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Abstract
The study of functionally relevant biological effects of serotonin transporter gene promoter region
(5-HTTLPR) polymorphisms is especially important given the current controversy about the clinical
relevance of these polymorphisms. Here we report an intrinsic immunobiological difference between
individuals carrying two short (SS) versus long (LL) 5-HTTLPR alleles, that is observed in healthy
subjects reporting low exposure to life stress. Given that 5-HTTLPR polymorphisms are thought to
influence susceptibility to depression and are associated with robust neurobiological effects, that
depression is associated with higher pro-inflammatory and lower anti-inflammatory cytokines, and
that acute stressors increase circulating concentrations of pro-inflammatory cytokines, we
hypothesized that compared to LL-individuals, SS-individuals may show a pro-inflammatory bias
under resting conditions and/or during stress. 15-LL and 11-SS-individuals participated in the Trier
Social Stress Test (TSST). Serum IL-6 and IL-10 were quantified at baseline and 30, 60, 90, and 120
minutes after beginning the 20-minute stress test. Compared to LL-individuals, SS-individuals
showed a higher IL-6/IL-10 ratio at baseline and during stress. Importantly, this pro-inflammatory
bias was observed despite both groups being healthy, reporting similar intensities of stress and
negative emotionality during the TSST, and reporting similar low exposures to early and recent life
stress. To our knowledge, this is the first report of a pro-inflammatory bias/phenotype in individuals
carrying the SS genotype of 5-HTTLPR. Thus, healthy SS-individuals may be chronically exposed
to a pro-inflammatory physiological burden under resting and stress conditions, which could increase
their vulnerability to disorders like depression and other diseases that can be facilitated/exacerbated
by a chronic proinflammatory state.
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Introduction
With a lifetime prevalence of over 15% (Schatzberg, 2005), major depressive disorder (MDD)
is one of the most common, and most devastating, of psychiatric disorders. Stressful life events,
especially those that involve loss or a threat to social standing, are clearly associated with MDD
onset (Brown and Harris, 1978; Kendler et al., 1995). However, most individuals faced with
such stressors recover without becoming depressed. Therefore, an important question that
remains to be answered is: What makes some people more vulnerable than others? Twin studies
show that one strong predictor of who will develop MDD after a stressful life event is the
presence of a depressed identical twin (Kendler et al., 1995). These studies support the
hypothesis that genetic factors modulate our vulnerability to life stressors, and recent work has
identified genes that may confer vulnerability to depression after stressor exposure.

One such gene is the serotonin transporter, SLC6A4. A functional polymorphism in the
promoter region of this gene (5-HTTLPR) results in a “short” allele variant (SS), with decreased
mRNA for the presynaptic serotonin transporter, and a corresponding 50% decrease in
serotonin reuptake (Lesch et al., 1996; Richell et al., 2005). Studies have shown that although
SS individuals may be no more likely than others to be diagnosed with depression overall
(Munafo et al., 2009), they may be at increased risk of developing depression after stressful
life events (Caspi et al., 2003), or chronic illness (Otte et al., 2007). Attempts to replicate these
findings have yielded both positive and negative results, and a recent, highly publicized meta-
analysis concluded that the moderation may not exist at all (Risch et al., 2009). However, many
attempts at replication of the original findings (Caspi et al., 2003) have been confounded by
inconsistent assessment of early and recent life stressors (Monroe and Reid, 2008). Studies
relying on structured interviews to assess the level of exposure to life stressors have consistently
yielded positive findings, while most negative studies have used self-report questionnaires
(Uher and McGuffin, 2007), which have been shown to have substantially less validity and
reliability (Dohrenwend, 2006). A large body of research suggests that the 5-HTTLPR SS
genotype may be a marker for stress-sensitivity more broadly: For example, SS individuals are
more likely to attempt suicide, develop PTSD, or abuse substances after life stress (Roy et al.,
2007; Kilpatrick et al., 2007; Brody et al., 2009). The association between serotonin transporter
deficiency and stress-sensitivity also holds true in studies of both non-human primates and
rodents. Infant macaques who carry the rhesus 5-HTTLPR S allele show higher emotional
distress, more agitation, and an exaggerated HPA response to maternal separation (Champoux
et al., 2002; Barr et al., 2004), while serotonin transporter deficient mice consistently show an
anxious phenotype, with exaggerated neuroendocrine and behavioral startle responses to
stressful stimuli (reviewed in Monroe et al., 2008).

