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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. Muller, 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-HTT 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-re~atecl traits are fu i~damcntal ,  en-  
during, and continuously ilistrihuted cllmen- 
s ~ o n s  of norrnal hulnall pcrsonal~ty (1-3). 
Although twin st~ldics have ~ndicatccl that  
individual variation in measurcs of ansiety- 
rclatecl personality traits 1s 42 to 60% her- 
itable (4 ) ,  nollc of the rele\;ant gcnes has 
yet hecn identifieel. Varlance in personality 
traits, incl~lcl~ng those related to ansiety,  1s 
thought to hc generatecl hy a colnples in- 
tcraction of ellvironlnental ailel experiential 
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factors \vith a n ~ ~ m b e r  of gene proclucts 
involving cllctinct hrain systems such as the 
lnldhrain raphe serotonlln (5 -HT)  system 
( 4 ) .  Neurotrancmissio~~ lnecllateil hy 5 -HT 
contriblltcs to nlally phyciologlc f ~ ~ n c t i o n s  
cuch ,IS motor ac t in ty ,  fc~ocl intake, sleep, 
and reproducti\;c activity, ac well as to cog- 
ilition and emotional states including mood 
and anxiety (5) .  Ry rqyulating the inagni- 
t ~ l d c  anil d~lra t ion of cerotonergic responses, 
the 5-H'T trancporter (5 -HTT)  is cciltral to 
the fine-tunine of 13rain scrotoner~ic  neuro- 
transmicsion and of the peripheral actions 
of 5-HT.  I11 the brain, 5 -HTT esprescion 1s 
particularly abundant in cortical and limbic 
areas involved in elnotional aspect? of hc- 
havior (5) .  T h c  11~11nan 5 -HTT ic encoded 
by a cinglc gene (SLC6A4) o n  chromosome 
17q12 (6-8). Although 5 -HTT has loilg 
hecil suspected to play a role in behavioral 
and psychiatric ilis~rilers, prcviouc studies 
did no t  reveal ally conlmon, replicated 
5 -HTT gene secluence variation in either 

ne~~ropcychiatrlc patients or healthy lnLll- 
vicluals (9 ) .  

Recently, ive reporteil a po1ymc)rphicm in 
the transcriptional control region upstream 
of the 5 -HTT coding ce~iuence (10).  Initial 
csperiments clemonctrated that the long mil 
short \;ariants of this 5 -HTT gene-linked 
polymorphic region (5-HTTLPR) had differ- 
ent transcrytional efflcieilciec ivhen fi~secl to 
a reporter gene and trallsfcctecl lnto hulnall 
placental cl~oriocarcinoma (JAR) cellc ( 1 L?) .  
T h c  5-HTTLPR ic locatecl -1 Itb upstrcam 
of thc 5 -HTT gene transcription initiation 
slte anil 1s compocecl of 16 repeat elementc. 
T h e  l~olymorpl~ism consists of a 44-hasc pair 
(hp) iilcertioll or Llclet~oin ~nvolving repeat 
ele~ncnts 6 to 8 (Fig. 1A) .  I11 the present 
study, polylnerace chain reaction (PCR)- 
basecl genotype andysis of 505 subjects re- 
vealed allele frecluencies of 57'!0 for the long 
(1) and 43%) for the short (s) allele ( I  1) .  T h e  
5-HTTLPR genotypes were distributed ac- 
cording to Hardy-LWeinherg eiluilibrlum: 
32'% 111, 49% lls, and 19?0 s/s. 

Because appropi-iate cell lnodcls for hllman 
serotonergic neurons do not exist and JAR 
c c l l  are mono:ygotic for the 5- HTTLPR, we 
stuLlled 5-HTT gene exprecsion 111 human 
l y m l ~ l b 1 a s t i  cell lines. Like 5-E-IT neurons 
and JAR cells, lymphol~lasts constitutively ex- 
press f~~nctloilal  5-HTT and exhihit adcno- 
sine 3 ',5'-monophosphate (cA1MP)ilepen- 
dent and protein kmasc C (PKC)4epen~ lcn t  
5-HTT gene rcg~~latioin, but they do not es- 
precs d o p a ~ n ~ n e  or norepinephrine transport- 
ers ( I  2 ) .  Ccll linec ~v i th  thc comylete range of 
difkrent 5-HTTLPR genotypes can reaclily be 
obtaineil (13). 

Lyinphohlast cell lines with cllfferent gc- 
nc)typec \\ere first transfcctcd ivith con- 
structc 111 ivhich a luciferase reporter gene 
was fuscd to -1.4 kh of the 5'-flanking 
pro~notcr  sequcnce containing the  1 or s 
forin of the 5-HTTLPR (1 1 ,  13 ,  14).  T h e  
hacal activity of the  1 variant a.as marc than 
twlce that of the s form of thc 5 -HTT gcile 
promot" (Fig. 1R). S t l ln~~ la t ion  of PKC hy 
phorbol 12-inyristatc 13-acetate (PMA)  or 
activation of adenylyl cyclasc with forsko- 
lln-induced transcriptional activity was oh- 
served 111 both thc  1 and s promoter variants, 

the dosc-Lleaendcnt increases rcmained 
l~roportionally slnallcr in the  s varlailt (Fig. 
1B).  

