


One key determinant of individual differencesmay lie in genetic var-
iation of the serotonin transporter (5-HTT), a monoamine transporter
protein that returns serotonin (5-HT) from the synaptic cleft to the pre-
synaptic neuron. 5-HTT is thought to play a key role in nociceptive pro-
cessing, as evidenced by 5-HTT knockout rodent studies and human
studies (Vogel et al., 2003; Palm et al., 2008; Kupers et al., 2009, 2011;
Lunn et al., 2015). For example, 5-HTT knockoutmice, which are consid-
ered to be a model of lifelong selective serotonin reuptake inhibitor
(SSRI) treatment (Bengel et al., 1998; Lesch and Heils, 2000), show
reduced sensitivity to thermal pain (Vogel et al., 2003; Palm et al.,
2008). A genetic polymorphism in the upstream promoter region of
5-HTT (5-HTTLPR), which has a short (s) and a long (l) variant, has
been associatedwith variation in both clinical pain disorders and exper-
imental pain (Cohen et al., 2002; Marziniak et al., 2005). The variants of
the 5-HTTLPR affect the expression, transcriptional activity and function
of 5-HTT, with l/l (compared to s/s) homozygotes exhibiting increased
5-HTT expression (Lesch et al., 1996). l/l homozygotes are more sensi-
tive to experimental pain relative to s-allele carriers (Palit et al., 2011;
Lindstedt et al., 2011). Moreover, serotonergic drugs, such as SSRIs,
have been used for multiple pain conditions (Sindrup et al., 1992; Otto
et al., 2008; Lee and Chen, 2010; Lunn et al., 2015), including post-
stroke pain, fibromyalgia, and neuropathic pain, though the clinical out-
comes of SSRI treatment of neuropathic pain were generally modest
(Finnerup et al., 2015).

Thesefindings suggest an important relationship between5-HTTLPR
and pain, but the implications for pain treatment and underlying brain
mechanisms remain unclear. Do people of different 5-HTTLPR geno-
types respond differently to serotonergic treatments for pain? And, if
so, what neural mechanisms underlie this interaction between geno-
type and treatment? To solve these issues is critical for understanding
how individual differences in serotonin genetics modulate the efficacy
of SSRI drug, which has important implications for the personalization
of pain treatment.

The current work combined genetics, pharmacology, and neuroim-
aging during painful electrical stimulation to elucidate the neurobiolog-
ical mechanisms through which 5-HTTLPR affects pain perception and

pain treatment. Citalopram is a highly selective SSRI that selectively
blocks 5-HTT activity and is associated with antinociceptive effects
(Gatch et al., 1998). In a double-blind, placebo-controlled within-
subjects crossover design, we acutely administrated 30 mg citalopram,
a typical dose used in previous studies (Nandam et al., 2011;
Mandrioli et al., 2012; Ma et al., 2015), or placebo to s/s and l/l 5-
HTTLPR homozygotes in separate sessions during functional MRI
when participants anticipated and received painful and non-painful
electric stimulations (Fig. 1). This pharmacogenetic neuroimaging ap-
proach allowed us to examine whether and how one's genetic makeup
influenced the citalopram efficacy. Numerous neuroimaging studies
have consistently shown that brain regions such as the thalamus, insula,
midcingulate cortex (MCC), supplemental motor area (SMA) and pri-
mary somatosensory cortex encode the intensity of nociceptive stimuli
and mediate pain sensation (Peyron et al., 2000; Apkarian et al., 2005;
Tracey and Mantyh, 2007; Atlas et al., 2014). In addition, researchers
have identified a specific fMRI-based multivariate pattern within and
across those regions that discriminates physical pain from social pain,
pain anticipation and pain recall with high sensitivity and specificity
(Wager et al., 2013, N





100-Hz train of 0.5 ms electrical pulses with a duration of 3 s. The cur-
rent intensity for ‘non-painful’ and ‘painful’ shocks was determined on
an individual basis. Shocks, starting from0.2mA,were applied to partic-
ipants and were repeated, raising 0.2 mA each time. The current inten-
sity of the shock, to which participants answered “yes” to the question
“can you feel this shock?”, defined the sensory threshold. Experimenter
raised the intensity and asked “is this shock painful?” Pain threshold
wasdefined as the intensity of the shock towhich participants acknowl-
edged pain. Pain tolerance threshold was set at the maximum level of
current intensity that participants could tolerate by answering “no” to
the question “can you tolerate a stronger shock?” (see Table S2 for the
stimuli intensity for the sensory and pain tolerance thresholds). The
current intensities of sensory threshold and pain tolerance threshold
were used as ‘non-painful’ and ‘painful’ stimulation during scanning, re-
spectively (see Supplementary Methods for details about adjusted sen-
sory and pain tolerance thresholds).