Rather than focusing solely on specific negative health outcomes (such as depression) that
might result from a long-term pattern of stress-sensitivity, recent research has sought to
understand the physiologic mechanisms by which 5-HTTLPR associated health-vulnerability
might be conferred. Studies have confirmed that the S-allele is associated with robust increases
in amygdala reactivity (Hariri et al., 2005; Munafo et al., 2008), as well as with decreased
cingulate-amygdala functional coupling (Pezawas et al., 2005). This evidence suggests that
downstream effects of the S-allele, such as increased risk of depression after life stressors,
might be preceded by stereotypic alterations in brain physiology. Here we explore
psychological stress-related inflammation as another avenue by which the short allele might
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exert physiological effects that might, downstream, increase vulnerability to post-stressor
depression.

Enhanced inflammation during acute or short-term stress responses is likely to have adaptive
effects by increasing immuno-protection to defend the organism from the actions of the stressor
(e.g. wound inflicted by a predator) (Dhabhar, 2009). Healthy individuals show elevated
inflammatory cytokines during and following exposure to stress (Altemus et al., 2001; Steptoe
et al., 2007). However, vulnerable individuals, such as those suffering from depression, may
exhibit exaggerated inflammatory responses during stress (Pace et al., 2006). This is thought
to induce excessive, and potentially detrimental pro-inflammatory physiological changes that
contribute to the development of pathology. Several converging lines of evidence suggest that
depression and systemic inflammation are linked (Pollak & Yirmiya, 2002; Dantzer et al.,
2008; Miller et al., 2009; Raison et al., 2009). First, individuals with major depression have
higher levels of circulating inflammatory markers, including pro-inflammatory cytokines, than
non-depressed individuals (Tsao et al., 2006; Dantzer et al., 2008; Capuron et al., 2008; Cizza
et al., 2008). These elevations are found in both serum and cerebrospinal fluid (CSF), have
been associated with a history of treatment non-responsiveness (Maes et al., 1997), and are
known to decrease following successful treatment with SSRI (Kenis and Maes, 2002; Dantzer
et al., 2008). Second, non-depressed individuals given pro-inflammatory cytokines, both in
experimental and therapeutic contexts, develop depressive symptoms (Reichenberg et al.,
2001; Capuron et al., 2000; Miller, 2009; Miller et al., 2009; Raison et al., 2009). 20–50% of
individuals who receive long-term interferon therapy develop clinical depression, and such
depressive episodes are responsive to SSRI treatment (Capuron et al., 2002a). Third, new lines
of evidence suggest that depression may be associated not only with increases in inflammatory
cytokines such as IL-6, but also with impaired production of anti-inflammatory cytokines such
as IL-10. In healthy individuals, there is a regulated balance between pro- and anti-
inflammatory cytokines. For example, IL-6 mediates the early phase of the inflammatory
process, and then induces the release of IL-10 that exerts immuno-regulatory effects and
resolves inflammation (Daftarian et al., 1996; Ogawa, Duru, & Ameredes, 2008). It has been
hypothesized that this regulatory loop is disrupted in individuals with depression, with one
recent study showing both decreased IL-10 and an increased ratio of IL-6 to IL-10 in depressed
individuals (Dhabhar et al., 2009), resulting in an overall bias towards inflammation. Despite
these promising lines of evidence, no investigation has examined whether currently healthy
individuals who may have a genetic predisposition towards depression after life stressors (such
as SS homozygotes) show an abnormal inflammatory response to stress, with systemic
inflammatory dysfunction preceding, or contributing to, overt psychiatric symptoms.

