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ABSTRACT
The functional triallelic serotonin transporter length polymorphism (5HTTLPR) has shown to
modulate psychopathology during acute transient tryptophan depletion paradigms. We tested the
hypothesis that 5HTTLPR also affects the psychopathological effects of chronic low tryptophan
levels.Thisisdoneinauniquesampleofpatientswithlonglastinglowtryptophanlevelsduetoa
metastatic serotonin producing carcinoid tumor. Plasma tryptophan levels, 5HTTLPR, and the
changeinpsychopathologysincethecarcinoiddiagnosis(usingtheSymptomChecklist90;SCL
90) were measured in 41 patients. We developed a MANOVA model including main effects of 5
HTTLPRandplasmatryptophanonthe SCL90aswellastheirinteraction,whilecontrollingfor
gender. Borderline significant effects of plasma tryptophan levels (s.e.s.=0.30; P=0.06) and 5
HTTLPR (s.e.s.=0.30; P=0.07) were observed. In addition, an interaction effect was observed on 
SCL90totalscores(s.e.s.=0.35;P=0.03)andfiveofeightsubscales,beinginterpersonalsensitivity
mistrust (P=0.003), agoraphobia (P=0.005), depression (P=0.018), cognitiveperformance deficits
(P=0.021), and somatization (P=0.047). Visualizing the data showed that tryptophan levels affected
psychopathologyonlyinsubjectscarryingtwosalleles,suggestingthat5HTTLPRs/shomozygotes
are more vulnerable to lasting tryptophan depletion than s/l or l/l carriers. This effect was most
pronounced in the subscales interpersonal sensitivitymistrust and agoraphobia, but in the other
subdomainsasimilarpatternshowedlargelysimilarresults,suggestingthatlowtryptophanisnot
directly causally related to specific psychiatric symptoms, but merely facilitates the development of
psychopathology.

98

Tryptophan and 5-HTTLPR interaction

INTRODUCTION
Lowcerebralavailabilityoftryptophanleadstoacerebralshortageofserotonin(5HT)(48)
and is associated with psychopathology (116;140;317;328330). For example, increased
irritability has been reported in patients with longterm tryptophan depletion due to
carcinoid disease, while an acute transient depletion of plasma tryptophan induced
impulsivity and depressed mood ((63;67;328). Depressive symptoms did, however, not
precipitateinhealthycontrols,butpredominantlyinsubjectsalreadyatriskfordepression,
as for instance patients with a personal or family history of major depressive disorder
(MDD).
The variability in responsiveness to the low tryptophan condition suggeststhat individual
vulnerability is related to genes contributing to 5HT functioning. In particular a
polymorphism in the promoter region of the serotonin transporter (5HTTLPR) has been
explored in psychopathology (11;97;99;331). Originally, two variants of the 5HTTLPR, a
long(L,functionalactive)andashort(S,functionallessactive)version,weredistinguished
(332).RecentlyanA>Gsinglenucleotidepolymorphism(SNP)wasidentifiedwithintheL
allele. The alleles are currently denoted as S, LG and LA (105). The S and LG alleles reduce
transcription of the serotonin transporter gene resulting in decreased expression and
decreased 5HT uptake compared with the LA allel (105;333;334). Although a direct
association between 5HTTLPR and psychiatric disorders is as yet inconclusive (335337),
the 5HTTLPR has shown to modulate the vulnerability to stress (11;97) and the
psychologicalresponseduringacutetryptophandepletion(ATD)protocols(62;66;338340).
Auniquepopulationtostudytheassociationbetweenlongtermtryptophandepletionand
psychopathology is found in patients with a metastatic carcinoid tumor. Carcinoid is a
relativelyrarecancer;accordingtotheAmericanCancerSociety,forexample,theincidence
ofcarcinoidtumorsisabout5,000casesperyearintheUnitedStates.Carcinoidtumorsare
slowlygrowingneuroendocrinemalignancies,thatcanproduceandsecretevariousfactors,
of which 5HT is the most prominent one (271;273;274). 5HT is synthesized from its
precursor,theessentialaminoacidLtryptophan.Whenmetastasized,theproductionof5
HTbythecarcinoidtumormayincreasesodramaticallythatamajorfractionofwholebody
tryptophan is peripherally converted to 5HT, leading to low plasma levels of tryptophan
and reduced central tryptophan availability (134). 5HT does not pass the blood brain
barrier, hence the cerebral amine is synthesized from tryptophan exclusively in cerebral
serotonincontainingneurones.
In the present study we explored the role of tryptophan levels in the development of
psychopathology in the presence of specific 5HTTLPR polymorphisms in patients with a
carcinoidtumor.Wetestedthehypothesisthatpatientswith5HTTLPRs/sallelesaremore
sensitivetodecreasingtryptophanlevelsthantheotherpatients,expressedinmorechanges
inpsychopathology(66;99;338)
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MATERIALS AND METHODS
Patients and procedure
Eligible for the study were patients who had been diagnosed with a metastatic carcinoid
tumor and serotonin overproduction. The carcinoid syndrome was diagnosed by clinical
features as well as biochemical measurements, such as urinary 5hydroxyindolamine acid
(5HIAA)levelsandplateletserotonincontent(341;342).Weincludedpatientswhovisited
the Department of Medical Oncology, University Medical Center Groningen (UMCG)
between April 2007 and February  2008. The UMCG is a referral center for carcinoid
patients. Most patients visit the center at least every six months. During a regular visit,
blood samples were obtained and the patients were asked to fill in a selfreport
questionnaire at home. The study was approved by the Medical Ethics Committee of the
UMCG.Allpatientsgavewritteninformedconsent.