Altlhouglh transfectlon experilnents ~ v i t h  
reporter gene conctructs arc llsefill in assay- 
mg the transcriptiollal competence of a pro- 
inotcr seilueilcc, thev could conce~\;ablv 
glve S ~ L I S I O L I ~  resultc l~ecause of thc  absence 
of illstant control elclnellts or chromatin 
cfkcts.  Tllcrefore, nrc next studied the cx- 
pression of thc  native 5 -HTT gene in Iym- 
phohlact cell lines cultureil from s ~ ~ h j e c t c  
with differcllt 5-HTTLPR genotypes (1 5) .  
Cclls homo:ygol~s for the  1 form of the 



5-HTTLPR produced steady-state concen- 
trations of 5-HTT lnRNA that were 1.4 to 
1.7 times those in cells containing one or 
two copies of the  s variant (Fig. 2C)  (15) .  

T11e i l l t l~~cl lce  of the  5-HTTLPR on 
5 -HTT cxpressio~l at the prote i~l  Ic\;cl \\.as 
acsayeil hy ["iI]RTI-5S biniline and ['H]5- 
H T  uptake esperlmeints (1 6). Membrane 
preparation> fro111 111 Iymphoblacts hound 30  
to 43% more ['2iI]RTI-55 than dicl mem- 
branes from 11s or 51s cells (Fig. 2B). More- 
over, ['HI;-HT uptake in cells homo~ygous 
for the 1 form of the 5-HTTLPR nras 1.9 to 
2.2 tilllcs that in cells carrying one or t ~ v o  
endogenous copies of the s variant (Fig. 
2 A ) .  T h e  genotype-ilek?enclellt dificrellces 
111 I I ~ R N A  co~~celltratiollc,  [ '2iI]RTI-55 

A 44-bp deletion or inseriion Exon 

- 
% - .- PMA (uM) 
% 

Basal 50 100 150 200 
Forskolin (LIM)  

binding, ancl ['H]5-HT uptake pcrsistccl 
proyortionally \\.hen 5 -HTT gene transcril?- 
tion wac induced \\.it11 forskolin or PMA 
(Fig. 2,  A to C). I11 all of these ctudies, the 
Ja ta  associateJ with the s/s and 11s genotype 
a.ere cimilar, whereas hot11 illfferecl from the 
111 genotype, suggesting that the polymer- 
phisin has more of a ciominant-recesciT.e 
than a co~lominant-additive cfkct.  

W e  llcst cvaluatcil the role of the 5- 
HTTLPR in personality traits hy a corn- 
hined pop~llatioll and hmily genetic ctudy 
of tnro indepci~ilcntly collected groupc (535 
total subjects) consisting predominantly of 
male sllllingc, other family memhers, ailil 
\;oluilteers from two NIH protocolc previ- 
ously descrihecl (1 7, 18). Persollality traits 
were assessed with three different methods. 
T h e  N E O  personality inventory (KEO-PI- 
R ) ,  a self-report inventory based o n  the 
five-factor 111odel of personality, was used ac 

Fig. 1. (A) Map of the human 5-HT transporter 
gene promoter (5-HTTP) (EMBL-GenBank acces- 
son number X76753). Tlie 5-HTTLPR comprises 

a repetitive sequence wlth an insertion-deletion 
varaton lndcated by a black box. (B) Basal and 
PKC or CAMP-induced transcriptona activity of 
the long (I)  and short (s) 5-HTTPvariants in human 
lymphoblast cell lines witti different 5-HTTLPR ge- 
notypes [/versus s :  ***P < 0.001. one-way ANOVA 
followed by Fisher's protected least signflcant dif- 
ference (PLSD) test]. Results are means i SD for 
triplicate determnatlons and are representatve of 
several cell llnes wltli different 5-HTTLPR geno- 
types. Tlie I varant (base pars -1 440 to +22 with 
respect to the transcription intiaton site) and s varl- 
ant (base pairs 1 3 9 6  to +22) of the 5-HTTP were 
ligated Into a promoterless uciferase expression 
vector (luc+). Human lymphoblasts were trans- 
fected w~th 5 yg of the / and s 5-HTTP/uc+ con- 
structs and then treated witti PMA or forskol~n. 

Basal ' PMA Forskol~n 
(I  ~ I M )  (100 y M )  

Fig. 2. [3H]5-HT uptake (A). [""IRTI-55 bindlng 
(B), and 5-HTT mRNA concentratons (C) in hu- 
man lymphoblast cell Ines witti tlie genotypes ll/ 
(n = 4), /ls (n = 3). and sls (n = 3) determned 
before and after treatment with PMA or forskon 
( / / I  versus s/s' *P < 0.05. **P < 0 01. ***P < 
0.001 : //I versus 11s: -i-P < 0.05. +;P < 0 01. 
' i+':P i 0.001 ; one-way ANOVAfolowed by Fsli- 
er's PLSD test). Results represent means i SD 
for tripcate determinations. Kinetic analysis of 
[3H]5-HT uptake in cell lines with d~fferent 5- 
HTTLPR genotypes yielded a Michaels constant 
(K,) range of 156 to 187 nM: the mipramne- 
Insensitive uptake was 9 8 to 12.1 Oh. The dissoci- 
ation constants (K,) for ['""RTI-55 binding to 
membranes of lymphoblasts were s m a r  (0.27 to 
0.34 nM).  Nonspecific. paroxetine-insensitive 
blndlng was 8.7 to 10.1 % 

the prilnary p s y c h ~ ) ~ n e t r ~ c  instrument he- 
cause it has hiirh retest rcliahility, item \;a- 
lidity, l o ~ ~ g i t ~ ~ c l i l ~ a l  stability, consistent cor- 
relations het~veen self and ol~cerver rati~lgs, 
and a robust h c t o r  structure that has heen 
validated in a variety of poplllations ancl 
cultures (19 ,  20).  Lye CrzdicteJ that the 
5-HTTLPR genotype ivould be ~csoc ia te~ l  
wit11 the NEO-PI-R factor of Keuroticicm, 
which is principally composed of anxicty- 
and depression-related suhfactorc, o n  the  
basic of several lines of evidence: 5-HT 
uptake lllhibitorc (also called serotonin re- 
uptake inhibitors or SRIs) are an  cfkcti\;e 
trcatlllcilt for anxiety and depressive spec- 
trum disorders; clhangec in 5-HT function 
are associateil wit11 these clisorders; and ma- 
nip~~latioin of 5-HT alters ailxicty-related 
l~ehaviorc in experimental ani~llalc (21-23). 
I11 addition, an  anxiety-related personality 
trait, Harill Avoidance, was originally hy- 
pot1heci:ed to he mecliateil by scrotoncrgic 
function ( 1-3). 