2.5. Imaging parameters

Functional imageswere acquired using 3.0-Tesla Siemens-Trio at the
Beijing MRI Center for Brain Research. Blood oxygen level dependent
(BOLD) gradient echo planar images were obtained using a 12-
channel head coil (64 × 64 × 32matrix with 3.75 × 3.75 × 5.0 mm spa-
tial resolution, repetition time (TR) = 2000 ms, echo time (TE) =
30 ms, flip angle (FA) = 90°, field of view = 24 × 24 cm) during the
pain task. A high-resolution T1-weighted structural image
(256 × 256 × 144 matrix with a spatial resolution of 1 × 1 × 1.33 mm,







reports. If so, themeasurement of baseline pain-related brain responses
can be useful in predicting treatment efficacy and guiding treatment de-
cisions. More importantly, we were interested in whether such predic-
tion was moderated by the 5-HTTLPR genotype, which may also be a
critical factor. Brain sensitivity to painful stimulation, genotype, and
their interaction, were entered as regressors for the regression analyses
of the treatment efficacy.

These analyses showed that the relationship between cerebellum/AI
sensitivity to painful shocks under placebo and the treatment efficacy
was signi





indicate a lack of 5-HTTLPR and citalopram influences on affective states
or pain reports in general. It is possible that the effect of single doses of
citalopram on subjective feeling was subtle and unable to be picked up
with the current sample size. The strong pain stimulation may also lead
to limited variability in pain-reports between placebo and citalopram
sessions. Although there is no overall genotype/treatment effect on sub-
jective pain reports, AI/cerebellum activity and NPS responses to pain
predicted individual differences in the citaloprameffect on pain reports.
In addition, the pattern of neural responses and subjective reports dur-
ing pain showed the samedirection (i.e., l/l, relative to s/s, homozygotes
showed stronger citalopram effect on neural responses and subjective
reports during pain).

Pain is a multidimensional experience, involving sensory-
discriminative, affective-motivational and cognitive components
(Peyron et al., 2000; Bushnell et al., 2013). The contralateral thalamus,
SI/SII, and posterior insula underlie pain sensation and encode intensity
of pain stimuli (Peyron et al., 2000; Bushnell et al., 1999; Ostrowsky
et al., 2002; Apkarian et al., 2005). The medial thalamus, MCC, AI and
cerebellum mediate pain-related affective processes of pain, for exam-
ple, pain-related unpleasantness is associated with activity in the MCC,
AI and cerebellum (Rainville et al., 1997; Singer et al., 2004; Craig,
2011; Bushnell et al., 2013) whereas activity increases in the thalamus
reflect a general arousal reaction to pain (Peyron et al., 2000). The pos-
terior parietal and prefrontal cortices play key roles in cognitive-
evaluative aspects of pain experience (Peyron et al., 2000; Bushnell
et al., 1999). To date, little is known about whether the activities in dif-
ferent regions of the pain-related network are similarlymodulated by 5-
HTT. Our findings revealed that the interaction between serotonergic
genotype and drug influenced the thalamus, AI, MCC, cerebellum and
SMA activity but did not produce significant effects on the SI, SII, PI
and parietal activity to pain, suggesting that 5-HTT plays a more impor-
tant role in enhancing motor-related and affective (relative to sensory
or cognitive) processes during pain experience.

In line with this result, we found that the interaction between 5-
HTTLPR genotype and individual's baseline neural response to pain
was a good predictor of the potential analgesic effect of citalopram.
Stronger baseline cerebellum/AI activity to painful shocks (without
treatment) predicted greater citalopram-induced subjective pain-
report reduction in l/l homozygotes. This effect was mainly observed
in the AI, cerebellum, and MCC (to a less extent, as the interaction be-
tween 5-HTTLPR genotype and baseline MCC activity only marginally
predicted citalopram effect on pain reports, β = 0.29, p = 0.072).
These regions are implicated in the affective and motor-related compo-
nent of pain (Peyron et al., 2000; Moulton et al., 2010; Bushnell et al.,
2013). Expectation of pain activated themedial frontal, AI,MCC and cer-
ebellum(Ploghaus et al., 1999; Chua et al., 1999), and observing another
individual in pain activated AI, MCC, cerebellum and brainstem (Singer
et al., 2004; Jackson et al., 2005; Xuet al., 2009).Moreover, these regions
are particularly important for the subjective experience of pain,
encoding subjectively perceived pain intensity (Peyron et al., 2000;
Koyama et al., 2005; Baliki et al., 2009) and are sensitive to inter-
individual differences (Coghill et al., 2003; Coghill, 2010). Consistently,
we showed that interaction between 5-HTTLPR and baseline NPS values
predicted citalopram effect on pain report. Given that the NPS pattern
mainly reflects sensory and affective aspects of pain (Wager et al.,
2013; Woo et al., 2015), these findings together suggest that neural ac-
tivity in the affective node of the pain network provides a good predic-
tion of individual differences in citalopram effect on subjective pain
reports, with the prediction directions depending on the 5-HTTLPR
genotype.