Psychiatric assessment
Psychopathology was assessed with the Dutch version of the multidimensional Symptom
Checklist90 (SCL90). The SCL90 is a well validated, multidimensional selfreport
symptom inventory, consisting of 90 items and designed to assess various domains of
psychopathology, including agoraphobia, anxiety, depression, somatization, cognitive
performance deficits, interpersonal sensitivitymistrust, actingout hostility and sleep
difficulties (319;320;343). Since we were particularly interested in the prospective effectsof
tryptophan depletion on the development of psychopathological symptoms, we asked the
patients to fill out the SCL90 twice: once describing the current situation and once how
symptoms had changed since the onset of their disease.  Elsewhere we have shown that
specificallychangesinsymptomsweresensitivetotryptophanlevels(chapter7).

Biochemical measurements
Blood samples were obtained during routine lab investigations during regular morning
visits to the outpatient clinic, as described elsewhere (279). Plasma tryptophan
concentrations were measured by means of High Performance Liquid Chromatography
(HPLC) with fluorometric detection (166). Tryptophan reference values range from 4070
mol/l (166). Blood for 5HTTLPR genotyping was collected in a 10 ml EDTA tube and
centrifugedat800gfor10minutesat4°C.Thebuffycoatwascollectedandstoredat20°C
untilDNAisolation.5HTTLPRgenotypesweredeterminedusingtheHTTp2aandHTTp2B
primersettoamplify406(S)and450(L)bpfragmentswiththepolymerasechainreaction
(PCR) (105). The LA, LG and S alleles were determined by incubation of the PCR product
with the restriction enzyme Msp I (New England Biolabs, Westburg, Leusden, The
Netherlands) for at least 3 hours at 37 °C. Msp I cuts the GGCC sequence, resulting in
fragments of 329, 62, and 59 (LA), 174, 155, 62 and 59 bp (LG), and 285, 62 and 59 bp (S)
respectively.Theresultingrestrictionfragmentswereseparatedusinga2%agarosegeland
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visualized using GelStar (SYBRgreen; Cambrex Bio Science, Rockland, ME). The triallelic
classificationwasthenreclassifiedintoabiallelicmodel,basedonthelevelsoftransporter
expression as follows: LG/S, LG/LG, and S/S subjects were classified as s/s; LA/S and LA/LG
subjectwereclassifiedass/landLA/LAsubjectswereclassifiedasl/l(62;66;105).