In both groups of suhjectc (18), there 
a.ac a significant associa t io~~ hct~vcen 5- 
HTTLPR genotype and the Neuroticlcm 
factor (Table 1 ) .  Indivldualc with either 
one or two coples of the  s form of the 
5-HTTLPR (together referred to ac group 
S )  had higher Neuroticism ccorcs than dicl 
indi\;iduals 11omo:ygolls for the  1 variant of 
the 5-HTTLPR (group L). T h e  scores for 
the 11s ancl s/s genotypes were not signifi- 
cantly different, which indicated, ac in the  
biological llleasures ot  expression and film- 
tion of 5 -HTT clescribeJ ahove, that the 
p o l y ~ n ( > r ~ ~ l ~ i s m  has a dominant-receccive 
type of associatioll with Keuroticism (Table 
1).  I11 the  comilined sample of 505 incli\;~d- 
uals, the distributions of Neurot~cism scores 
in the S and L groups nrcre overlapping hut 
their means were separateil by 3.4 7-ccore 
units, a difference of 3.29 S D  units (Table 1 
and Fig. 3 ) .  

T h e  efkct  of the 5-HTTLPR genotype 
o n  personality a.as speciflc for Keuroticism. 
Scores 011 three of the other four major 
K E O  persc~nality factclrs (Extraversion, 
Openness, and Cc~nscie~~tiousness) \Yere not 
s ~ ~ n ~ f ~ c a n t l \ ;  associated with the  genetic 

Tscore 

Fig. 3. Distribution of NEO-PI-R Neurotlcism 
scores (separated Into eght groups witti tlie indl- 
cated median T scores) and percentages of sub- 
jects from the 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 r = 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-HTTLPR 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. Fis 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 l/s) minus the 
mean score for L genotypes (///); ns, not significant (P > 0.05). 

Genotype 

/// (group L) 
l/s 
s/s 
l/s + s/s (group S) 

F 
S - L 
P 

III (group L) 
lis 
s/s 
l/s + s/s (group S) 

F 
S - L 
P 

III (group L) 
lis 
sis 
lis + s/s (group S) 

F 
S - L 
P 

n 

72 
106 
43 

149 

91 
141 
52 

193 

163 
247 

95 
342 

Neuroticism 

53.4 ± 12.0 
57.8 ± 13.2 
56.6 ± 11.2 
57.4 ± 12.6 

5.1 
4.0 
0.024 

52.8 ±11.1 
55.5 ±11.0 
56.1 ±11.3 
55.7 ±11.0 

4.2 
2.9 
0.042 

53.1 ±11.5 
56.5 ± 12.0 
56.3 ±11.2 
56.4 ±11.8 

9.3 
3.4 
0.002 

NEO T score (mean ± SD) 

Extraversion Openness 

NIMH(n = 221) 
52.5 ± 10.5 
53.2 ± 12.2 
52.3 ± 10.4 
52.9 ±11.7 

0.1 
ns 
ns 

NCI (n = 284 
55.6 ± 10.5 
53.5 ± 10.4 
52.1 ± 11.1 
53.1 ± 10.6 

3.6 
ns 
ns 

57.2 ± 12.9 
56.1 ± 12.3 
55.9 ± 14.1 
56.1 ± 12.8 

0.4 
ns 
ns 

61.0 ± 10.1 
59.8 ± 10.1 
59.3 ± 8.9 
59.7 ± 9.8 

1.1 
ns 
ns 

Total (n = 505) 
54.2 ± 10.6 
53.3 ±11.2 
52.2 ± 10.7 
53.0 ±11.1 

1.4 
ns 
ns 

59.4 ±11.6 
58.2 ±11.2 
57.8 ±11.6 
58.1 ±11.3 

1.3 
ns 
ns 

Agree­
ableness 

45.4 ±11.3 
42.6 ±11.8 
40.9 ±11.7 
42.1 ±11.7 

3.8 
ns 
ns 

50.5 ± 9.7 
48.8 ± 10.2 
49.8 ±11.2 
49.1 ± 10.5 

1.1 
ns 
ns 

48.2 ± 10.7 
46.2 ±11.3 
45.8 ± 12.2 
46.1 ±11.6 

4.0 
-2.2 
0.045 

Conscien­
tiousness 

43.5 ±11.6 
40.5 ± 13.5 
42.1 ± 12.4 
41.0 ± 13.2 

2.0 
ns 
ns 

47.8 ± 10.0 
48.6 ± 10.6 
45.4 ± 10.8 
47.7 ± 10.7 

0 
ns 
ns 

45.9 ± 10.9 
45.1 ± 12.5 
43.9 ±11.6 
44.8 ± 12.3 

1.0 
ns 
ns 

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 
individuals) - (score for L individuals)] across all 
families; -2ln/_ = -2[log(likelihood of data with­
out 5-HTTLPR effect) - log(likelihood of data with 
5-HTTLPR effect)]; and P was calculated by tak­
ing - 2 In L to be distributed as a x2 statistic at one 
degree of freedom. For association within pedi­
grees, S - L is the mean of [(score for S sib) -
(score for L sib)] within each nuclear family; t* is the 
t score, conservatively corrected for the noninde-
pendence of sib-pairs from a single family; and P 
was calculated by a two-sided t test. 