The brain activity pattern observed in ourwork duringpain anticipa-
tion was different from the previous report of greater neural activity in
response to acute stress induced by pain anticipation in s/s than l allele
carriers of 5-HTTLPR (Drabant et al., 2012), which was apparently dif-
ferent from our results of absence of genotype differences in brain activ-
ity during pain anticipation and the stronger neural activity during

experiencing pain in l/l compared to s/s homozygotes. There were sev-
eral factors that might induce the difference in fMRI results across the
studies. First, it has been recognized that, although a similar neural net-
work is shared by anticipation of pain and experience of pain, the neural
activity activated during experiencing pain and anticipation of pain can
show distinct patterns in the same brain region (e.g., insular cortex and
cerebellum, Ploghaus et al., 1999). Similar to Drabant et al. (2012), our
previous studies found that s/s compared to l/l homozygotes exhibit
greater neural responses to threatening signals such as fearful faces
(Ma et al., 2015) and reflection on one's own undesirable personality
traits (Ma et al., 2014a). In contrast, l/l homozygotes compared to s-
allele carriers are more sensitive to pain stimulation (Palit et al., 2011;
Lindstedt et al., 2011) and showed hyperactivity within the pain-
related network when experiencing physical pain (current work).
Therefore, it is likely that 5-HTTLPRmay produce distinct effects on neu-
ral activity in response to acute stress induced by anticipation and expe-
rience of physical pain. Second, there was a key difference in the design
of anticipation of pain between Drabant et al. (2012) and the current
work. In our study, an electrical shock followed each cue. This design
did not engage uncertainty of pain stimulations and thus might reduce
the fear and stress related to pain stimulation. In order to maximally in-





Long, H., Liu, B., Hou, B., Wang, C., Li, J., Qin, W., Wang, D., Zhou, Y., Kendrick, K., Yu, C.,
Jiang, T., 2013. The long rather than the short allele of 5-HTTLPR predisposes Han Chi-
nese to anxiety and reduced connectivity between prefrontal cortex and amygdala.
Neurosci. Bull. 29, 4–15.

Lötsch, J., Geisslinger, G., Tegeder, I., 2009. Genetic modulation of the pharmacological
treatment of pain. Pharmacol. Ther. 124, 168–184.

Lunn, T.H., Frokjaer, V.G., Hansen, T.B., Kristensen, P.W., Lind, T., Kehlet, H., 2015. Analge-
sic effect of perioperative escitalopram in high pain catastrophizing patients after
total knee arthroplasty: a randomized, double-blind, placebo-controlled trial. Anes-
thesiology 122, 884–894.

Ma, Y., 2015. Neuropsychological mechanism underlying antidepressant effect: a system-
atic meta-analysis. Mol. Psychiatry 20, 311–319.

Ma, Y., Li, B., Wang, C., Shi, Z., Sun, Y., Sheng, F., Zhang, Y., Zhang, W., Rao, Y., Han, S.,
2014a. 5-HTTLPR polymorphism modulates neural mechanisms of negative self-
reflection. Cereb. Cortex 24, 2421–2429.

Ma, Y., Wang, C., Li, B., Zhang, W., Rao, Y., Han, S., 2014b. Does self-construal predict activ-
ity in the social brain network? A genetic moderation effect. Soc. Cogn. Affect.
Neurosci. 9, 1360–1367.

Ma, Y., Li, B., Zhang, W., Rao, Y., Han, S., 2015. Allelic variation in 5-HTTLPR and the effects
of citalopram on the emotional neural network. Br. J. Psychiatry 206, 385–392.

Mandrioli, R., Mercolini, L., Saracino, M.A., Raggi, M.A., 2012. Selective serotonin reuptake
inhibitors (SSRIs): therapeutic drug monitoring and pharmacological interactions.
Curr. Med. Chem. 19, 1846–1863.

Marziniak, M., Mössner, R., Schmitt, A., Lesch, K.P., Sommer, C., 2005. A functional seroto-
nin transporter gene polymorphism is associatedwithmigraine with aura. Neurology
64, 157–159.

