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Abstract

Romantic relationship satisfaction (RRS) is important for mental/physical health but varies greatly across individuals. To
date, we have known little about the biological (genetic and neural) correlates of RRS. We tested the hypothesis that the
serotonin transporter promoter polymorphism (5-HTTLPR), the promoter region of the gene SLC6A4 that codes for the sero-
tonin transporter protein, is associated with individuals’ RRS. Moreover, we investigated neural activity that mediates 5-
HTTLPR association with RRS by scanning short-short (s/s) and long-long (l/l) homozygotes of 5-HTTLPR, using functional
MRI, during a Cyberball game that resulted in social exclusion. l/l compared with s/s allele carriers reported higher RRS but
lower social interaction anxiety. l/l compared with s/s carriers showed stronger activity in the right ventral prefrontal cortex
(RVPFC) and stronger functional connectivity between the dorsal and rostral ACC when being excluded from the Cyberball
game. Moreover, the 5-HTTLPR association with RRS was mediated by the RVPFC activity and the 5-HTTLPR association
with social interaction anxiety was mediated by both the dorsal–rostral ACC connectivity and RVPFC activity. Our findings
suggest that 5-HTTLPR is associated with satisfaction of one’s own romantic relationships and this association is mediated
by the neural activity in the brain region related to emotion regulation.
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Introduction

Mutually voluntary interactions between romantic partners
constitute one of the most important interpersonal relation-
ships in humans. Psychology and medical care research has
shown that higher romantic relationship satisfaction (RRS) is
associated with greater relationship stability and lower rates of
relationship dissolution (Gottman and Levenson, 1992). Higher
RRS also predicts higher levels of well-being and mental/phys-
ical health (Prigerson et al., 1999). It is thus of wide interests to
investigate what psychological traits influence RRS. Meta-
analyses have revealed that greater RRS is associated with
higher emotional stability, agreeableness, conscientiousness,
extraversion and openness (Heller et al
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insula (AI) in the short than the long variant of 5-HTTLPR (Hariri
et al., 2002; Canli et al., 2005; Heinz et al., 2005; Ma et al., 2014).

Recent behavioral research has suggested an association be-
tween the 5-HTTLPR and individuals’ affective responses
related to marital partners. For example, Schoebi et al. (2012)
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relationship for the current fMRI experiment, including 24
homozygotes for the l allele (l/l genotype group) and 24 homozy-
gotes for the s allele (s/s genotype group). All were screened
again regarding their romantic relationships before fMRI scan-
ning and 6 participants reported to be out of romantic relation-
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Trust Centre for Neuroimaging, London, UK). In order to
compensate for delays associated with acquisition time differ-
ences between slices during the sequential imaging, the func-
tional data were first time-corrected. Then the functional
images were realigned to the first scan to correct for head mo-
tion between scans. All images were then spatially normalized
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game. We also conducted whole-brain interaction analyses to
examine distinct patterns of neural activity to social exclusion
and social inclusion in the two genotype groups. This revealed
that the contrasts of exclusion vs inclusion disclosed stronger
activation in the RVPFC (x/y/z ¼ 44/52/14) in l/l compared with s/
s carriers (Figure 2A), suggesting a reliable genotype difference
in the neural activity in the brain region that is associated with
emotion regulation.

Next we estimated whether the neural activity in the brain
regions related to distressed feeling (e.g. RAI), conflict monitor-
ing (e.g. dACC) and emotion regulation (e.g. RVPFC) can predict
individuals’ RRS. We first extracted parameter estimates of sig-
nal intensity from all participants in the ROIs of the dACC, RAI

and RVPFC that were defined independently based on the previ-
ous study of social exclusion (Eisenberger et al., 2003). Repeated
measure analyses of variance (ANOVAs) with Engagement
(Exclusion vs Inclusion) as a within-subjects variable and
Genotype (s/s vs l/l carriers) as a between-subjects variable were
then conducted on the signal intensity in these brain regions.
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P ¼ 0.12, g2 ¼ 0.06, Figure 2B]. ANOVAs of the RVPFC activity re-
vealed greater activation during social exclusion than social in-
clusion [F(1,40) ¼ 10.83, P< 0.005, ES ¼ 0.35, 95% CI: [0.24, 0.46],
g2 ¼ 0.21]. Moreover, the RVPFC activity related to social exclu-
sion was significantly stronger in l/l compared with s/s carriers
[F(1,40) ¼ 5.50, P ¼ 0.02, g2 ¼ 0.12, Figure 2B].