In the present study, we examined differences between healthy SS and LL individuals in the
balance between pro- versus anti-inflammation under resting state and acute stress conditions.
We chose the Trier Social Stress Test (TSST) (Kirschbaum et al., 1993) to induce acute stress
because this test creates a controlled “real world” situation that is psychosocially threatening,
inducing the sort of social threat noted by Kendler et al. (1995) to be particularly relevant to
depression risk in genetically vulnerable subjects. We chose the ratio of circulating IL-6/IL-10
as an index of the balance between pro- and anti-inflammatory factors because it has recently
been suggested that an important and relatively under-appreciated mechanism for increased
susceptibility to depression and other diseases related to chronic inflammation may be a
disruption of the immuno-regulatory balance between pro- and anti-inflammatory cytokines
(Dhabhar et al., 2009). Such an immune balance can be shifted towards an inflammatory
physiological milieu due to increased concentrations of pro-inflammatory cytokines, such as
IL-6, decreased concentrations of anti-inflammatory/ immunomodulatory cytokines, such as
IL-10, or a combination of the two. Importantly, there may be significant inter-individual
differences in the absolute concentrations of pro- or anti-inflammatory factors, many of which
exert their opposing effects on the same target cells and tissues. Therefore, examining the ratio
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of pro- to anti-inflammatory factors provides a useful measure of the net immunological effect
that the circulating cytokines and/or other factors are likely to have on their targets, of the
overall immune bias of an individual’s physiological milieu, and of immune dysregulation
(Dhabhar et al., 2009). Moreover, the balance of pro- and anti-inflammatory cytokines at
baseline and immediately after acute stress may be indicative of the body's ability to return to
homeostasis after inflammation. Therefore, we measured circulating concentrations of IL-6,
IL-10, and the IL-6/IL-10 ratio under relaxed resting state conditions and over time after the
TSST, expecting that SS homozygotes would demonstrate an exaggerated inflammatory milieu
under resting conditions, increased inflammatory reactivity during acute stress, or both.

Materials and Methods
Participants

Participants were 30 healthy, Caucasian women aged 18–25 (mean age: 21.7, SD 2.9) recruited
via online advertisements in the San Francisco Bay Area. All potential participants were
screened using a phone interview based on the Structured Clinical Interview for DSM-IV
(SCID; First et al., 1996). Eligible participants had no indication of any psychiatric disorder
within the past year, no substance abuse within the past six months, no more than minimal
depressive symptoms (Beck Depression Inventory–II (BDI, Beck et al., 1996) score < 14
(minimal range)), and no more than one past depressive episode. In addition, participants with
a lifetime history of other major psychiatric illnesses were excluded. Participants endorsed no
chronic or recent acute medical illnesses, took no prescription medications (other than
hormonal contraceptives), were non-smokers, and were not obese (BMI 17.83 – 28.95; mean
22.4, SD 2.5).

We chose a population of healthy young individuals, homozygous for either the short or the
long allele for the serotonin transporter, and excluded individuals with the less common "g"
variant within the SNP rs75531 within 5-HTTLPR, given that the presence of this variant may
be associated with lower transcriptional activity even in LL individuals (Hu et al., 2006). We
included only subjects who were psychiatrically and medically healthy, to avoid confounds
with psychiatric and medical illness. We included only female participants in order to maximize
homogeneity of emotional responses (Kelly et al., 2008), and because women are twice as
likely to develop major depressive disorder as men (APA, 1994). Only Caucasian individuals
were studied in order to control for confounding effects of ethnic heterogeneity. Given the
possible psychiatric and inflammatory effects of both recent and early life stressors, all
participants completed questionnaires designed to assess both recent and early life stressors,
and genotype groups were matched based on these measures.

Procedure
Following the phone interview, eligible participants came to the laboratory, provided informed
consent, completed a variety of questionnaires and tasks, and provided a saliva sample for
DNA analysis. Subjects homozygous for the short or long 5-HTTLPR genotype were invited
to participate in the current study. Interested subjects underwent a second phone interview to
assess for any new medical or psychiatric conditions and completed a short battery of online
questionnaires. The Life Events Scale for Students (LESS, Linden, 1984) was used to assess
recent life stress, and the Childhood Trauma Questionnaire (CTQ, Bernstein et al., 2003) was
used to assess early life stress, in order to control for potential confounds of differences in
exposure.

