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Association of Anxiety-Related Traits with a
Polymorphism in the Serotonin Transporter
Gene Regulatory Region
Klaus-Peter Lesch,” Dietmar Bengel, Armin Heils, Sue Z. Sabol,

Benjamin D. Greenberg, Susanne Petri, Jonathan Benjamin,
Clemens R. Mliller, Dean H. Hamer, Dennis L. Murphy

Transporter-facilitated uptake of serotonin (5-hydroxytryptamine or 5-HT) has been
implicated in anxiety in humans and animal models and is the site of action of widely used
uptake-inhibiting antidepressant and antianxiety drugs. Human 5-HT transporter (5-
HTT) gene transcription is modulated by a common polymorphism in its upstream
regulatory region. The short variant of the polymorphism reduces the transcriptional
efficiency of the 5-HTT gene promoter, resulting in decreased 5-HTT expression and
5-HT uptake in lymphoblasts. Association studies in two independent samples totaling
505 individuals revealed that the 5-HT T polymorphism accounts for 3 to 4 percent of total
variation and 7 to 9 percent of inherited variance in anxiety-related personality traits in

individuals as well as sibships.

Anxiety-related traits are fundamental, en-
during, and continuously distributed dimen-
sions of normal human personality (1-3).
Although twin studies have indicated that
individual variation in measures of anxiety-
related personality traits is 40 to 60% her-
itable (4), none of the relevant genes has
yet been identified. Variance in personality
traits, including those related to anxiety, is
thought to be generated by a complex in-
teraction of environmental and experiential
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factors with a number of gene products
involving distinct brain systems such as the
midbrain raphe serotonin (5-HT) system
(4). Neurotransmission mediated by 5-HT
contributes to many physiologic functions
such as motor activity, food intake, sleep,
and reproductive activity, as well as to cog-
nition and emotional states including mood
and anxiety (5). By regulating the magni-
tude and duration of serotonergic responses,
the 5-HT transporter (5-HTT) is central to
the fine-tuning of brain serotonergic neuro-
transmission and of the peripheral actions
of 5-HT. In the brain, 5-HTT expression is
particularly abundant in cortical and limbic
areas involved in emotional aspects of be-
havior (5). The human 5-HTT is encoded
by a single gene (SLC6A4) on chromosome
17q12 (6-8). Although 5-HTT has long
been suspected to play a role in behavioral
and psychiatric disorders, previous studies
did not reveal any common, replicated

-HTT gene sequence variation in either
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neuropsychiatric patients or healthy indi-
viduals (9).

Recently, we reported a polymorphism in
the transcriptional control region upstream
of the 5-HTT coding sequence (10). Initial
experiments demonstrated that the long and
short variants of this 5-HTT gene-linked
polymorphic region (5-HTTLPR) had differ-
ent transcriptional efficiencies when fused to
a reporter gene and transfected into human
placental choriocarcinoma (JAR) cells (10).
The 5-HTTLPR is located ~1 kb upstream
of the 5-HTT gene transcription initiation
site and is composed of 16 repeat elements.
The polymorphism consists of a 44-base pair
(bp) insertion or deletion involving repeat
elements 6 to 8 (Fig. 1A). In the present
study, polymerase chain reaction (PCR)-
based genotype analysis of 505 subjects re-
vealed allele frequencies of 57% for the long
(1) and 43% for the short (s) allele (11). The
5-HTTLPR genotypes were distributed ac-
cording to Hardy-Weinberg equilibrium:
32% U1, 49% lfs, and 19% sfs.

Because appropriate cell models for human
serotonergic neurons do not exist and JAR
cells are monozygotic for the 5- HTTLPR, we
studied 5-HTT gene expression in human
lymphoblastoid cell lines. Like 5-HT neurons
and JAR cells, lymphoblasts constitutively ex-
press functional 5-HTT and exhibit adeno-
sine 3’,5'-monophosphate  (cAMP)-depen-
dent and protein kinase C (PKC)-dependent
5-HTT gene regulation, but they do not ex-
press dopamine or norepinephrine transport-
ers (12). Cell lines with the complete range of
different 5-HTTLPR genotypes can readily be
obtained (13).