To investigate whether the RVPFC activity due to social ex-
clusion mediated the genotype difference in RRS, we first con-
ducted a regression analysis with individuals’ RRS as the
criterion variable and the RVPFC activity as predictor variables
across all participants. The results indicated that the RVPFC ac-
tivity significantly predicted self-report RRS [r(42) ¼ 0.62,
P< 0.001, Figure 2C],
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increased functional connectivity between the dACC and pre-/
post-central gyrus (x/y/z ¼ 18/�20/74, Z ¼ 4.29; x/y/z ¼ 26/�42/74,
Z ¼ 3.81; Figure 3B), suggesting greater involvement of the sen-
sory and motor cortices when being included in the game. In
contrast, relative to social inclusion, social exclusion increased
functional connectivity between the dACC and bilateral STS
(right STS: x/y/z ¼ 58/�50/26, Z ¼ 4.31; left STS: x/y/z ¼ �64/�48/
12, Z ¼ 4.00) and between the dACC and left cerebellum (left
cerebellum: x/y/z ¼ �24/�76/�20, Z ¼ 4.09, Figure 3C).

A two-sample analysis of the contrast of exclusion vs inclu-
sion further revealed stronger functional connectivity between
the dACC and rACC (x ¼ 12, y ¼ 48, z ¼ 4, Z ¼ 3.81) in l/l than in s/s
carriers (Figure 3D). To assess whether the dACC-rACC connect-
ivity during social exclusion predicted individuals’ RRS and so-
cial interaction anxiety, we conducted a regression analysis
with RRS and social interaction anxiety as the criterion variable
and the dACC-rACC connectivity as predictor variables.
The dACC-rACC connectivity only significantly predicted

Fig. 2. Genetic differences in the RVPFC activity. (A) The whole-brain analysis revealed stronger RVPFC activity in response to social exclusion in l/l than in s/s allele

carriers. (B) The results of ROI analyses. (C) The RVPFC activity during social exclusion predicted individuals’ RRS. (D) Illustration of the mediation effect. The effect of

genotype on relationship satisfaction was significantly reduced when the RVPFC activity during social exclusion was included in the regression model. (E) The RVPFC

activity during social exclusion predicted individual’s social interaction anxiety. (F) Illustration of the mediation effect. The effect of genotype on social interaction anx-

iousness was significantly reduced when the RVPFC activity during social exclusion was included in the regression model.

S. Luo et al. | 343

 at Peking U
niversity on February 2, 2016

http://scan.oxfordjournals.org/
D

ow
nloaded from

 

x/y/z
-
x/y/z
-
-
x/y/z
-
-
x/y/z
-
-
-
.
rostral ACC (
)
-
&ndash;
-
&ndash;
-
&ndash;
http://scan.oxfordjournals.org/