Thirty subjects elected to participate and were scheduled for a study session at the Stanford
Hospital General Clinical Research Center (GCRC). All subjects were scheduled to arrive at
1 pm, and each baseline blood draw was performed at 2 pm, in order to control for circadian
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effects on cytokine levels. Most subjects were taking oral contraceptive medications; those
who were not were scheduled to participate during the follicular phase of their menstrual cycle,
given that prior studies have shown that women on OCPs and follicular phase women have
similar free cortisol responses after TSST (Kirschbaum et al., 1999). Subjects were instructed
to refrain from caffeinated beverages and heavy exercise on the day of the study session and
to eat a light lunch, with no food starting an hour before study session start, to control for effects
of blood glucose on variables of interest.

Upon arrival at the GCRC, each subject provided informed consent and completed baseline
questionnaires to assess current emotional state, including the State Shame & Guilt Scale
(SSGS, Marschall et al., 1994), the Russell Affect Grid (RAG, Russell et al., 1989), and the
Subjective Units of Disturbance Scale (SUDS, Wolpe, 1969). A GCRC nurse obtained vitals
and BMI and placed an indwelling IV catheter in the non-dominant arm. Subjects were then
encouraged to rest comfortably while they viewed a relaxing nature video (Fothergill, 2006)
for 30 minutes. The baseline blood sample was collected after this 30-minute rest period to
control for any inflammatory response to venipuncture, as well as to help control for varying
levels of stress and physiologic arousal in subjects upon arrival.

Stressor Protocol
Ten minutes after the first blood draw, at 2 pm, participants began the TSST. For the first five
minutes of the task, subjects read a printed job announcement and were instructed to imagine
they were here to interview for the advertised job, which they would very much like to have.
When subjects were finished reading, a panel of two researchers entered the room, one male
and one female, both wearing lab coats. These panelists briefly explained the format of the
experimental task, then left subjects alone for five more minutes to prepare a speech about their
qualifications for the job. At ten minutes, the panelists returned, switched on a video camera
aimed at the subject, visibly started a stop-watch, and instructed subjects to begin their speech.
Panelists spoke their instructions in flat voices and provided as little non-verbal feedback as
possible as subjects underwent the five-minute public speaking task, followed by five minutes
of challenging mental arithmetic. After completing the TSST, subjects remained seated and
completed another set of questionnaires. Subjects then continued to sit comfortably for 120
minutes and were invited to continue watching the nature video, watch TV, or do light reading.
The baseline blood sample was drawn at t=−10 relative to TSST start; subsequent blood
samples were drawn at 30, 60, 90, and 120 minutes after the start of the TSST (Fig. 1).

Genotyping Procedure
DNA was amplified with primers 5’-TCCTCCGCTTTGGCGCCTCTTCC and 5’-
TGGGGGTTGCAGGGGAGATCCTG as previously described (Wendland et al., 2006). This
process generated two alleles: 469bp(S) or 512bp(L). PCR products were digested by 5 units
of HpaII (New England Biolabs). The digestion mix was electrophoresed side by side with the
undigested PCR product on a 3% Agarose gel. Digestion and PCR product sizes were: S
(A)-469bp uncut and cut; S(G)- 469 uncut and 402+67bp cut; L(A)-512bp uncut and cut; L
(G)-512 uncut and 402+110bp cut.

Cytokine Quantification
Blood samples were collected from an indwelling venous catheter for immunological analyses
at all five timepoints. Whole blood was collected into 10ml SST tubes (Becton Dickinson,
Franklin Lakes, NJ). Serum was allowed to clot for 30min at RT, then spun (1300 rpm for
15min), frozen, and stored at −75 C for subsequent cytokine quantification. A high sensitivity
multiplexed sandwich immunoassay was used to quantify IL-6 and IL-10 concentrations
(Mesoscale Discovery, Gaithersburg, MD). For IL-6, assay sensitivity is 0.6 pg/ml, and average
intra- and inter- assay coefficients of variation are 6.2% and 5.6% respectively. For IL-10,
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assay sensitivity is 0.5 pg/ml, and average intra- and inter-assay coefficients of variation are
8.3% and 13.1% respectively. All measurements were performed by a trained technician
without knowledge of the experimental conditions.