Lymphoblast cell lines with different ge-
notypes were first transfected with con-
structs in which a luciferase reporter gene
was fused to ~1.4 kb of the 5'-flanking
promoter sequence containing the [ or s
form of the 5-HTTLPR (11, 13, 14). The
basal activity of the [ variant was more than
twice that of the s form of the 5-HTT gene
promoter (Fig. 1B). Stimulation of PKC by
phorbol 12-myristate 13-acetate (PMA) or
activation of adenylyl cyclase with forsko-
lin-induced transcriptional activity was ob-
served in both the [ and s promoter variants,
but the dose-dependent increases remained
proportionally smaller in the s variant (Fig.
1B).

Although transfection experiments with
reporter gene constructs are useful in assay-
ing the transcriptional competence of a pro-
moter sequence, they could conceivably
give spurious results because of the absence
of distant control elements or chromatin
effects. Therefore, we next studied the ex-
pression of the native 5-HTT gene in lym-
phoblast cell lines cultured from subjects
with different 5-HTTLPR genotypes (15).
Cells homozygous for the | form of the
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5-HTTLPR produced steady-state concen-
trations of 5-HTT mRNA that were 1.4 to
1.7 times those in cells containing one or
two copies of the s variant (Fig. 2C) (15).

The influence of the 5-HTTLPR on
5-HTT expression at the protein level was
assayed by ['2°IIRTI-55 binding and [H]5-
HT uptake experiments (16). Membrane
preparations from I/l lymphoblasts bound 30
to 40% more ['2°’IJRTI-55 than did mem-
branes from Ifs or s/s cells (Fig. 2B). More-
over, [’H]5-HT uptake in cells homozygous
for the [ form of the 5-HTTLPR was 1.9 to
2.2 times that in cells carrying one or two
endogenous copies of the s variant (Fig.
2A). The genotype-dependent differences
in mRNA concentrations, ['*’IJRTI-55
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Fig. 1. (A) Map of the human 5-HT transporter
gene promoter (5-HT TP) (EMBL-GenBank acces-
sion number X76753). The 5-HT TLPR comprises
a repetitive sequence with an insertion-deletion
variation indicated by a black box. (B) Basal and
PKC- or cAMP-induced transcriptional activity of
thelong (/) and short (s) 5-HT TP variants in human
lymphoblast cell lines with different 5-HT TLPR ge-
notypes [/ versus s: **P < 0.001, one-way ANOVA
followed by Fisher’s protected least significant dif-
ference (PLSD) test]. Results are means = SD for
triplicate determinations and are representative of
several cell lines with different 5-HTTLPR geno-
types. The / variant (base pairs —1440 to +22 with
respect to the transcription initiation site) and s vari-
ant (base pairs —1396 to +22) of the 5-HT TP were
ligated into a promoterless luciferase expression
vector (uc+). Human lymphoblasts were trans-
fected with 5 pg of the / and s 5-HT TPluc+ con-
structs and then treated with PMA or forskolin.
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binding, and [PH]5-HT uptake persisted
proportionally when 5-HTT gene transcrip-
tion was induced with forskolin or PMA
(Fig. 2, A to C). In all of these studies, the
data associated with the s/s and I/s genotype
were similar, whereas both differed from the
Il genotype, suggesting that the polymor-
phism has more of a dominant-recessive
than a codominant-additive effect.