Factor 

Statistic 
Neurot­

icism 
Tension 

Harm 
Avoidance 

Across-pedigrees test 
(n = 468 family members, 37 unrelated individuals) 
S - L 3.4 0.6 2.6 
- 2 l n L 8.7 11.3 6.3 
P 0.0031 0.0008 0.0119 

Within-pedigrees test (n = 78 sib-pairs) 
S - L 4.6 0.8 5.1 
t* 2.2 2.4 3.0 
P 0.028 0.022 0.004 
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dependent fa l l l~ l~es  hail d~scordant  ( that  IS, 
111 versus iis or sis) 5-HTTLPR genotypes. It 
was first necessary to anal\-ze the assc~ciation 
between 5-HTTLPR genotype and anxiety- 
related lneasures after cc~rrecting for the 
statistical non~n~lependence  of fanlily mem- 
bers resultlllg from factors unrelated to 
5 -HTT.  Elston anLl colleagues have de- 
scribe~! a ~ n a x i ~ n ~ i l l l  likelihood methoci for 
estilnatl~lg iluantitative trait associations 
that taltes into account polygenic inheri- 
tance (27) .  A n  across-peiligrees analysis of 
the  majc~r T-HTTLPR-associated traits of 
Neuroticism (NEO-PI-R),  Tension (IBPF),  
anil Harm Avoiilance ( T P Q )  (Table 2)  re- 
vealed that there was a signiticant associa- 
t ion for each trait with 5-HTTLPR geno- 
type, anil that the effect sizes and signifi- 
cance levels were colllparable t c ~  those oh- 
tained by population assc~clation analysis. In  
the  78 sib-pairs that were iiiscorilant for the 
5-HTTLPR, the  average iiiffere~lce in Neu- 
roticisln scores between the L anii S siblings 
n.as 4.6 T-score ~111its (Table 2) ,  which \\-as 
i n i l ~ s t ~ ~ ~ g u i s h a b l e  fro111 the 3.4 T-score Jif- 
ference seen in all L anil S ~ndiviciuals. 
Despite the reL{uction in salnple size, the  
ilifference b e t \ ~ e e n  the L anil S sihlings was 
statisticall\ significant, even after conserva- 
tlvely correcting for the  nc~nindepen~ience 
of sih-pairs from the same family ( 17, 20.  
26). Silllilar results were obtaineil for Ten-  
sic111 and Harm Avoiilance; the  scores of 
groul) S probtlnils \\.ere sign~ficantly higher 
than those of their group L bibllngs, and the 
etfect sizes were si~nllar to those obtaineii by 
poP~~lation-based or acrc~ss-pedigrees analy- 
ses (Table 2) .  These within-pedigrees re- 
sults ilelnonstrate that the c~bserveii associ- 
atic~ns bet\\-een 5-HTTLPR genotype and 
personality are the result of genetic trans- 
llllssion rather than population stratifica- 
tion. Overall, ho\vever, the  assc~clations re- 
porteil here represent only a slnall portion 
of the genetic contribution t c ~  anxiety-relat- 
eci traits observed in this nonrandoin pop- 
~l la t ion sample. 

Considerable evicience inilicates that in- 
creaseil serotc~nergic 11e~1rotra1lsillission 
( ~ v h l c h  woulil be an  evicient conseililence of 
the reiii~ced 5-HT uptalte capacity found in 
iniiivlcluals with the  short allele of the 
T-HTT polym(~rphisin) is anxiogenic in an- 
imal lnodels as well as in humans ( 2 .  3.  22, 
23.  28).  A t  the clinical level, reLluceLi 5 - H T  
uptake or reiluced inhibitor biniling t c ~  
5 -HTT has been one of the  inost consistent 
biological finclings in incliviih~als with de- 
pressloll ancl several anxiety d~sorders (29) .  
Our  findings that inclividuals x i t h  the short 
5-HTTLPR allele and reduced 5 - H T T  
function have greater anxiety-related per- 
sonality characteristics woulii at  first seeill 
to conflict with the fact that SRIs such as 
tluoxetine, which competit~vely inhibit 

T-HT uptake, are therapeutic agents in anx- 
iety and depressi\~e disorders (21-23). H o w  
ever, the  theraneutic effects of the SRIs 
have primarily been demonstrated in neu- 
rc~psychiatric patients, ~ h o  may have s a n e  
primary 5 - H T  or other neurotransmitter 
dysf~lnctic~n that is amelic~rated hy the SRIs, 
lvhereas our findings are in a salllple of the  
general population. T h e  SRIs also have oth- 
er pl~arn~acc"l(~gical properties that may 
contribute to their therapeutic effects (30) .  
T h e  lifelong duraticln of the genetically 
d r i ~ e n  differences i n  5 - H T  uptake, ~nc lud-  
ing possible influences during early brain 
development ( 3  1 ), nlay also leaii to iilffer- 
ent  effects from those rroiluced by SRI 
adlninistration later in life. 