Statistical Analyses
Analyses were conducted using SPSS statistical software package version 17.0 (SPSS Inc.,
Chicago, IL). All tests of significance were two-tailed with an alpha level of p<0.05. Cohen’s
d was used as a measure of effect size. Area under the curve analyses were conducted using
methods described by Pruessner et al. (2003). We first analyzed the main effects of the task on
the IL-6/IL-10 ratio, as well as its components (plasma IL-6 and plasma IL-10) by comparing
the area under the curve (AUC) with respect to baseline (AUC-I) to zero. Next, we examined
the effect of genotype on the IL-6/IL-10 ratio, IL-6, and IL-10. To assess baseline differences,
we compared baseline cytokine values between groups. To assess for differences in reactivity
to the stressful task, we compared AUC-I between groups. Finally, we calculated differences
in AUC with respect to zero (AUC-G), a linear combination of the prior two analyses, to
represent overall pro-inflammatory exposure during the study session. To improve
homogeneity of variance, cytokine data were square-root transformed for all analyses. In all
cases but one, this transformation improved homogeneity of variance enough to give a non-
significant Levene’s test of equality of variances. In the one case where homogeneity of
variance was not achieved, Welch’s t test was used. Of the 30 subjects enrolled in the study,
26 were included in the final analyses: three participants were excluded for demographic
reasons and one because of cytokine outlier status. Subjects excluded for demographic reasons
included one who was found to be a recent smoker and was using significant amounts of
Nicorette gum; one was unable to complete the TSST; and one who was in the luteal phase of
her menstrual cycle. One subject was noted to have an anomalous IL-6 value at a single
timepoint and was excluded from all analyses.

Results
Participant Characteristics

Genotype groups did not differ significantly in terms of age, years of education, Beck
Depression Inventory score, or scores on measures of early (CTQ) or recent (LESS) life stress.
Additionally, the groups did not differ significantly in baseline heart rate or systolic or diastolic
blood pressure (Table 1). Although obese subjects (BMI >30) were not eligible for the study,
LL individuals had significantly lower BMI than SS individuals, t(22) = 2.22, p = 0.037,
d=0.95, an effect which has previously been shown in the literature (Sookoian et al., 2007).
BMI and oral contraceptive use were not included as covariates in analyses because neither
contributed significantly to any observed effects.

Effects of Genotype and Acute Stress On Mood
Across genotype groups, the TSST had substantial effects on participants’ emotional state.
Participants reported higher scores on the shame subscale of the SSGS after the task compared
to baseline, t(25) = 4.67, p < 0.001, d=1.87; they also reported lower scores on the pride
subscale, t(24) = −3.09, p = 0.005, d=−1.26. Subjects’ SUDS scores increased from five
minutes prior to the task to immediately after the task, t(25) = 4.09, p < 0.001, d=1.64. Subjects
reported more negative emotional valence, t(25) = −8.09, p < 0.001, d=−3.24 and higher
emotional arousal, t(25) = 6.17, p < 0.001, d=2.47 on the RAG immediately after the task,
compared to five minutes before (Table 2). There were no differences by genotype group for
any of these measures (all p > 0.3).
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Effects of Genotype and Acute Stress On Serum Cytokines
To test for main effects of the task (TSST) for each cytokine measurement, we compared AUC-
I to zero using one-sample t-tests. The acute stressor affected IL-6 / IL-10 ratio, t(25)=13.62,
p<0.001, d = 5.45, serum IL-6 conentrations, t(25)=19.79, p<0.001, d = 7.92, and serum IL-10
concentrations, t(25)=5.70, p<0.001, d = 2.28 (Fig. 2).

Individuals with the SS genotype showed a higher IL-6/IL-10 ratio than LL individuals at
baseline, t(13.71) = 2.32, p = 0.036, d = 1.25. However, AUC-I was the same for both groups,
t(24) = 0.40, p =0.690, d = 0.16, representing similar degrees of reactivity to the stressful task.
AUC-G, a linear combination of the above two measures, was higher for SS individuals than
LL individuals, t(24) = 2.28, p = 0.032, d = 0.93, representing higher overall inflammatory
exposure during the study session (Fig. 2).