We next evaluated the role of the 5-
HTTLPR in personality traits by a com-
bined population and family genetic study
of two independently collected groups (505
total subjects) consisting predominantly of
male siblings, other family members, and
volunteers from two NIH protocols previ-
ously described (17, 18). Personality traits
were assessed with three different methods.
The NEO personality inventory (NEO-PI-
R), a self-report inventory based on the
five-factor model of personality, was used as
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Fig. 2. [°H]5-HT uptake (A), ['2°]RTI-55 binding
(B), and 5-HTT mRNA concentrations (C) in hu-
man lymphoblast cell lines with the genotypes ///
(n = 4), /s (n = 3), and s/s (n = 3) determined
before and after treatment with PMA or forskolin
(/I versus s/s: *P < 0.05, *P < 0.01, ™P <
0.001; I/ versus I/s: tP < 0.05, 1P < 0.01,
1P < 0.001; one-way ANOVA followed by Fish-
er's PLSD test). Results represent means + SD
for triplicate determinations. Kinetic analysis of
[BH)5-HT uptake in cell lines with different 5-
HTTLPR genotypes yielded a Michaelis constant
(K.) range of 156 to 187 nM; the imipramine-
insensitive uptake was 9.8 to 12.1%. The dissoci-
ation constants (K,) for ["25]RTI-55 binding to
membranes of lymphoblasts were similar (0.27 to
0.34 nM). Nonspecific, paroxetine-insensitive
binding was 8.7 to 10.1%.
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the primary psychometric instrument be-
cause it has high retest reliability, item va-
lidity, longitudinal stability, consistent cor-
relations between self and observer ratings,
and a robust factor structure that has been
validated in a variety of populations and
cultures (19, 20). We predicted that the
5-HTTLPR genotype would be associated
with the NEO-PI-R factor of Neuroticism,
which is principally composed of anxiety-
and depression-related subfactors, on the
basis of several lines of evidence: 5-HT
uptake inhibitors (also called serotonin re-
uptake inhibitors or SRIs) are an effective
treatment for anxiety and depressive spec-
trum disorders; changes in 5-HT function
are associated with these disorders; and ma-
nipulation of 5-HT alters anxiety-related
behaviors in experimental animals (21-23).
In addition, an anxiety-related personality
trait, Harm Avoidance, was originally hy-
pothesized to be mediated by serotonergic
function (1-3).

In both groups of subjects (18), there
was a significant association between 5-
HTTLPR genotype and the Neuroticism
factor (Table 1). Individuals with either
one or two copies of the s form of the
5-HTTLPR (together referred to as group
S) had higher Neuroticism scores than did
individuals homozygous for the | variant of
the 5-HTTLPR (group L). The scores for
the Ifs and s/s genotypes were not signifi-
cantly different, which indicated, as in the
biological measures of expression and func-
tion of 5-HTT described above, that the
polymorphism has a dominant-recessive
type of association with Neuroticism (Table
1). In the combined sample of 505 individ-
uals, the distributions of Neuroticism scores
in the S and L groups were overlapping but
their means were separated by 3.4 T-score
units, a difference of 0.29 SD units (Table 1
and Fig. 3).

The effect of the 5-HTTLPR genotype
on personality was specific for Neuroticism.
Scores on three of the other four major
NEO personality factors (Extraversion,
Openness, and Conscientiousness) were not
significantly associated with the genetic
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Fig. 3. Distribution of NEO-PI-R Neuroticism
scores (separated into eight groups with the indi-
cated median T scores) and percentages of sub-
jects fromthe L (n = 163) and S (n = 342) groups
in each of the eight T-score groups.
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variant in either the separate or combined
study groups. There was a negative associa-
tion between the Agreeableness factor and
5-HTTLPR genotype in the combined sam-
ple, but this was not statistically significant
in either of the separate groups (Table 1).
The NEO-PI-R is based on a hierarchical
model in which each of the five major
personality factors comprises several related
facets (24). An analysis of the six facets of
the Neuroticism personality factor in the
combined study population of 505 subjects
(using the S versus L groups) revealed sig-
nificant associations between 5-HTTLPR
genotype and the facets of Anxiety (P =
0.027), Angry Hostility (P = 0.002), De-
pression (P = 0.007), and Impulsiveness (P
= 0.008), but not Self-consciousness or
Vulnerability (24).