T h e  associatic~ns reported here represent 
c~nly a slnall portion of the  genetlc contri- 
hution to  anxiety-relateL{ personality traits. 
If other genes \Yere hypothesized t c ~  contrih- 
ilte si ln~lar gene dosage effects to anxlety, 
approximately 10 to 15 genes might be 
preillcted to be involved. Small, aiiditive, or 
inter:ictive c o n t r ~ b u t ~ o n s  of this slze have 
been found 111 studies of other i l~~a~ l t i t a t ive  
traits in plants and vertebrates, inclililillg 
11~11nans (17 ,  32).  As  other anxiety-relatecl 
genes are ~dentified,  incluLiing perhaps 
some with effects that are larger than or 
inter;ict with this polymorphisnl, ~t might 
hecome nossihle to use this information to 
rnhallce inil i~idualired pharmacologlc 
treatment of ne~~ropsychiatric disorders, just 
as for other meclical ilisorclers (17 ,  32) .  
Whether  this con- 
tributes to  the general tenclency for incliviil- 
uals who score hieher o n  ne~lroticisill or 
anxiety factors in different personality tests 
to 1.e a t  higher risk for anxiety or personal- 
ity disorders as well as depression will re- 
i l ~ ~ i r e  f~l r ther  stuLiy (33) .  It liltewise reinains 
to he seen wllether therapeutic responses to 
serotonergic agents are i n f l ~ ~ e n c e ~ i  hy this 

REFERENCES AND NOTES 

1 J A. Gray. The I\leuropsychology of A/ixiet~/: Ai i  l i i- 
quiiy into the iili?ctions of tl7e Septo-Hippocai7ipai 
System (Oxforcl Sc~ence. Neiv York. 1982): C R. 
Clon~nger, Psychiati. De:/ 4. 167 (1 986), H J Ey- 
senck, In tiaiiabook of Abnoi-ma/ Psychology. H J. 
Eysenck, Ecl. (Ptman, London, 1957). pp. 131-1 56 

2 C R Clon~nger. Aich Gen. Ps,vc/~iatiy 44. 573 
(1 987) 

3 , Psychiatr Dev 6, 83 (1 988). 
4 J C. Loehn,  Am Psycliol 44, 1285 (1989). A. C 

Heath, C. R. Coninger. N. G Martn, J. Pers. Soc 
Psychoi 66, 762 119941; R Plomn, M J Owen, P, 
ivlcGuffn, Science 264, 1733 (1994): C. S. Berge- 
man et a1 Psychol Agiiig 3 399 11988). N L. Ped- 
ersen et al . J. Pers Soc Ps)/chol 55 950 (1 9881. E 
S Lander and N J Schork, Sc~ence 265, 2037 
(1 994) 

5 H T Chen M Clark. D GoldIran, J Pharinacol. 
Toricol Metliods 27 209 11 992), J G Henser et ai , 
S)/napse 17, 1 (1 994) P Wh~taker-Azln~tia and S. 
Peroutka, Ann I\. Y Acad Sci 600 4 (1 990); H G 
Westenberg D L Murphy. J A Den Boer Eds , 

Aa:/ances in t1.e :\leiiiobiolog:~ of Anxiety D~sorders 
i W e y .  New Yor.;. 1996) 

6. K P Lesch et ai . J lVe~iral Transin 91, 67 (1 993). K 
P Lesch et al . /bid. 95. 157 i19941 

7 J Gelernter. A. J. Pakstis. K K K~dd.  H ~ i m  Genet 
95, 677 (1 995). 

8 S. Ramanioorthv et al Proc. fdatl Acad Sci U S A 
90. 2542 (1 993): 

9 K. P. Lesch et a1 , Eiol. Psvchiatiy 37, 215 (1 995): M 
Altemus et ai., Aln J. !\/led. Senet. Neilropsvchiatr 
Ge~iet. 67. 409 (1 996); D. D B e a  et a1 . Psvchiatr. 
Senet. 5. S l 0 0  119961: A. D. Oa~llvie et a / .  Lancet 
347, 731 (1996). D ~ o e r  et ai., Necii-orepo!? 7. 
1675 i l996) 

10. A. Hels et a / .  J fdeiiral iiai'sm. 102, 247 i l995),  A. 
Hels et a/. , J. Neirrochem 66, 2621 (1 9961 

11. Blood for DNA soa t  on ancl analysis was obtalned 
from healthy human volunteers. Ol~gon~~c leot~de 
prmers flankng the 5-HTTLPR and corresponclng 
to the nuceotde postons -1 41 6 to -1397 istpr5. 
5'-GGCGTTGCCGCTCTGAATGC] and -910 to 
-888 istpr3, 5'-GAGGGACTGAGCTGGACAACC- 
AC] of the 5 - H I T  gene 5'-flankng reg~ l l a to~ j  regon 
ivere ~~sec l  to generate 484- or 528-bp fragments. 
PCR amplif~cat~on was carrecl out In a t n a  volume of 
30 k l  consstng of 50 ng of genomc DNA, 2.5 mM 
deoxyr~bonucleot~des idGTPi7-deaza-2'-dGTP = 
/A), 0 1 11g of sense ancl antsense prmel-s, 10 mM 
t r~s-HC (pH 8 31. 50 mM KCI. 1.5 mM MgC12, and 1 
U of Taq DNA polylnerase. Anneang was carr~ecl 
out at 61 'C for 30 s, extenson at 72°C for 1 m n ,  ancl 
clenat~~raton at 95'C for 30 s for 35 cycles 

12 K. ken  et a/. . Cell. lni~ni!iioi 163. 1 (1 9951: B A. 
Faraj. Z L. Olkowsk~, R T Jackson, lnt. J Im!i?~~!io- 
uharn7acol 16. 561 (1 994). 

13. Epstein-Barr vrus-transformecl ymphobasts iv~ th  
the genotypes 01 (n = 4), 11s ii' = 31, and sls (I? = 3) 
were grown In RPMI 1640 s~~pplemented wltli 10'0 
newborn calf serum at 37'C In a I i ~ ~ n i d f e d  atmo- 
sphere at 5% CO,. For nducton of 5 - H I T  expres- 
son. lymplioblasts ivere treated wt t i  50 to 200 p.M 
forskon or 0 5 to 2 u M  PMA and arown for an 
adcl~t~onal 24 liours. 