individuals’ social interaction anxiety [r(48) ¼ �0.43, P< 0.003],
individuals with a stronger dACC-rACC connectivity showed
lower social interaction anxiety. To further test whether the
dACC-rACC connectivity mediated the association between
genotype and social interaction anxiety, we conducted a medi-
ation regression analysis where both 5-HTTLPR genotype and
dACC-rACC connectivity were included as predictors of social
interaction anxiety. We found that the dACC-rACC connectivity
remained a reliable predictor (b ¼ �0.41, P< 0.02) whereas the 5-
HTTLPR effect decreased significantly (from b ¼ �0.25 to �0.05;
Figure 3E). We also conducted the bootstrap analysis to confirm
that dACC-rACC connectivity was a significant mediator vari-
able of the relationship between 5-HTTLPR genotype and social
interaction anxiety. There was a significant reduction in the dir-
ect relation between 5-HTTLPR genotype and social interaction
anxiety (95% CI: �7.5373 to �0.1294; P< 0.05, as tested by a bias-
corrected bootstrapping procedure). A similar regression of me-
diation on 5-HTTLPR genotype, dACC-rACC connectivity and
RRS revealed that, although there was a significant correlation
between RRS and dACC-rACC connectivity [r(42) ¼ 0.41, P< 0.01],
the 5-HTTLPR association with RRS did not change significantly
when dACC-rACC connectivity was included (from b ¼ 0.41 to
0.27). The bootstrap analysis failed to find significant reduction
in the direct relation between 5-HTTLPR genotype and individ-
uals’ RRS (95% CI: �0.0351 to 3.7044; P> 0.05).
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sess the specificity of the association between the RVPFC aAfou101 (m-1.595 -10ela-348.4 (an6nducte222.an6nalysiS)-3a-36(mediapt)-ictor-36(essior)-43984s-36(7.1 (w-371.6.9 (e)-347 (c6(7.cial)-oan6n6 (was)i)-13 (d-)]TJ
0 -1.model-262.1 (hn)-297.6.27)222)-26essions)-26e(in)-2617 (pindepende(sign
[(1ior)-43984:ignifi6RRS))-127)i0 Tgni0tweee)-309.27.5 (oa8.9 (co,97.6.27)S))-127)ii0 T4 (socialn)-472.1 (d35306.4C)-478.9 (co,)-12.1(RRS)iii0 T9.8 (sionptim01.7  (oism,.7 (d)S))-127)iv0 T9.87.ciaself-)-28em,.7 (9luded)v0 T9.8 -10elifeT4 (socials17 sfT*
[(i, (geno(RRS)vi0 T9.3alysigende.2 (33otype)-348.4 (an)37)S)).1(RRvii0 T9.3[(sesage.T9.3[( (5-hy)-124.7 (omodel-2334ediapt)-ict20.8 
[(ls’)4 (socialacross)-26onshi4 T-248.5 (tpart.9 p (ss)-273o(RRS)1 (3.7044;)]TJ
/ootn
[1 Tf
0.7R81 0 Td
(>)Tj
/soc9.3dACC)4.999:)](di2204 9.246]TJTm
(247 0 Td
(b)Tj
/7.4999dACC)7.4999d1 ((858 CC-17-)]Tm
(257 0 Td
(¼)Tj
/T1_0 1 Tf
0.93750,d
(0.1294;)Tj
/T1_567 Tf
8.0732 0 Td
2P)Tj
/T1_3 1 Tf
0.7257 0 Td
(¼)Tj
/T1_0 1 Tf
0.9373ly))-30nally)256 lsTa-348stedl-261.3( (55)i)-13 3 3 1 k
((16 Tf
0.93 Td
[2elatioStepwiseTgni0t10elin-405.3 (fa023)-3 (fou10.93e4.2 5nalysie)-415.1 (re513 (Ahow20.8(16hough)at2 5n48steonTd
[5similan)-26506eee)-309.5n48VPFC)-32i
[(Finalvi)-10(therS)1 (3.7044m)]TJ
/ (t 
[4Tc 26.1547 0 Td
(b)Tj
/T1_3 1 Tf
0.7257 0 Td
(¼)Tj
/T1_0 1 Tf
0.37362,d
(0.1294;)Tj
/,)Tj9969]TJ
-1.595 -0732 03 3 3 rg0 Td
(P)Tj
/T1_3 1 Tf
0.7181 0 Td
(<)Tj
/T1_0 1 Tf
0.9373ly)0 T983notypmad-268
[(lsaT9834 (a)-357.8 (significa)-83no8.4C)-tribu7 (ass84uded)a boot6.4Cance41,>iTm
(247 07.4999dACC)7.4999dgres1558 407.6534 Tm
(t)-291,d
(0.1294;)Tj
/9.3481 Tf
8.0732 0 Td
(P)Tj
/T1_3 1 Tf
0.7181 0 Td
(>)Tj
/T1_0 1 Tf
0.93730 Td8.5 (tfor-34637 (of)-31453o(RRoh)-3-3464ssior)-43984s Td
[4notyA Td8.5 (tsimila3-3461otypm)-403.1 (mi0tysie)-405.3 5.903TJ
-27.8177 -1.-415.1 (re27no(RRn)-406.2 (280(hn)-297.7ltiple)-31T-247.27)i)-34T*
[(i-247.26ype)-348.4 xieconne7(theras)-273o5(in)-2617 (pincri-348ste-34.3 (reduocialr)-43984 (28[(lswas)-27no8.4C)-d51.2 (505.7 (c276ailed)-3276a8inde-34min4 (28 (TLPn)-261748stee)-308.9 (spe28 (4ity)-3ACC-7LPn)-261748stethe)-12.1 (ntly)]TJ
0.000103.6 (asso70t10en)-320.6 nifhen)-472.1 (d.6.23.4C)-478.9 ((bo.1 (h(spe2(9l9ype)-34824 (an2(9luded)-342du(sign8hi4 4 TD
[(u6on9ple)-31T-i)-13 f
0.tion)]TJ
0 -1.4-34T*
[(i-268.56ype)xieco.an653o7(5-hy)-164.5 (tmodel-265.4 (tpt)-ict20.8656 lse)-31T-264iatio.4-34T*(bootTLPn.3 (reduction)]TJ
0 -1.e)xieco.8 
4824 S)1 (3.7044;)]TJ
/ (T011 Tf
0.4R81 0 Td
(>)Tj
/soc9.3dACC)4.999:)(bet94-)].8 (s00TJTm
(247 0 Td
(b)Tj
/7.4999dACC)7.4999d3 (cif9)(bet1558 Tm
(257 0 Td
(¼)Tj
/T1_0 1 Tf
0.93743,d
(0.1294;)Tj
/T15399dAC
8.0732 0 Td
2P)Tj
/T1_3 1 Tf
0.7257 0 Td
(¼)Tj
/T1_449 Tf
0.9373ly), (ge3o7(5-3984 (-8.124 6)i)-13 3 3 1 k
[imila Td
[(4ia8ioStepwiseTgge3o90eline01.7yper-124.74sie)-415.1 (r05.3 (736281 TJ
-1.595 -1.3how20.82910eno-29738.5 (tn)-2619 (TLPe)-309.50.56ype8.9 (co9.503824 S)1 (3.7044m)]TJ
/16ho30 1 Tf
01547 0 Td
(b)Tj
/T116 1 f
0.1_3 1 Tf
0.7257 006 0 Td
(�)Tj
/T f
0 (p084 Tf
0.93744,d
(0.1294;)Tj
/T1_945dAC
8.0732 03 3 3 rg0 Td
2P)Tj
/T1_3 1 Tf
0.7257 0 Td
(¼)Tj
/T1tly31 f
0.1_0 1 Tf
0.9373ly)-308io)0 T9292ssion)0.829fi6RRn)-47-i)-13 f
0-2gn813)]TJ
-1.595 -1.2.1 (d.8iatioC)-478.9 (co.829927)S)3.7044m b

