and diagnoses (higher rates of panic and phobic disorders), we wanted to
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further test whether the traits played a role in the latter association between genotype and
diagnoses. Specifically, we wanted to distinguish between two alternative models: one in
which 5-HTTLPR increased risk for behavioral traits and for diagnoses, but these two risks
were independent of each other; and the other, where 5-HTTLPR increased risk for
behavioral traits, which in turn increased risk for diagnoses, such that conditional on traits,
there was no direct association between 5-HTTLPR and diagnosis.

We first examined direct associations between behavioral traits and diagnosis (Table 4).
Panic disorder (left) was associated with increased impulsivity (attention and planning),
aggression (anger and hostility but not physical or verbal aggression). Phobic disorders were
associated with all factors of impulsivity and aggression (except verbal). Associations
remained significant when adjusting models for 5-HTTLPR genotype, indicating that
behavioral traits and anxiety disorders are not related to each other solely through genotype.
Finally, we used path models to more formally test whether impulsivity might explain the
relationship between 5-HTTLPR genotype and panic disorder (Fig 1A) or between 5-
HTTLPR and phobic disorders (1B). As shown in Figure 1, 16% of the association between
5-HTTLPR and panic disorder was explained by total impulsivity, and 48% for phobic
disorders (see discussion for interpretive limitations).

4. Discussion

We showed that individuals at high familial risk for depression who had two copies of the
shorter (lower transcribed) allele at the serotonin transporter promoter linked polymorphism
(5-HTTLR) had (1) higher impulsivity, hostility, and neuroticism, and (2) higher rates of
fear-based anxiety disorders but not other diagnoses. The association with impulsivity was
strongest, surviving corrections for multiple corrections, and explaining 16% and 52% of the
associations of 5-HTTLPR with panic and phobic disorders respectively. Similar findings
are obtained when using an alternate change-of-function haplotype that is associated with 5-
HTTLPR.

The BIS-11 is commonly used to assess stable cognitive domains of impulsivity in both
clinical and healthy populations. Total scores = 70 suggest pathological impulsivity, and =
75, the presence of an impulse control disorder (Barratt ES, 2005; Patton et al., 1995). In the
present study, which was not based on a clinical population, mean scores in the highest risk
(SS) group were 64.6x11, with 32% of individuals scoring = 70. SS was associated with
total impulsivity as well as two of the three BIS-11 2"d-order factors: attentional impulsivity,
which indexes attention, concentration, and evenness of thought; and non-planning
impulsivity, which indexes complexity of cognitive thoughts and self-control. Motor
impulsivity, which assesses facets of imminent behavioral action was not associated with
serotonergic transmission, suggesting that serotonin transmission is more directly tied to
cognitive impulsivity (that is, impulsivity of thought) rather than behavioral impulsivity
(impulsivity of action), a distinction also discussed in more detail elsewhere (Reise et al.,
2013).

Though a number of studies have identified relationships between serotonergic genes and
impulsivity, the majority of those examining the serotonin transporter gene have identified
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significant associations only when considering the gene’s interaction with other genetic or
environmental factors. For example, studies have found that individuals who have risk
variants at serotonergic genes (e.g., serotonin receptor 2A or monoamine oxidase (MAO-A)
had higher trait impulsivity (Paaver et al., 2007; Stoltenberg et al., 2012). Another study
similarly showed no independent effect of 5-HTTLPR on impulsivity, but found that the
genotype moderated the associations between early childhood adversity and adulthood
impulsivity (Wagner et al., 2009). A study of Japanese adult males reported a direct
association between the 5-HTTLPR SS genotype and BIS-11 total impulsivity (Sakado et
al., 2003), consistent with our work. However, Asian populations have higher rates of the s
allele than Caucasians (Odgerel et al., 2013), so direct comparisons may be problematic.
Regardless, the present study is the first to our knowledge to extend this work to test the role
that impulsivity traits play on the pathway from serotonin transporter gene variation to
psychiatric diagnoses.

In addition to impulsivity, we also found associations between 5-HTTLPR and aggression
(hostility) and neuroticism. Although 5-HTTLPR, and serotonin transmission more
generally, has been associated with aggression (see introduction), no other study has tested
the relationship between 5-HTTLPR allele length and aggression traits measured by the
Buss Perry Aggression Questionnaire. A study of the monoamine oxidase gene (which
degrades serotonin) found that fewer repeats of the variable number tandem repeat (VNTR)
region of MAOA were associated with higher BIS-11 as well as physical aggression (Lim et
al., 2015). Finally, 5-HTTLPR has been previously linked to neuroticism in a number of
studies, including in seminal work by Lesch et al (Lesch et al., 1996) who found individuals
with = 1 s allele to have 12% higher neuroticism scores. We found a larger increase (+23%),
but only when both copies of the short allele were present.