Statistical analysis
All statistical calculations were conducted using SPSS (version 14) and P  0.05 was
considered significant. Correlations between current tryptophan levels and tryptophan
levels one year ago ( tryptophan) were calculated with a Pearson Correlation coefficient.
The differences between genotype groups on tryptophan, 5HT and 5HIAA levels were
analyzed using a oneway analysis of variance (ANOVA). Difference in SCL90 scores
betweenmalesandfemalesweastestedusinganindependentsamplesttest.Thereafter,we
evaluatedtheunivariateeffectsofthe5HTTLPRpolymorphismandplasmatryptophanon
the'SCL90scoreusingatwowayanalysisofvariance(ANOVA).Then,wedevelopeda
modelincludingbothmaineffectsofthe5HTTLPRpolymorphismandplasmatryptophan
and their interaction, while controlling for gender. The primary aim was to test whether
significant main effects of plasma tryptophan and 5HTTLPR and a significant interaction
effect between the 5HTTLPR polymorphism and plasma tryptophan concentration was
presentresultinginchangesinpsychopathologicalsymptomsassessedwiththeSCL90.As
the SCL90 includes eight different subdomains, we determined whether the interaction
effectwasstrongeronanyofthesespecificsubdomains.
Assuming allele frequencies of 50% LA, 10% LG and 40% S (99;105;344), and an effect of
tryptophan and 5HTTLPR with an medium effect size of 0.4, a sample size of 40 patients
wouldresultin80%powertodetectaninteractioneffectoftryptophanand5HTTLPRwith
thesamemagnitude(0.4).
In addition, we performed two sensitivity analyses: 1) excluding subjects using
antidepressantmedication,ahistoryofmajordepressionorusingbenzodiazepines,and2)
excludingpatientsforwhomthediagnosisofacarcinoidtumorwasmade>10yearsago.

RESULTS
Of48includedpatients,sixpatientsdidnotfillinthequestionnaires,andinonesubjectno
blood sample could be obtained. Patient characteristics of the resulting 41 patients are
presented in table 1. In addition, two patients were known with a psychiatric history of
alcohol abuse or major depressive disorder (MDD). Thirtytwo patients were treated with
the somatostatin analogous octreotide or lanreotide and six patients received interferon
alpha. In addition, four patients used benzodiazepines and two received tricyclic
antidepressants(TCAs).
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Table 1: Patient characteristics

s/s

s/l

l/l

10 (5/5)

19 (10/9)

12 (2/10)

mean (SD)
65 (6)
4 (3)

mean (SD)
62 (6)
7 (5)

mean (SD)
60 (6)
6 (4)

Current plasma tryptophan (mol/l)
 tryptophan last year (mol/l)

51 (11)
2 (8)

46 (16)
1 (14)

47 (12)
-2 (13)

5-HT (nmol/10^9 platelet)
Urinary 5-HT (mol/mol kreat)

18 (9)
127 (80)

22 (11)
201 (255)

17 (12)
173 (261)

Urinary 5-HIAA(mmol/mol kreat)

25 (10)

27 (10)

17 (4)

5-HTTLPR
N (male/female)

Age (years)
Time since diagnosis (years)

SCL-90 score (points)
agoraphobia
anxiety
depression
somatization
cognitive performance deficits
interpersonal sensitivity
acting out hostility
sleep difficulties
Total Score
 SCL-90 score (points)
agoraphobia
anxiety
depression
somatization
cognitive performance deficits
interpersonal sensitivity
acting out hostility
sleep difficulties
Total Score

median
8
18
25
23
17
22
8
5
146

min max median min max median min max
8
7
7
23
7
17
7
18
13
15
10 29
10 25
10 18
24
23
16 49
16 49
18 40
17
18
12 43
12 36
13 30
16
16
10 32
9
33
9
26
23
21
18 41
18 40
18 38
7
7
6
16
6
10
6
12
5
5
3
13
3
10
3
12
134
123
97 254
96 218
98 180

median
0
1
3
5
3
1
1
2
14

min max median min max median min max
0
0
-12 8
-10 6
-10 5
2
1
-12 10
-10 9
-16 7
1
0
-15 19
-14 15
-19 8
2
1
-8 13
-7 11
-16 7
0
2
-1 13
-5 11
-3
7
1
0
-27 12
-19 7
-27 5
0
0
-10 5
-8
3
-10 1
0
0
-6
6
-4
3
-3
3
15
3
-97 85
-82 57
-112 41 