�0.1294;

(
-
p
<
)
-
&ndash;
-
&ndash;
-
&ndash;
-
&ndash;
-
p
<
-
&beta;&equals;
-
-
&ndash;
Confidence Interva
l
-
-
p
<
-
&ndash;
-
&ndash;
(
p
<
)
-
&ndash;
&beta;&equals;
;
Confidence Interval
-
p
>
1
2
-
&ndash;
3
4
5
6
,
7
p
p
<
p 
>
-
&ndash;
p
-
p
-
&ndash;
-
p
<
p
>
e current
; 
the current
to 
http://scan.oxfordjournals.org/


was much smaller than the previous behavioral studies (Lesch
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Interestingly, the RVPFC activity did not specifically mediate
the association between 5-HTTLPR and RRS. We also found that
the RVPFC activity negatively predicted self-report of social
interaction anxiety and was a reliable predictor of the associ-
ation between 5-HTTLPR and individuals’ disposition related to
social anxiety. Thus it is likely that the neural activity in the
brain region related to emotion regulation plays a general role
in mediating genetic (e.g. 5-HTTLPR) influences on human af-
fective states related to romantic relationships, though the pat-
terns of the mediation effects could be different depending on
affective valence (e.g. satisfaction vs anxiety). The previous re-
search reported both increased amygdala activity in response to
negative environmental stimuli (Hariri et al., 2002; Canli et al.,
2005; Heinz et al., 2005; Ma et al., 2015) and increased dACC/AI
activity in response to one’s own negative personality traits in
s/s allele carriers than l/l carriers (Ma et al., 2014). There was
also evidence for increased functional connectivity between the
medial prefrontal cortex and amygdala but decreased func-
tional coupling between the ventral ACC and amygdala in s al-
lele carriers than l/l carriers (Heinz et al., 2005; Pezawas et al.,
2005). These findings have been used to interpret genetic differ-
ences in susceptibility for anxiety and depression. Our findings
complement the previous findings by suggesting that the
increased RVPFC—a brain region typically involved in regulation
of emotion (Ochsner and Gross, 2005)—may contribute to l/l car-
riers’ low risk for mood disorder during social interactions. In
addition, as the RVPFC activity mediated the 5-HTTLPR associ-
ations with both RRS and trait anxiety, this brain region may
play a general functional role in mediating the association be-
tween emotion regulation and individuals’ well-being (Gross
and John, 2003).

Our fMRI results found that the RVPFC was the only neural
mediator of the association between 5-HTTLPR and RRS but was
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a long-lasting task engaged in negative emotion, the 5-HTTLPR
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