Clinical associations with 5-HTTLPR were only observed for panic disorder and phobias.
There were no associations for generalized anxiety disorder, and rates of other anxiety
disorders (e.g., OCD, PTSD) were too low to permit analyses. Similar to trait findings, the
associations were only observed if two copies of the s allele were present. This diagnostic
specificity of findings to the fear-based phenotypes of the anxiety spectrum is particularly
interesting as 5-HT transmission is intricately associated with fear circuitry: Individuals with
s alleles express greater fear-potentiated skin conductance response (Garpenstrand et al.,
2001), amygdala reactivity (Lonsdorf et al., 2009) and eye-blink startle reflex (Klumpers et
al., 2012). The associations of 5-HTTLPR with phobic and panic outcomes but lack of
associations with generalized anxiety is also consistent with work postulating distinct
genetic underpinnings for ‘anxious-misery’ versus ‘fear circuitry’ driven internalizing
disorders (Kendler et al., 2003).

Finally, our analyses suggest that impulsivity may account for some of the relationship
between serotonin transmission and fear based anxiety disorders. Based on prior literature,
we expected strongest accounting for by neuroticism (see limitations). However, studies
have found that patients with panic disorder to have higher overall impulsivity and cognitive
defects related to impulsivity (Jakuszkowiak-Wojten et al., 2013), and specific features such
as worry about health and disability in panic patients correlate positively with BIS-11
impulsivity scores (Jakuszkowiak-Wojten et al., 2015). Individuals with phobic disorders
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also have high impulsivity and impulsivity-related problems such as ADHD, addictive
behaviors and gambling (Koyuncu et al., 2016; Porteret et al., 2016). In our study, the
indirect (mediated) effect was more prominent for phobic disorders but the direct path more
prominent for panic disorder. Furthermore, the total overall association (that is, the sum of
the direct and indirect paths in Figure 1) was large for panic disorder, suggesting that
serotonin transmission (as proxied by the 5-HTTLPR) plays both a larger, and a more direct
role in panic disorder pathology.

There is an important interpretive caveat to this analysis. Even though we show that trait
measures explain some of the relationship between genes and clinical anxiety (the converse
sequence, i.e., genes to diagnosis to traits is biologically less plausible as a true predisposing
trait cannot emerge in response to a clinical outcome), the statistical model does not inform
on biological sequence. Furthermore, strongest associations were observed for the fear-based
diagnoses emerging in pre- and early teens, a time when cortical regulatory pathways are
also still developing and long-term traits also stabilizing. The inability to temporally
separate onset of traits from those of diagnoses prevents elucidating a formal sequence of
events, and the path analysis should be viewed as an overall illustration rather than a formal
temporal mediation model. But even if behavioral traits did mediate effects of early
serotonergic variation on clinical diagnoses, there need not be a single etiological path.
Impulsivity, for example, is a multidimensional construct determined by several layers of
cortical attentional and self-regulatory processing (Fineberg et al., 2014; Meda et al., 2009;
Moeller et al., 2001). The serotonin transporter, similarly, is expressed differentially across
brain regions regulating emotions (Chen et al., 1992; Whitaker-Azmitia et al., 1990).
Bottom-up pathways, including from the 5-HT-rich raphe nuclei, are initially dominant but
are followed by top-down cortical control systems that work to create the optimal output.
The role of 5-HT is not uniformly distributed across these systems. It could be that the more
primitive systems are under 5-HT control (thus explaining the stronger associations between
5-HTTLPR and trait scores), and that broader disturbances in cortical regulatory circuits
through a combination of biology and developmental experiences are required for
psychiatric phenotypes to emerge.

Other methodological limitations should be acknowledged. First, the sample is drawn from a
study of families at high- or low-risk for major depression, neither of which reflect the
general population. Because so few individuals in the low-risk group had the SS genotype,
we could not directly compare effects in the high- and low-risk groups. We also performed a
number of tests in a sample that is relatively small by genetic standards (though similar to
some other 5-HTTLPR studies (Lee et al., 2003; Liao et al., 2004; Sakado et al., 2003)); thus
findings should be considered provisional until independently replicated. On the other hand,
lack of findings (particularly for neuroticism, where data were only available for 65% of the
full sample), could be due to lack of power rather than lack of an effect. Finally, the sample
was European (mostly Southern-Italian), so findings may not generalize to other
populations, particularly given well-documented ethnic differences for 5-HTTLPR
(Murdoch et al., 2013).

In the present study, we only examine a single polymorphism. This spotlight is warranted
given the ongoing discussion and controversies about the role of 5-HTTLPR. /n situ
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however, more complex interactions between multiple genes and environments will likely
contribute to the effects of 5-HT variation in psychiatric illness (Dunn et al., 2015; Thomas,
2010; Thomas et al., 2012).

Despite the limitations, our work suggests that trait measures can serve as useful
independent outcomes as well as potential mediators, in genetic studies of psychiatric
disorders. Existing studies may wish to test, when data allow, whether inclusion of
behavioral variables illuminates prior associations found between genes and clinical
disorders. Our findings are also broadly consistent with the NIMH’s Research Domain
Criteria (RDoC) conceptualization (Cuthbert and Insel, 2013; Insel et al., 2010; Insel, 2014)
that behavioral traits lie more ‘upstream’ to underlying genes than clinical diagnoses, and
associations between genes and traits should be /ess noisy and more easily detectable.
Indeed, this conceptualization is reflected in our mediation models where the variance of the
indirect pathways is smaller than that of the direct paths.