Cattell’s 16PF personality inventory was
used as a secondary psychometric instru-
ment. This self-report inventory is based on
a factor analytic model in which personality
is considered in terms of 16 core traits that
constitute five second-order factors (25).
We predicted that the 5-HTTLPR geno-
type would be associated with the second-
order factor of Anxiety, which is the closest
16PF analog of Neuroticism and was strong-
ly correlated with NEO-PI-R Neuroticism
(correlation coefficient » = 0.77, P <

0.001). A significant and specific associa-
tion between 5-HTTLPR genotype and the
16PF Anxiety factor was found (P =
0.023); this was primarily attributable to
associations with the two anxiety-related
16PF primary factors of Tension (P =
0.001) and Suspiciousness (P = 0.002).
The third method of personality assess-
ment was based on Cloninger’s biosocial
model, which conceptualizes temperament
as consisting of the four genetically and
biochemically distinct traits of Harm
Avoidance, Reward Dependence, Novelty
Seeking, and Persistence (1-3). Although
our subjects did not complete the Tridi-
mensional  Personality  Questionnaire
(TPQ), weighted regression equations can
be used to obtain estimated TPQ scores
from the NEO-PI-R data (17, 20, 26). We
predicted that the 5-HTTLPR genotype
would be related to Harm Avoidance,
which incorporates many aspects of anxiety
and was correlated with both NEO-PI-R
Neuroticism (r = 0.80, P < 0.001) and
16PF Anxiety (r = 0.63, P < 0.001). The
5-HTTLPR genotype was found to be asso-
ciated with estimated scores for Harm
Avoidance (P = 0.023) but not the other
three TPQ traits. Analysis of the subscales
for Harm Avoidance showed significant as-
sociations with the scales for Worry and

Table 1. Population association between the 5-HT TLPR and NEO five-factor personality traits (77, 20,
26). NEO-PI-R (form S) questionnaire results are given as T scores, which are standardized to have a
mean (£SD) of 50 = 10 in the normative population. F is the F value for one-way ANOVA comparing S
and L genotype groups. Significance levels are reported as direct probabilities because there was a prior
hypothesis of association to Neuroticism. S — L is the mean score for S genotypes (s/s and /s) minus the
mean score for L genotypes (///); ns, not significant (P > 0.05).

NEO T score (mean * SD)

Genotype

Pessimism (P = 0.011), Fear of Uncertainty
(P = 0.043), and Fatigability (P = 0.009),
but not Shyness.

These results with three different per-
sonality assessment scales show that the
5-HTTLPR influences a constellation of
traits related to anxiety. Across the three
personality measures, the 5-HTT polymor-
phism contributes a modest but replicable
3 to 4% of the total variance and 7 to 9%
of the genetic variance. These percentages
are based on estimates from twin studies,
using these and related measures, that
have consistently demonstrated that ge-
netic factors contribute 40 to 60% of the
variance in Neuroticism, Harm Avoid-
ance, and other anxiety-related personali-
ty traits in large population samples (4).

Population associations between a ge-
netic marker and a phenotypic trait can
arise either from population stratification or
from genetic transmission. Because sibling
pairs are by definition ethnically and racial-
ly homogeneous, any difference in trait
scores between genetically discordant sib-
lings must reflect true genetic transmission.
Accordingly, our study was designed to al-
low family-based as well as population-
based measurements of gene-trait associa-
tions. The combined study population in-
cluded 459 siblings from 210 independent
families, of which 78 sib-pairs from 61 in-

Table 2. Familial association between the 5-
HTTLPR and anxiety-related traits (27). Results
for the NEO factor of Neuroticism and the estimat-
ed TPQ factor of Harm Avoidance are in T score
units (as in Table 1); those for the 16PF factor of
Tension (Q4) are in Sten score units (which have a
mean of 5.5 and SD of 1 in the normative popula-
tion). For association across pedigrees, S — L is
the maximum likelihood estimate of [(score for S