14. The human 5 - H I T  gene 5 '  regulatory seqllence 
(promoter) s derved from the -1.7-kb clone XHG5- 
HTTiP-HB (EMBL-GenBank accession number 
X76753) that was solated from a hunian genomc 
brary In XZAP express (Stratagene) as desc~ bed  i6] 
The long variant o i  the 5-HTT regulatory seq~~ence il 
5-HTTP, base pairs 1 4 4 0  to -22 w t h  respect to 
the transcr~pt~on nltlatlon s~te) ivas igated Into the 
promoterless uc~ferase (Iiic-] expresslon vector 
pGL3 bas~c (Promega). The short var~ant of the 
5 - H I T  gene promoter (s 5-HTTP, base pa ls  1 3 9 6  
to -221 was generatecl by ceavng the short, dee- 
t~on-conta~nng 484-bp PCR product ivith Pst I ancl 
g a t ~ n g  t n to  the Pst I site of tlie 5-HTTP Iiic- 
constr~lct after the fraqments flanked bv the Pst I 
sites at nuceotde pos ions 1 3 6 6  ancl -1 192 had 
been removed, Inserts and nsert-vector bounclares 
were ver~fed by seqllence analysis Long and short 
human 5 - H I T  iuc+ constr~lcts ancl contlols ivere 
transenty expressed In ymphobasts w~ th  dfferent 
genotypes 113), ancl lilt+ gene expresslon ivas 
studled reatve to tlie pGL3 bas~c and pGL3 control 
vectors Transfecton effcency ivas assessed by co- 
transfecton ~11th pSV-BGa (Promega) For transient 
expresslon, ymphoblasts (2 x 1 O5 cells) ivere ex- 
posecl for 24 hours to 5 k g  of construct DNA com- 
plexed i v~ th  5 PI of Transfectam pofec tn  reagent 
(Promega) n 5 m of RPMI 1640 Cells were gl'own 
for an addtona 24 hours before lian/est n 1 m of 
uciferase y s ~ s  buffer Extracts were assayecl for lu- 
c~ferase act~v~ty by adcl~tion of 10 k l  of cell ysate 
sa~iiples at 15-s nter\!aIs to 100 m of uclferln re- 
agent Chem~lurr~nescence !,+!as counted for 15 s at 
a constant tme  (90 s) after reagent m x n g  In a q u d  
sc~nt~llat~on spectrometer 

15. Total RNA ),\!as solated f r o ~ r  ylnphoblasts (73) by 
g~~an idne  thocyanate column p ~ ~ r f c a t o n  (Qagen~. 
The 2851185 bands of r,bosomal RNA were alia- 
yzed by denstometr: to control for varatons In RNA 
concentraton, and snge-stranded cDNA (37% 60 
r n )  !,was syntheszed ~\!itli rando~n prmer. 5 - H I T  
mRNA v!as meas~~red by semquantitatve compet- 

SCIEKCE \.OL 274 29 NO\ EhiBER 1996 



tve reverse transcrlptron PCR ~,\!tIi a 5-HTT cDNA- 
der~ved te~rplate contanng a 172-bp deeton (base 
pars 1633 to 1806) as Internal standard The PCR 
amul~f~cat~on (30 s at 95°C. 30 s at 61 'C. 1 m n  at 
7 2 ' ~  for 35 cycles) of 3 5 5  or327-bp fragments was 
carr~ed o ~ l t  ~ 1 1 t h  the amplners se3 (5'-ATGCA- 
GMGCGATAGCCMCATG base palrs 1437 to 
1459 w t h  respect to the transcrpton n t a t o n  ste) 
and 3re (5'-AGATGAGGTTCCTATGCAGTMC. 
base pars 21 47 to 2: 67) 5-HTT nRNA concentra- 
t~ons of ymphoblast cell Ines ~ 1 1 t h  the I:/ genotype 
werefrst ttrated aganst ncre~nenta concentratons 
of colnpettve ternpate rangng from 0 01 to 1 .0 ng. 
Tlie concentrailon of the competltlve te~rplate at 
target~te~npate equ l i b r~~ ln  vlas then used to com- 
pare rnRNA concentratlons se~r~q~lant l tat~vely in 
ymphoblast cell Ines 1,\!1th d~fferent genotypes (731 
before and after nduct~on of 3-HTT gene transcr~p- 
t~on  To control for d~tierences In the eti~c~ency of 
reverse transcrpton of mRNA vle perfor~red cDNA 
synthess and s~lbsequent co~rpet t ive  PCR In qua- 
dr~lplcate. The react~on products were electropho- 
resed through 2"0 agarose, v ~ s ~ l a z e d  by ~~Itravolet 
~ l l~ !m~nat~on In the presence of ethdihm brolnde, and 
quantfied by denstometric analys~s 