There was no statistically significant difference in IL-6 concentrations between genotype
groups at baseline, t(24) = 0.52, p = 0.612, d = 0.21. Additionally, there were no significant
differences between groups in AUC-I, t(24) = 0.66, p = 0.517, d = 0.27, or AUC-G, t(24) =
0.23, p = 0.820, d = 0.09. Although we observed lower circulating IL-10 concentrations in SS
compared to LL individuals at baseline and following stress, these differences were not
statistically significant, perhaps on account of the relatively small number of subjects in each
group. Thus, there were no statistically significant differences in IL-10 concentrations between
genotype groups at baseline, t(14.60) = 1.69, p = 0.113, d = 0.88, or between groups in AUC-
I, t(14.15) = 1.49, p = 0.158, d = 0.79, or AUC-G, t(14.48) = 1.70, p = 0.110, d = 0.89.
Interactions were assessed in all between-group analyses but none approached significance (all
p > 0.2).

Discussion
5-HTTLPR genotype significantly affected the ratio of IL-6 to IL-10 under resting conditions
and after acute psychosocial stress, with SS individuals exhibiting a significantly higher ratio
across timepoints. This inflammatory bias was present despite both groups being medically
healthy and reporting similarly low exposure to early and recent life stress, which may be
independently associated with inflammation (Cohen et al., 1999; Danese et al., 2007; Danese
et al., 2008). All participants reported strong subjective experiences of stress and negative
emotionality immediately after the task, but these reports were also similar across genotype
groups, suggesting that SS individuals do not exhibit a greater pro-inflammatory bias during
the stress task simply because they perceive the task as more stressful. To our knowledge, this
is the first report of a pro-inflammatory bias/phenotype in individuals carrying the SS genotype
of 5-HTTLPR. Thus, even healthy SS-individuals may be chronically exposed to a pro-
inflammatory burden under resting and stress conditions, which could increase their
vulnerability to disorders like depression and other diseases that can be facilitated/exacerbated
by a chronic pro-inflammatory state.

Given the current controversy over the relationships between 5-HTTLPR genotype, life
stressors, and depression risk (Risch et al., 2009), the potential implications of the findings
described here are significant, and call for further investigation. The pro-inflammatory bias
shown by SS individuals, both at baseline and during psychosocial stress, parallels the
increased inflammatory markers seen under resting conditions in individuals with depression
(Dantzer et al., 2008; Capuron et al. 2008). Importantly, this bias is shown by SS individuals
in the absence of psychiatric, immune, or other disease conditions which suggests that the pro-
inflammatory bias may precede (and partially mediate) the development of pathology in
conjunction with other factors. Individuals undergoing cytokine therapy often become
clinically depressed (Miller, 2009; Miller et al., 2009; Raison et al., 2009) with individuals
with weaker variants of 5-HTTLPR particularly at risk (Bull et al. 2008; Lotrich et al. 2009);
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a similar mechanism could lead to increased risk of depression in SS individuals after repeated
mild to moderate stressors. Thus, the pro-inflammatory bias present under resting conditions
that persists during stress, may cumulatively, after repeated stressful events, contribute to
increased risk for development of depression in SS individuals.

Like other studies demonstrating acute stress-induced increases in pro-inflammatory cytokines
(Altemus et al., 2001; Steptoe et al., 2007), the present study demonstrates an increase in
circulating IL-6, and also demonstrates an increase in the IL-6/IL-10 ratio following exposure
to the TSST. Moreover, our findings of a baseline pro-inflammatory bias in healthy SS
individuals parallel similar findings in depressed populations: Pace et al. (2006) reported higher
baseline IL-6 concentrations in depressed individuals compared to healthy controls, Dhabhar
et al., (2009) reported lower IL-10 concentrations and higher IL-6/IL-10 ratio in depressed
individuals relative to healthy controls, and Bob et al., (2009) reported that baseline IL-6 is
correlated with both depressive symptoms and life stress in depressed individuals.
Interestingly, Pace et al., (2006) also reported increased IL-6 reactivity to TSST in their
depressed subjects, an effect that we did not observe in our young and healthy population of
SS individuals. This difference may reflect the evolution of the stress-induced pro-
inflammatory response over time, which might occur in parallel with the development of
psychiatric symptoms after a critical level of exposure to stressors, or both. In an interesting
and important study, Bull et al. (2008) have shown that individuals expressing a low IL-6-
synthesizing polymorphism showed fewer depressive symptoms following interferon-alpha
treatment. Their study also showed that individuals expressing the LL genotype of the 5-
HTTLPR polymorphism, also showed fewer depressive symptoms following interferon-alpha
administration, but with a significantly smaller effect. Their results suggest that interactions
between circulating cytokine levels and 5-HTTLPR genotype may be important for the
development of depressive symptoms, which is in keeping with the results presented here.