Melnikova, I., 2010. Pain market. Nat. Rev. Drug Discov. 9, 589–590.
Millan, M.J., 2002. Descending control of pain. Prog. Neurobiol. 66, 355–474.
Mogil, J.S., 1999. The genetic mediation of individual differences in sensitivity to pain and

its inhibition. Proc. Natl. Acad. Sci. U. S. A. 96, 7744–7751.
Mogil, J.S., 2009. Animal models of pain: progress and challenges. Nat. Rev. Neurosci. 10,

283–294.
Mogil, J.S., Wilson, S.G., Chesler, E.J., Rankin, A.L., Nemmani, K.V., Lariviere, W.R., Groce,

M.K., Wallace, M.R., Kaplan, L., Staud, R., Ness, T.J., 2003. The melanocortin-1 receptor
gene mediates female-specific mechanisms of analgesia in mice and humans. Proc.
Natl. Acad. Sci. U. S. A. 100, 4867–4872.

Monat, A., Averill, J.R., Lazarus, R.S., 1972. Anticipatory stress and coping reactions under
various conditions of uncertainty. J. Pers. Soc. Psychol. 24, 237–253.

Moulton, E.A., Schmahmann, J.D., Becerra, L., Borsook, D., 2010. The cerebellum and pain:
passive integrator or active participator? Brain Res. Rev. 65, 14–27.

Nandam, L.S., Hester, R., Wagner, J., Cummins, T.D., Garner, K., Dean, A.J., Kim, B.N.,
Nathan, P.J., Mattingley, J.B., Bellgrove, M.A., 2011. Methylphenidate but not
atomoxetine or citalopram modulates inhibitory control and response time variabil-
ity. Biol. Psychiatry 69, 902–904.

Norbury, T.A., MacGregor, A.J., Urwin, J., Spector, T.D., McMahon, S.B., 2007. Heritability of
responses to painful stimuli in women: a classical twin study. Brain 130, 3041–3049.

Ostrowsky, K., Magnin, M., Ryvlin, P., Isnard, J., Guenot, M., Mauguiere, F., 2002. Represen-
tation of pain and somatic sensation in the human insula: a study of responses to di-
rect electrical cortical stimulation. Cereb. Cortex 12, 376–385.

Ota, M., Fukushima, H., Kulski, J.K., Inoko, H., 2007. Single nucleotide polymorphism de-
tection by polymerase chain reaction-restriction fragment length polymorphism.
Nat. Protoc. 2, 2857–2864.

Otto, M., Bach, F.W., Jensen, T.S., Brøsen, K., Sindrup, S.H., 2008. Escitalopram in painful
polyneuropathy: a randomized, placebo-controlled, cross-over trial. Pain 139,
275–283.

Palit, S., Sheaff, R.J., France, C.R., McGlone, S.T., Potter, W.T., Harkness, A.R., McNulty, J.L.,
Bartley, E.J., Hoffmann, R., Monda, J.K., Rhudy, J.L., 2011. Serotonin transporter gene
(5-HTTLPR) polymorphisms are associated with emotional modulation of pain but
not emotional modulation of spinal nociception. Biol. Psychol. 86, 360–369.

Palm, F., Mössner, R., Chen, Y., He, L., Gerlach, M., Bischofs, S., Riederer, P., Lesch, K.P.,
Sommer, C., 2008. Reduced thermal hyperalgesia and enhanced peripheral nerve in-
jury after hind paw inflammation in mice lacking the serotonin-transporter. Eur.
J. Pain 12, 790–797.

Peyron, R., Laurent, B., García-Larrea, L., 2000. Functional imaging of brain responses to
pain. A review and meta-analysis (2000). Neurophysiol. Clin. 30, 263–288.

Pezawas, L., Meyer-Lindenberg, A., Drabant, E.M., Verchinski, B.A., Munoz, K.E., Kolachana,
B.S., Egan, M.F., Mattay, V.S., Hariri, A.R., Weinberger, D.R., 2005. 5-HTTLPR polymor-
phism impacts human cingulate-amygdala interactions: a genetic susceptibility
mechanism for depression. Nat. Neurosci. 8, 828–834.

Ploghaus, A., Tracey, I., Gati, J.S., Clare, S., Menon, R.S., Matthews, P.M., Rawlins, J.N., 1999.
Dissociating pain from its anticipation in the human brain. Science 284, 1979–1981.

Rainville, P., Duncan, G.H., Price, D.D., Carrier, B., Bushnell, M.C., 1997. Pain affect encoded
in human anterior cingulate but not somatosensory cortex. Science 277, 968–971.