Tryptophan reference values range from 40-70 μmol/l;  tryptophan reflects current plasma tryptophan
levels minus plasma tryptophan levels one year earlier. The cut-off value for platelet 5-HT is 5.4
9
nmol/10 platelet. Reference values for Urinary 5-HIAA range from 0.8 – 3.8 mmol/mol kreat. Average
SCL-90 total scores in the normal population are 108-115 points (men) and 117-129 points (women).
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SCL-90 scores
The average score on the SCL90 was somewhat higher for females (146, SD 40) than for
males(129,SD33),althoughthiswasnotsignificant(t1.469,P=0.15,df40).Thesescores
arebetweenthe65thand80thpercentilecomparedtothenormalpopulation,butlowerthan
theaveragescoresofpsychiatricpatientsinoutpatientclinics(manualSCL90,Dutch(320)).
SCL90scoressincetheonsetofthedisease('SCL90scores)worsenedonaverage5points
(95% CI: 6 to 17 points) (table 1). For 30 patients (73%), the total number of symptoms
increased during their disease, while for 11 patients (27%) it did not increase or even
decrease. The mean increase in SCL90 score for those reporting an increase in symptoms
was 15 (95% CI: 1227). When excluding somatic symptoms, a highly similar pattern
emergessuggestingthattheincreaseinsymptomsisnotduetosomaticsymptomsperse;a
meanincreaseof4points(95%CI:6to13)with29patients(71%)reportinganincrease.

5-HTTLPR, plasma tryptophan & 5-HT metabolism
Descriptives are displayedintable 1. 5HTTLPR wasin HardyWeinburg equilibrium (Chi
squared 0.10; P=0.75). In most patients (N=25) were plasma tryptophan levels were in the
referencerange(4070Pmol/l).Plasmatryptophanlevelswerebelowthereferencevaluesin
14 patients and in two patients the plasma tryptophan levels were higher than 70 Pmol/l.
Plasma tryptophan levels were fairly stable across time. Current tryptophan levels highly
correlated with tryptophan levels of one year earlier ( tryptophan; Pearson Correlation
0.525;P=0.001).Onaverage,currenttryptophanlevelswereonly0.5Pmol/llowerthanone
year before (SD 12 Pmol/l), this difference was not statistically significant (t 0.262, df 36,
P=0.75).Therewasnosignificanteffectof5HTTLPRontryptophan(F2,39=0.731,P=0.731),5
HT(F2,39=0,571,P=0.570)or5HIAAlevels(F2,39=1.398,P=0.260).

Main effects of 5-HTTLPR & plasma tryptophan on' SCL-90
Using twoway analysis of variance (ANOVA), neither 5HTTLPR (P=0.11), nor plasma
tryptophan levels (P=0.77) had significant main effects on ' SCL90 scores, although the
effectsizeof5HTTLPRwasmoderate(Table2)(322).

Interaction effect of tryptophan and 5-HTTLPR on ' SCL-90
Applying the model including 5HTTLPR, plasma tryptophan, interaction between
tryptophan and 5HTTLPR, while controlling for gender, uncovered the following effects
(table2):borderlinesignificantmaineffectsofbothTRPand5HTTLPR,asignificantgender
effect, and a significant interaction effect of 5HTTLPR and plasma tryptophan. Using a
conservativeestimate,thismodelasawholeexplainedmorethan24%ofthevarianceof'
SCL90 (R2 = 0.318; Adjusted R2= 0.242). The effect size of the interaction effect of 0.35
indicatesamediumeffect(322),whichisratherclosetowhatweanticipated;theposthoc
studypowerfordetectingthiseffectwas76%.
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Table 2: Interaction model

TRP
5-HTTLPR
TRP*5-HTTLPR
Sex

F(1,41)
0.088
2.723
-

Non-adjusted model
P
Effect size
0.768
0.04
0.107
0.26
-

F(1,41)
3.644
3.577
5.202
5.259

Adjusted model
P
Effect size
0.064
0.30
0.067
0.30
0.029
0.35
0.028
0.36

Effect of serotonin transporter length polymorphism (5-HTTLPR) and plasma tryptophan levels (TRP) on
change in total SCL-90 scores. Adjusted model: R Squared = 0.318 (Adjusted R Squared =0 .242)