Given the findings described here, the biological mechanisms by which the SS genotype might
result in a pro-inflammatory bias require further investigation. As discussed previously
(Dhabhar et al., 2009), studies involving in vitro activation of immune cells in the presence or
absence of serotonin, provide clues as to how the availability of serotonin (that may be reduced
in SS individuals) may affect the balance between pro- and anti-inflammation. These studies
suggest that serotonin-replete conditions tilt the immune balance in favor of anti-inflammatory
cytokines, and that conversely, serotonin-deficient conditions, tilt the balance towards pro-
inflammation (Menard, Turmel, & Bissonnette, 2007; Kubera, Kenis, Bosmans, Scharpé, &
Maes, 2000).

Importantly, SS individuals may be at particular risk of developing serotonin deficiency-related
pathology once a significant pro-inflammatory bias is established. This is because in addition
to serotonin deficiency potentially increasing pro-inflammatory cytokine concentrations, pro-
inflammatory cytokines can in turn precipitate serotonin deficiency by increasing the activity
of indoleamine 2,3 dioxygenase (IDO) which diverts tryptophan metabolism towards the
kynurenine pathway and decreases tryptophan availability for serotonin synthesis (Dantzer et
al., 2008; Miller, 2009; Miller et al., 2009; Schiepers, Wichers, & Maes, 2005; Raison et al.,
2009). Human and animal studies suggest that the interaction between serotonin metabolism
and inflammatory cytokine activity, in particular via the IDO pathway, may play a key role in
the development of depressive symptoms. In animal models, depression-like behavior induced
by LPS, a common component of pathogenic bacterial cell walls, is mediated by IDO
(O'Connor et al. 2009). Human studies also suggest that tryptophan depletion associated with
inflammation may be responsible for the depressogenic effects of inflammatory cytokines.
Cancer patients treated with interferon have depressive symptoms that are associated with the
magnitude of tryptophan depletion they experience (Capuron et al 2002b), and two new studies
have demonstrated that individuals with weaker 5-HTTLPR variants are more likely to
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experience depression after interferon-alpha therapy (Bull et al., 2008; Lotrich et al., 2009).
Given that SS individuals already have a diminished capacity for serotonin uptake, the
additional burden of depleted serotonin after even mild to moderate stressful events may act
as a "second hit, " putting them at elevated risk for depression.

Both human and animal studies have suggested that, in addition to high levels of pro-
inflammatory cytokines, low levels of anti-inflammatory cytokines are associated with
depressive symptoms and depression-like behavior (Dhabhar et al., 2009; Song et al., 2009;
Mesquita et al., 2008). Interestingly, the higher IL-6/IL-10 ratio shown by SS individuals under
resting conditions and during acute stress suggests that even under healthy conditions, these
individuals show increased levels of immune factors that are associated with the development
of depression. These factors may reflect a higher-level disturbance in overall immune balance
in SS individuals.

The approach taken in this study builds on the imaging genetics literature, which has identified
a robust S allele-related effect of increased amygdala reactivity and decreased fronto-limbic
functional coupling (Hariri et al., 2005). We identify a pro-inflammatory bias in SS individuals,
highlighting the effects of the polymorphism on the immune system whose dysregulation can
clearly lead to increased depression risk. This work highlights the need for examination of
multiple, potentially interrelated biological systems in the search for proximal effects of genetic
variants of interest.