Riley, J.L.I., Robinson, M.E., Wise, E.A., Price, D.D., 1999. A meta-analytic review of pain
perception across the menstrual cycle. Pain 81, 225–235.

Rocha, A., Marques, M.P., Coelho, E.B., Lanchote, V.L., 2007. Enantioselective analysis of
citalopram and demethylcitalopram in human and rat plasma by chiral LC-MS/MS:
application to pharmacokinetics. Chirality 19, 793–801.

Serretti, A., Kato, M., De Ronchi, D., Kinoshita, T., 2007. Meta-analysis of serotonin trans-
porter gene promoter polymorphism (5-HTTLPR) association with selective seroto-
nin reuptake inhibitor efficacy in depressed patients. Mol. Psychiatry 12, 247–257.

Sindrup, S.H., Bjerre, U., Dejgaard, A., Brøsen, K., Aaes-Jørgensen, T., Gram, L.F., 1992. The
selective serotonin reuptake inhibitor citalopram relieves the symptoms of diabetic
neuropathy. Clin. Pharmacol. Ther. 52, 547–552.

Singer, T., Seymour, B., O'Doherty, J., Kaube, H., Dolan, R.J., Frith, C.D., 2004. Empathy for
pain involves the affective but not sensory components of pain. Science 303,
1157–1162.

Stening, K., Eriksson, O., Wahren, L., Berg, G., Hammar, M., Blomqvist, A., 2007. Pain sen-
sations to the cold pressor test in normally menstruating women: comparison with
men and relation to menstrual phase and serum sex steroid levels. Am. J. Phys.
Regul. Integr. Comp. Phys. 293, R1711–R1716.

Tracey, I., Mantyh, P.W., 2007. The cerebral signature for pain perception and its modula-
tion. Neuron 55, 377–391.

Tsai, S., Hong, C., Cheng, C., 2002. Serotonin transporter genetic polymorphisms and harm
avoidance in the Chinese. Psychiatr. Genet. 12, 165–168.

Vogel, C., Mössner, R., Gerlach, M., Heinemann, T., Murphy, D.L., Riederer, P., Lesch, K.P.,
Sommer, C., 2003. Absence of thermal hyperalgesia in serotonin transporter-deficient
mice. J. Neurosci. 23, 708–715.

Wager, T.D., Rilling, J.K., Smith, E.E., Sokolik, A., Casey, K.L., Davidson, R.J., Kosslyn, S.M.,
Rose, R.M., Cohen, J.D., 2004. Placebo-induced changes in FMRI in the anticipation
and experience of pain. Science 303, 1162–1167.

Wager, T.D., Atlas, L.Y., Lindquist, M.A., Roy, M., Woo, C.W., Kross, E., 2013. An fMRI-based
neurologic signature of physical pain. N. Engl. J. Med. 368, 1388–1397.

Watson, D., Clark, L.A., Tellegen, A., 1988. Development and validation of brief measures of
positive and negative affect: the PANAS scales. J. Pers. Soc. Psychol. 54, 1063–1070.

Whale, R., Quested, D.J., Laver, D., Harrison, P.J., Cowen, P.J., 2000. Serotonin transporter
(5-HTT) promoter genotype may influence the prolactin response to clomipramine.
Psychopharmacology 150, 120–122.

Woo, C.W., Roy, M., Buhle, J.T., Wager, T.D., 2015. Distinct brain systems mediate the ef-
fects of nociceptive input and self-regulation on pain. PLoS Biol. 13, e1002036.

Xu, X., Zuo, X., Wang, X., Han, S., 2009. Do you feel my pain? Racial group membership
modulates empathic neural responses. J. Neurosci. 29, 8525–8529.

Zhang, K., Xu, Q., Xu, Y., Yang, H., Luo, J., Sun, Y., Sun, N., Wang, S., Shen, Y., 2009. The com-
bined effects of the 5-HTTLPR and 5-HTR1A genes modulates the relationship be-
tween negative life events and major depressive disorder in a Chinese population.
J. Affect. Disord. 114, 224–231.

Zhang, L., Liu, L., Li, X., Song, Y., Liu, J., 2015. Serotonin transporter gene polymorphism (5-
HTTLPR) influences trait anxiety by modulating the functional connectivity between
the amygdala and insula in Han Chinese males. Hum. Brain Mapp. http://dx.doi.org/
10.1002/hbm.22803.

Zondervan, K.T., Cardon, L.R., Kennedy, S.H., Martin, N.G., Treloar, S.A., 2005. Multivariate
genetic analysis of chronic pelvic pain and associated phenotypes. Behav. Genet. 35,
177–188.

196 Y. Ma et al. / NeuroImage 135 (2016) 186–196