16 nhibtor bndng  to the 5-HTT proten was assayed 
by n c ~ ~ b a t ~ n g  melnbranes from d~tierent ly~rpho-  
blast cell Ines (73) 1,\!1th [''sl]RTl-55 (0 05 to 1 nM) for 
1 hour at 37°C as descrbed [J D Ramamoolthy et 
a/ J 5/01, Chein 270 171 89 (1 995)] Nonspec~f~c 
bndng  ),\!as deter~rned In the presence of 3 JAM 
paroxetne. RT-55 [3p-(4-1odophenyl)tropan-2p- 
carboxyc a c d  metliy ester tartrate] IS a cocalne 
analog that potently n h b t s  5-HT ~ ~ p t a k e  and bnds 
to 5-HTT ~ 1 1 t h  I igh  sensltlv~ty (8) [J W. Bola et a/. . n 
Doparnine Receptors and T/anspoliers H B Nznik 
Ed (Dekker Nevl York, 19941 pp. 61 1-6441. lfl!e 
deterlnned 5-HT ~ ~ p t a k e  by ncubatng 1 x 1 0's.l~- 
pended ymphobasts 1 ~ 1 t h  0 1 to 1 FM [SH]5-HT for 
30 m n  at 25'C ~n the absence or lsresence of 0 1 

Pt~arrnacology ann Therapeutics il (Klui\!er Academ- 
c .  Dordreclit. Netherlands. 1993). pp. 223-230. 0 
Benkert H lfl!etzel, A Szeged~, Int C11n Psycho- 
ol?ar~~;aco/ 8 is~~lsol .  11. 3 (19931 , , ,  , , , 

22 'G. Gr~ebel. Pharn~acol Tt~er. 65 31 9 (1 995) 
23 S L. Handey. 1D1d. 66. 103 11 995). 
24 A co,nplete table of the S - L d~tierences and F 

val~les for a of the NEO Neurotcsm facets. 16PF 
second-order and prmar: factors, estlnated TPQ 
factors, and TPQ Harm Avo~dance s~~bscales IS 

avaabe from the authors by req~lest 
23. R B Cattell, J Abnoii-.1 Soc. Psycliol. 38, 476 

(1 943) R B Cattell. The Descri~tion ann Measi~re- 
nleiit of Personalit)/ O~Vorld Book. Yonkers. NY. 
1946) J S W~gg~ns  and A L P~ncus, A i i~ iu .  Ret,/ 
Psycho1 48 473 (1 9921. 

26. Pop~llaton assocation vlas assessed by one-way 
analyss of varance (ANOVA1 usng SPSS Statstcal 
Softvlare 

27 V T George and R C Elston. Genet Epicem101 4, 
193 (1 9871 Across-pedigrees assocaton ),\!as as- 
sessed ~ ~ s n g  the ASSOC program of the S.A G E. 
package [R C Elston, V T George, A J. M Sorant, 
n S A G i Users Guide. Release 2 2 (Department of 
B~omet~, and Genet~cs. Lou~s~ana State Un~vers~ty 
Medca Center Nevl Orleans, 1994), T. G Nck  et 
a/ Genet. E p i n e ~ ~ i ~ o l  12 145 (1 995)]. Withn-pedl- 
grees assocaton was deter~rned by a pared t test 
usng genetcay dscordant sb-pars and was con- 
sewat~vely corrected for the nonindependence of 
s b n g s  frorn the salne farny 11 7 1  

28 J A Den Boer et a1 /lit Cb~i  Ps}/cIiophai-inacol. 9 
(supp 4) 47 (1 995). 

29 M J O l ~ e n s  and C 6 Nemeroii. C l i~ i  Chern. 40, 
288 (19941, L J n v  e t a / .  Blol Psvc l i ~a t ,~  36. 281 
(19941 G Falud K' Tekes, L ~othialusi ,  2. Psyc1i1- 
atiy i?lewosci 19, 109 (1 994). 

30 K Fuxe et a/. i?le~~iopt~arrnaco/ogy 22 389 (1 983); 

C. M Beasey, D N Mas~ca. J H. Potv~n, Psyclio- 
pharrnacolog)~ 107 1 (1 992): P. B e r  and C de Mon- 
tgny, Ti-eiics Phar~iiacol. Sci 15 220 11 9941 E. H. 
Cook Jr et a/ , i?~eu1onliaii-.1aco/ i?leuiotoxico/ 5. 
1745 11 994). J Ma] and E. Moly ,  J ~Veuial fiaiis:,i. 
88. 143 (1 9921 

31. D L. Shuey T, lfl! Sader. J M Lauder Te~.ato/ogy 
46. 367 (1 992) 

32. A H Paterson et a1 Genstics 127. 181 11 991) C 
W. Stuber et al. . ~ b i c  132. 823 (1 9921, J Flint et a1 
Science 269, 1432 (1 995), R. P. Ebsten et a1 . &a- 
t i re  Genet 12 78 (1 996): T. Olino, S Kal~azu. S 
Tomono. Metabol~srn 45 21 8 (1 9961, F Camben et 
a/, Natu1.e 359 641 11 992), E A ~ b u s t ~ n ~  et a1 Bi- 
H e a ~ t J  74, 584 (1 9951, F Calnben. Cli~i. Genet 46 
94 11 994). A Gardemann et a/ , CII-ci~latio~i 92, 2796 
(1 995). 

33. R. T Muder, P R Joyce, C. R Clonnger Co11;pr 
Psychiatiy 35, 225 (1 9941, D. M Svrakc et a/. , Arch 
Gen. Psychlat~y 50. 991 11 993). G Andrei\!s et a/ . J 
Affective Dlsoi-d 19, 23 (1 990). K S Kender et a/. , 
Aich Gen Psycl i~at~y 50. 863 (1 9931, A. MacKnnon 
and P M M~tcliell, n t i a~ idboo i~  of Depress~on a i d  
Anxiety. J Den Boer and J M Ad Stsen Eds. (Dfk- 
ker. New York, 1994), pp 71-1 19, K S Kfncler et 
a/. Arch G e ~ i  Psyc/iiatr}/ 44, 431 (1 9871, D. C o e ~  
et a/. Mol Psycliiati.~, In press 