In Figure 1, the interaction between 5HTTLPR and plasma tryptophan on ' SCL90 is
visualised, using tertile scores of plasma tryptophan, confirming the observation that
tryptophan levels only affect ' SCL90 in the presence of the s/s allele of the 5HTTLPR
polymorphism.
Applying the same model to the eight ' SCL90 subscales separately, resulted in largely
comparablefindingswithsignificantinteractiontermsforinterpersonalsensitivitymistrust
(F1,41=10.497, P=0.003), agoraphobia (F1,41=8.831, P=0.005), depression (F1,41=6.136, P=0.018),
cognitiveperformance deficits (F1,41=5.766, P=0.021), and somatization (F1,41=4.225, P=0.047),
but not for anxiety (F1,41=2.597, P=0.116), hostility (F1,41=2.656, P=0.112), sleep difficulties
(F1,41=0.160, P=0.692), although even in these subdomains a similar pattern is observed, in
whichtryptophanlevelsareonlyassociatedwith'SCL90inthepresenceofthes/salleleof
the5HTTLPRpolymorphism.

Sensitivity analyses
Whenexcludingpatientswithapsychiatrichistoryand/orusingTCAsorbenzodiazepines
(N = 6), we still found in the remaining 35 patients a significant interaction of plasma
tryptophan and 5HTTLPR on overall ' SCL90 scores (F1,35=4.212 en P=0.049, effect size:
0.36).Similarly,excludingpatientsforwhomthediagnosisofacarcinoidtumorwasmade
>10yearsago(N=4),didnotalterourfindingsastheinteractiontermremainedsignificant
andhighlycomparableinmagnitude:(F1,37=4.157,P=0.05,effectsize0.34).
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Figure 1: A visualization of the interaction between triallelic serotonin transporter length polymorphism
(5-HTTLPR) and plasma tryptophan levels on  SCL-90 total score (P=0.03), using tertile scores of
tryptophan confirms that tryptophan levels only affect SCL-90 in the presence of the s/s allele of the
5-HTTLPR polymorphism. Applying the same model to the SCL-90 sub-scales separately resulted in
highly significant interaction terms for interpersonal sensitivity-mistrust and agoraphobia, and weaker,
but still significant interaction terms in the sub-domains of depression, cognitive-performance deficits,
and somatisation.