n  Neuroticism  Extraversion ~ Openness a@lgerr?:ss igﬂgﬁgls individuals) — (score for L individuals)] across all
families; =2 InL = —2[log(likelihood of data with-
NIMH (n = 221) out 5-HT TLPR effect) — log(likelihood of data with
1/l (group L) 72 534+120 525=105 57.2+129 454 =113 435116 S-HTILPR effect)]; and P was calculated by tak-
I/s 106 57.8+ 132 532 =122 561 =123 426+ 11.8 405+135 ing—2InLtobedistributedasa x statistic at one
s/s 43 566+ 11.2 523+ 104 559+ 141 409 =117 421+ 124 degree of freedom. For association within pedi-
I/s + s/s(group S) 149 57.4 +12.6 529+ 117 561 =128 421 +117 410=132 9grees, S — Lis the mean of [(score for S sib) —
F 5.1 0.1 0.4 3.8 20 (score for L sib)] within each nuclear family; t* is the
S—L 4.0 ns ns ns ns t score, conservatively corrected for the noninde-
P 0.024 ns ns ns ns pendence of sib-pairs from a single family; and P
NCI (n = 284) was calculated by a two-sided t test.
I/l (group L) 91 528+ 111 556+105 61.0+101 50597 47.8+10.0
I/s 141 555+11.0 535+ 104 59.8+ 101 488 =102 486 * 10.6 Factor
s/s 52 561 +11.3 521 =111 593=89 498+ 112 454=108  guyictic
I/s +s/s(groupS) 193 557 =11.0 53.1 =106 59.7 +9.8 491 =105 47.7 =10.7 Neurot- Tension Harm
F 4.2 3.6 1.1 1.1 0 icism Avoidance
S-L 2.9 ns ns ns ns -
P 0.042 ns ns ns ns Across-pedigrees test
Total (n = 5085) (n = 468 family members, 37 unrelated individuals)
I/1 (group L) 163 531115 542+106 659.4=11.6 482+107 459+109 S-L 3.4 0.6 2.6
I/s 247 565+12.0 533+11.2 582+112 462+113 451 =125 —2InL 8.7 1.3 6.3
s/s 95 563+11.2 522=107 57.8+11.6 458=122 439+116 F 00031 0.0008  0.0119
I/s +s/s(group S) 342 564+ 118 53.0*+11.1 581 +11.3 461 +11.6 448+ 123 Within-pedigrees test (n = 78 sib-pairs)
F 9.3 1.4 1.3 4.0 1.0 S-L 46 0.8 5.1
S-L 3.4 ns ns 2.2 ns t 2.2 2.4 3.0
P 0.002 ns ns 0.045 ns P 0.028 0.022 0.004
SCIENCE « VOL.274 + 29 NOVEMBER 1996 1529



dependent families had discordant (that is,
I/l versus /s or sfs) 5S-HTTLPR genotypes. It
was first necessary to analyze the association
between 5-HTTLPR genotype and anxiety-
related measures after correcting for the
statistical nonindependence of family mem-
bers resulting from factors unrelated to
5-HTT. Elston and colleagues have de-
scribed a maximum likelihood method for
estimating quantitative trait associations
that takes into account polygenic inheri-
tance (27). An across-pedigrees analysis of
the major 5-HTTLPR-associated traits of
Neuroticism (NEO-PI-R), Tension (16PF),
and Harm Avoidance (TPQ) (Table 2) re-
vealed that there was a significant associa-
tion for each trait with 5-HTTLPR geno-
type, and that the effect sizes and signifi-
cance levels were comparable to those ob-
tained by population association analysis. In
the 78 sib-pairs that were discordant for the
5-HTTLPR, the average difference in Neu-
roticism scores between the L and S siblings
was 4.6 T-score units (Table 2), which was
indistinguishable from the 3.4 T-score dif-
ference seen in all L and S individuals.
Despite the reduction in sample size, the
difference between the L and S siblings was
statistically significant, even after conserva-
tively correcting for the nonindependence
of sib-pairs from the same family (17, 20,
26). Similar results were obtained for Ten-
sion and Harm Avoidance; the scores of
group S probands were significantly higher
than those of their group L siblings, and the
effect sizes were similar to those obtained by
population-based or across-pedigrees analy-
ses (Table 2). These within-pedigrees re-
sults demonstrate that the observed associ-
ations between 5-HTTLPR genotype and
personality are the result of genetic trans-
mission rather than population stratifica-
tion. Overall, however, the associations re-
ported here represent only a small portion
of the genetic contribution to anxiety-relat-
ed traits observed in this nonrandom pop-
ulation sample.