34 We thank M. Schad, G Ortega, and S Jatzke for 
technca assistance, W Davs and D Drake f o ~  ed- 
tor~al assistance and M. Alte~rus J M~zrah and A 
Jaiie for log stica support Supported by the De~l t -  
sche Forschungsge~re~nscliaft, tlie Bundesmnste- 
~ u m  fur B l d ~ ~ n g  und Forschung the E~1ropea.i Coln- 
r lsslon and the Intramural Research Progralns of 
NIMH and N C  K P L. IS s~~ppor ted by the Herma~in 
and L y  Schilling Foundaton 

13 June 1996 accepted 22 Octobel 1996 

mM mpramne  
17 J Benjalnn eta/, , Nature Genet 12, 81 11 996) 
18 Tvlo ndependent groLlps of predomnanty male sib- 

Discovering Hig h-Affini ty Ligands for Proteins: 
Ings, other fa lny  members, and .Inrelated n d v d u -  
a s  were s t~ lded  (I)  The NIMH sample I! 7 )  was re- 

SAR by NMR 
cruted from the N H  and local college campuses by 
adveltsng for pars of brothers and pars of ssters Suzanne B. Shuker, Philip J. Hajdilk, Robert P. Meadows, 
for a s t ~ ~ d y  of personalty trats and chrorosomes 
The sa~rp le  cons~sted of 221 sub~ects of !,whom Stephen W. Fesik* 
93% !,were male and 7% !,were femak The average 
age !,was 23 3 I 6 8 years (range 18 to 64 years) the 
average educat~onal eve  ),\!as 15.6 -+ 2 1 years 
(range 12 to 20 years) and the average Knsey score 
vlas 0 2 z 0 7 (range 0 to 5 6 where 0 IS exclus~vely 
heterosexual and 6 1s exclus~vely homosex~la~;. The 
ethnc composton vlas 79 1 % !,white non-Hspanic, 
1 O.OO/O AsaniPacf~c sander 4 1 % Hspanc/Latno 
4 1 "A Afrcan A~rercan/Back, and 2 7% other The 
f a m y  struct~~re of the NIMH sample was 208 s b n g s  
froln 104 f a m e s  and 13 unrelated nd~v~duals 111) 
The NCI sample [D. H. Hamer et a / ,  Scie~lce 261, 
321 (1 993) S Hu et a/. Natul-e Genet. 11. 248 
119951] !,was collected froln N H  c n c s  and local and 
natona ho~nopl i~le organzatons for a study of sex- 
.la orentaton. H V  progresson, and psycholog cal 
tralts Tlie sample cons~sted of 284 subjects of 
w h o ~ r  92"; were male and 8"o !,were felnae. The 
average age was 37 6 -t 9 7 years (range 18 to 72 
years), the average educatona e v e  was 17 3 I 2 6 
years (range 12 to 20 years), and the average Klnsey 
score !,was 4 8 -t 2.0 (range 0 to 61 The etlinc com- 
poston ),\!as 93 6'0 whte  non-Hspanc 5 3"; H s -  
paniciLat~no 0 7% Afr~can Amer~can~BIack, 0.4% 
Natve Amercan~Aaskan, and 0 4% other. The fan-  
y struct~lre of the N C  salnpe ),\!as 251 s b n g s  from 
106 f a ~ r e s  9 parents and 24 ~~nrelated ndvduals 

19. R. R. McCrae and P T. J Costa. Peiso~ial~ty 111 
Aculthoon (Guford. Nevl Yo1 k 19901 

20. P T J Costa and R. R McCrae, n t ia~idbook of 
Persona/lt)/ lnveiitoi~es, J Cheek and E M 
Donahue. Eds (Plenu~r,  Neb\! York, In press1 

A nuclear magnetic resonance (NMR)- based method is described in which small organic 
molecules that bind to proximal subsites of a protein are ~dentified, 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 techn~que, com- 
pounds with nanomolar affinities for the FK506 b~nding 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. 

D m g s  are typically iIlscovereiI hy identify- 
ing actlye coillpo~lnds from screelling 
c h e ~ l ~ i c a l  libraries or natural products and 
optlinning their properties thrmlgh the syn- 
thesis of stnlct~lrally related analogs. This is 
a costly and time-coilsuming process. Snlt- 
,~hle  colnpo~lilils 1 ~ 1 t h  the reqnlsite potency. 
c o m p o ~ ~ i l d  a~.ailal~ll i ty,  or desired chemical 
and physical properties cannot always be 
found. Furthermore, even  hen such corn- 
Co~l~ l i i s  are fonnci, optilnlratioll often re- 
clnires the synthesis of lllally analogs. 

W e  non. descrlbe a ~nethoi l  fix identify- 
illg hlgh-affinity ligancis that can aici in the 
drug discovery prcjcess. T h e  techi~ic~ue,  
~ v h l c h  1s called "SAR by NXIR," is a linked- 
tragment approach ~ l h e r e i n  llgancis are con- 
s tn~c ted  froln l~uilding hlocks that have 
l x e n  optimizeci for biildlilg t c  incdivid~lal 
protell1 sul~sites (Fig. 1). In the flrst step of 
this process, a library of lon. molecular 
~veiqht  compounds ( 1 )  1s screeneci to ~ i i en -  
tify i l lolec~~les that hlllci to the protein. 

Billding is cieterllliiled by the observation of 
"N- or 'H-amide chemical s111ft chan,oes in 

21 G R Henlnger, Psycho~l~arrnaco'ogy 'lie Fo~ l / i h  
pharmaceut.ca Disco!~ery D~llsion ~ b b o t t  Laboratores, t\\.o-ciimensio~~al ' i N - l ~ e t e r o n ~ c l e a r  single- 
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