Finally, regardless of any association with specific psychiatric outcomes or genotypes,
extreme impulsivity, aggression and neuroticism are each maladaptive traits Identifying
individuals who lie outside population norms can be helpful, as many behavioral therapies
are geared to modulate the cognitive malfunctions underlying these traits, and can lead to
improved functional outcomes even in the absence of psychopathology.
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. S5HTTLPR risk alleles were related to higher impulsivity, neuroticism, and

. Impulsivity traits partially explained associations between gene and diagnosis,

HIGHLIGHTS

The role of serotonin transporter promoter-linked polymorphism (5-H7TLPR)
in psychiatric disease remains unclear.

We tested associations between 5-HTTLPR and behavioral traits and clinical
diagnoses related to anxiety

hostility, and to fear-based (panic, phobia) but not other anxiety disorders

suggesting that behavioral traits may provide informative phenotypes in
genetic studies of anxiety
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A. 5-HTTLPR = Impulsivity = Panic Disorder
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Figure 1.
Direct and Indirect Associations between 5-HTTLPR genotype and anxiety disorders

The figure illustrates a potential path between the serotonin transporter S/S genotype (the
predictor) and two groups of DSM anxiety disorders: panic disorder (upper panel) and
phobic disorders (bottom). The path model tests whether the relationship between genotype
and diagnoses is explained by impulsivity.

The “A’ path represents the independent effect of genotype on impulsivity; the B path
represents the independent effect of impulsivity on diagnosis; the ‘C’ path reflects the
relationship between gene and diagnosis. To test the mediation hypothesis, the C path is
‘broken’ into two portions: a direct path which reflects the association between gene and
diagnosis that is /independent of impulsivity, and the indirect path, which reflects the
relationship between gene and outcome that is dependent upon (i.e., explained by)
impulsivity. The sum of the direct and indirect effect makes up the total effect (100%).
And the percent of the total effect that is contributed to by the indirect path reflects the
degree to which the association between gene and diagnosis is mediated by impulsivity.
As shown in the C paths, approximately half (52%) of the association between 5-HTTLPR
and phobias, and 16% of that between 5-HTTLPR and panic disorder, were explained by
impulsivity.
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A note of interest is that even though the magnitude of the direct and indirect effects are
similar for phobias, the confidence intervals for the direct effect are much larger, suggesting
that the association between genotype and clinical outcome is more heterogeneous than that
between genotype and trait.
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Table 4

Associations between behavioral traits and anxiety diagnoses
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Impulsivity
Total Score
- Attention
- Motor
- Non-planning
Aggression
Total Score
- Anger
- Hostility
- Physical Aggression
- Verbal Aggression

Neuroticism

Betal (s.e.), p value
Unadjusted for Genotype

0.073 (0.025), p=0.0039
0.18 (0.063), p=0.0041
0.082 (0.060), p=0.18
0.15 (0.058), p=0.0080

0.026 (0.0097), p=0.0069
0.076 (0.030), p=0.011
0.087 (0.024), p=0.0004
0.044 (0.026), p=0.082
-0.0097 (0.041), p=0.81
0.83 (0.71), p=0.24

Beta? (s.e.), p value
Adjusted for genotype

0.056 (0.027), p= 0.037
0.15 (0.067), p=0.026
0.055 (0.065), p=0.40
0.11 (0.062), p= 0.072

0.026 (0.010), p=0.011
0.071 (0.032), p=0.026
0.078 (0.026), p=0.0033
0.051 (0.027), p=0.056
0.012 (0.044), p =0.78
0.377 (0.80), p=0.63

Betal (s.e.), p value

Beta? (s.e.), p value

Unadjusted for Genotype Adjusted for genotype

0.085 (0.02), p=0.0001
0.17 (0.052), p=0.0010
0.14 (0.054), p=0.0059
0.16 (0.048), p=0.0007

0.029 (0.008), p=0.0006
0.067 (0.025), p=0.0077
0.062 (0.019), p=0.0013
0.064 (0.022), p=0.0040
0.045 (0.031), p=0.15
1.077 (0.55), p=0.053

0.080 (0.023), p=0.0005
0.16 (0.054), p=0.0032
0.14 (0.055), p= 0.010
0.15 (0.049), p= 0.0023

0.029 (0.0087), p= 0.0009
0.062 (0.025), p=0.0150
0.057 (0.019), p=0.0035
0.067 (0.023), p=0.0033
0.055 (0.032), p=0.083
0.73 (0.59), p=0.21

1. . . .
Adjusted for age, sex, interrelatedness among family members.

ZAdjusted for age, sex, interrelatedness among family members, and 5-HTTLPR genotype (SS vs other).
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