Considerable evidence indicates that in-
creased  serotonergic  neurotransmission
(which would be an evident consequence of
the reduced 5-HT uptake capacity found in
individuals with the short allele of the
5-HTT polymorphism) is anxiogenic in an-
imal models as well as in humans (2, 3, 22,
23, 28). At the clinical level, reduced 5-HT
uptake or reduced inhibitor binding to
5-HTT has been one of the most consistent
biological findings in individuals with de-
pression and several anxiety disorders (29).
Our findings that individuals with the short
5-HTTLPR allele and reduced 5-HTT
function have greater anxiety-related per-
sonality characteristics would at first seem
to conflict with the fact that SRIs such as
fluoxetine, which competitively inhibit
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5-HT uptake, are therapeutic agents in anx-
iety and depressive disorders (21-23). How-
ever, the therapeutic effects of the SRls
have primarily been demonstrated in neu-
ropsychiatric patients, who may have some
primary 5-HT or other neurotransmitter
dysfunction that is ameliorated by the SRIs,
whereas our findings are in a sample of the
general population. The SRIs also have oth-
er pharmacological properties that may
contribute to their therapeutic effects (30).
The lifelong duration of the genetically
driven differences in 5-HT uptake, includ-
ing possible influences during early brain
development (31), may also lead to differ-
ent effects from those produced by SRI
administration later in life.

The associations reported here represent
only a small portion of the genetic contri-
bution to anxiety-related personality traits.
If other genes were hypothesized to contrib-
ute similar gene dosage effects to anxiety,
approximately 10 to 15 genes might be
predicted to be involved. Small, additive, or
interactive contributions of this size have
been found in studies of other quantitative
traits in plants and vertebrates, including
humans (17, 32). As other anxiety-related
genes are identified, including perhaps
some with effects that are larger than or
interact with this polymorphism, it might
become possible to use this information to
enhance individualized pharmacologic
treatment of neuropsychiatric disorders, just
as for other medical disorders (17, 32).
Whether this particular polymorphism con-
tributes to the general tendency for individ-
uals who score higher on neuroticism or
anxiety factors in different personality tests
to be at higher risk for anxiety or personal-
ity disorders as well as depression will re-
quire further study (33). It likewise remains
to be seen whether therapeutic responses to
serotonergic agents are influenced by this
polymorphism.
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Discovering High-Affinity Ligands for Proteins:
SAR by NMR

Suzanne B. Shuker, Philip J. Hajduk, Robert P. Meadows,
Stephen W. Fesik*

A nuclear magnetic resonance (NMR)-based method is described in which small organic
molecules that bind to proximal subsites of a protein are identified, optimized, and linked
together to produce high-affinity ligands. The approach is called “SAR by NMR” because
structure-activity relationships (SAR) are obtained from NMR. With this technique, com-
pounds with nanomolar affinities for the FK506 binding protein were rapidly discovered
by tethering two ligands with micromolar affinities. The method reduces the amount of
chemical synthesis and time required for the discovery of high-affinity ligands and
appears particularly useful in target-directed drug research.

Drugs are typically discovered by identify-
ing active compounds from screening
chemical libraries or natural products and
optimizing their properties through the syn-
thesis of structurally related analogs. This is
a costly and time-consuming process. Suit-
able compounds with the requisite potency,
compound availability, or desired chemical
and physical properties cannot always be
found. Furthermore, even when such com-
pounds are found, optimization often re-
quires the synthesis of many analogs.
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We now describe a method for identify-
ing high-affinity ligands that can aid in the
drug discovery process. The technique,
which is called “SAR by NMR,” is a linked-
fragment approach wherein ligands are con-
structed from building blocks that have
been optimized for binding to individual
protein subsites (Fig. 1). In the first step of
this process, a library of low molecular
weight compounds (1) is screened to iden-
tify molecules that bind to the protein.
Binding is determined by the observation of
’N- or 'H-amide chemical shift changes in
two-dimensional '"N-heteronuclear single-
quantum correlation ("’N-HSQC) spectra
(2) (Fig. 2) upon the addition of a ligand to
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