DISCUSSION
Thispreliminarystudyconfirmsandextendspreviousobservationsthatchroniclowplasma
tryptophan levels and 5HTTLPR may precipitate psychopathology  (115;116). Overall, the
patients in the present study scored aboveaverage on the SCL90. Tryptophan levelswere
onlyassociatedwithchangesintheSCL90scores('SCL90)inthepresenceofthes/sallele
of the 5HTTLPR polymorphism. Trends towards significance were observed in all sub
domainslargelyreplicatingthesamepattern,butmostpronouncedintheSCL90subscales
'interpersonal sensitivitymistrust  and 'agoraphobia. These results suggest 1) that low
tryptophanisnotdirectlycausallyrelatedtospecificpsychiatricsymptoms,butmaymerely
facilitatethedevelopmentofpsychopathologicalsymptoms.Thisisconsistentwithprevious
studies, in which chronic low tryptophan is associated with a wide variety of symptoms
(115;116;133;140;317;330).2)Thisdevelopmentisfacilitatedspecificallyinsubjectswithan
s/s genotype. The highly significant effects are particularly convincing considering the
relativelysmallnumberofs/shomozygotes.
Theincreasedsensitivityofs/shomozygotestotryptophanlevelsmightbeexplainedbythe
effectsof5HTTLPRon5HTsynthesis.Therateofsynthesisofcerebral5HTdependson
tryptophanavailability(4749),reuptakeof5HTthroughthe5HTT(chapter4),andauto
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inhibitionvia5HT1Aand5HT1Breceptors(51).Inthecaseofs/shomozygotes,reuptakeof
5HT is decreased (105), possibly leading to increased extracellular 5HT, which results in
increasedautoreceptormediatedinhibitionof5HTsynthesis.Accordingly,5HTsynthesis
is relatively more dependent on tryptophan availability. Consequently, at low tryptophan
levels, the intracellular stores of serotonin may become depleted to some extent in the s/s
homozygotesandthiscouldalsoimpairtheneurotransmissionofserotonin.Conversely,in
times when tryptophan is abundant, s/s homozygotes may have an additional advantage,
becauseofhigherextracellularserotoninlevelsthatsynergisyticallysupporttheefficacyof
5HTneurotransmission.
The carcinoid patients were selected based on elevated serotonin production. In these
patients,thetumorproduceshighlevelsof5HTdrainingonthetryptophanpoolgoingfar
beyondthenormalvariabilityofplasmatryptophanlevels(134;166;284).Usingthissample
ofpatients,wearethefirsttoevaluatetheeffectofthe5HTTLPRincombinationwithlong
lasting tryptophan depletion. The results of the present study help to clarify previous
results. For example, during ATD studies in individuals with a history of MDD, most
deterioration in mood is observed in l/l homozygotes. The effect of ATD in individuals
withoutahistoryofMDDissmallerandmorepronouncedchangesinanxiety,impulsivity
and motivation rather than mood are observed which are associated with an s/s genotype
(for review: (345)). These results fit well in the hypothesis suggesting a general behavior
modulating function of the brain serotonin system (55). Also in our previous studies in
carcinoidpatientsandinanimalexperiments,decreasedtryptophanavailabilityresultedin
ahighersensitivitytostressobservedinbothphysiologyandbehavior(chapter2,chapter6).
A relatively unexpected observation was that s/s homozygotes with relatively normal
plasma tryptophan levels tended to report less increase in psychopathology than s/l or l/l
subjects. Most studies only focus on the negative influences of the environment on the
development of psychopathology. Interestingly, two studies that included positive
environmental factors suggest that individuals with the 5HTTLP s/s phenotype also have
more benefits from positive events and social support (346;347). This suggests that the s/s
genotype is not just a “vulnerability” gene, but renders its carriers more sensitive and
reactive to life circumstances in general (345). This would also explain the lack of a direct
association between 5HTTLPR polymorphism and psychopathology in an unselected
population(337).
The study has a few limitations. Because carcinoid tumors are rare, the study sample was
relatively small. However, according to our a priori power calculations, a sample of 41
patientshadsufficientpowertodetectthepredictedinteractioneffect.Moreover,inapost
hoc power analysis using the actual prevalence and effect size found in our sample, we
foundthatinthisspecificsamplewehad76%powertodetectthisinteractioneffect.Inother
words, the relatively small sample size appears to be balanced with the relatively large
interactioneffectthatweanticipated.Still,aconsequenceoftherelativelysmallsamplewas
thatwewerenotabletodistinguishbetweenmalesandfemales,whileinpreviousstudiesis
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shownthatmalesandfemalesmayreactdifferenttotryptophandepletion(66).
Second,unlikestudiesexploringtheeffectsofpredictabletryptophandepletionforexample
during interferontreatment (116;317), we had to rely on retrospective assessments of
subjects on changes in psychopathological symptoms. This may have been biased by
memory limitations. Although this may have resulted in more error variance, we do not
expect this to have had a major impact on the estimation of the interaction effect per se.
Also, blood for tryptophan measurements was sampled under nonfasting conditions,
which may result in larger variability. Still, such possible variability did not hinder to
observe some highly significant relationships. Moreover, dietary intake does not influence
plasmalevelsoftryptophanintheextentthatisseenincarcinoidpatients(47;283).
Inconclusion,thepresentstudysuggeststhatpatientswithans/sallelesaremoresensitive
to plasma tryptophan levels than patients with either s/l or l/l alleles. This effect was not
specifically related to either depression or any other SCL90 subscale. These results are
foundinarelativelysmallsample,sothestudyshouldbereplicatedinalarger,preferably
prospective,sample.
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