This study has several limitations. First, given our small sample size, it will be important to
replicate these findings in larger samples. However, the fact that we were able to detect
between-group differences in IL-6/IL-10 ratio in our small sample speaks to the strength of
these effects. Second, we chose a young and healthy sample in order to minimize confounding
factors and to examine the inflammatory effects of a genetic risk factor that had not yet led to
adverse medical or psychiatric outcomes. However, the homogeneity of our sample may limit
the generalizability of our results. Future prospective studies should elucidate the association
between a pro-inflammatory bias in healthy young individuals and their risk of developing
depression later on. Third, due to the prolonged inflammatory cytokine response to acute stress,
we were not able to examine genotype differences in the duration / resolution of this
inflammatory stress response. Future studies that follow inflammatory markers for extended
periods of time after acute stress may help broaden our understanding of genotype-related
differences in cytokine response. Fourth, given that some studies have reported differences
between SS and LL individuals in post-awakening (Chen et al., 2009) and stress-induced
(Gotlib et al., 2008) salivary cortisol concentrations, while others have only found differences
in post-awakening but not stress-induced cortisol (Wust et al., 2009), an investigation of
circulating cortisol concentrations simultaneously with cytokines and other factors is likely to
provide useful and important information. Such an investigation merits future consideration.
Finally, any laboratory stressor can only approximate the effect of a real-life psychosocial
stressor, and cannot predict the effects of multiple exposures to stressful events. We chose the
TSST because the psychosocial stress it elicits is similar to the social rejection stress that has
been especially associated with depression onset (Kendler et al., 1995). However, studies that
measure the cumulative effects of multiple stressful events, both in and out of the laboratory
setting, will increase our understanding of the cumulative impact of stressors on inflammation,
and on subsequent psychiatric and medical health outcomes.

To our knowledge, these results are the first to show that even in the absence of a disease state,
compared to LL individuals, SS individuals are exposed to higher levels of pro-inflammatory
cytokines under resting conditions and during stress. Since life generally involves exposure to
a series of stressors, this pro-inflammatory physiological bias is likely to result in a higher
chronic inflammatory burden for SS individuals over time, which may increase their
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vulnerability to stress-related disorders like depression and other diseases that can be
facilitated/exacerbated by a chronic pro-inflammatory state. Several studies have demonstrated
that positive coping strategies such as values affirmation (Creswell et al., 2005), meditative
practice (Pace et al., 2009) and social support (e.g., presence of a friend during TSST, Heinrichs
et al., 2003) can decrease the neuroendocrine response to stressful tasks. These studies offer a
hopeful perspective on the ability of individuals to cope more effectively with life stressors.
They point to the need for further studies to assess whether individuals at increased risk for
inflammation-induced depression due to genetic, cytokine treatment-related, or inflammatory
disorder-associated causes, can use such coping strategies to reduce the negative impact of life
stressors on their health. Clearly, future studies are needed to replicate the findings described
here, investigate the biological mechanisms mediating the pro-inflammatory bias/phenotype
shown by SS individuals, and explore the potential for using a three-pronged intervention
involving behavioral, neurotransmitter-directed and immuno-modulatory approaches for the
treatment of depression and other stress-related disorders.
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Figure 1.
Study Timeline.
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Figure 2. Acute stress induced changes in circulating cytokine concentrations by 5-HTTLPR
genotype
The left-hand panel displays IL-6/IL-10 ratio, at baseline and following administration of the
Trier Social Stress Test (TSST), by genotype group. SS individuals had a higher baseline IL-6/
IL-10 ratio compared to LLs (p = 0.036), resulting in greater inflammatory exposure overall
(AUC-G, p = 0.032). The two groups had the same degree of reactivity (AUCI) to the stressful
task (p = 0.690). The right-hand panel displays the components of the ratio (serum IL-6 and
IL-10 concentrations) individually. Unlike the ratio, no significant between-group differences
at baseline or in terms of reactivity were observed for either cytokine alone (all p > 0.1). Data
are expressed as means ± SEM.
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Table 1

Participant Characteristics. Values are mean +/− SD, or number of subjects (and % of sample).

SS genotype (N = 11) LL genotype (N = 15)

Age (years) 21.8 +/− 2.0 21.7 +/− 2.9

Education (years) 15.0 +/− 1.5 15.0 +/− 2.5

BMI 23.7 +/− 2.4 21.5 +/− 2.3

HR 75.1 +/− 19.5 66.7 +/− 10.0

SBP 113.1 +/− 12.7 110.0 +/− 10.6

DBP 67.0 +/− 9.8 64.8 +/− 7.3

OCP user 6 (55%) 12 (80%)

non-OCP user, follicular 5 (45%) 3 (20%)

Beck Depression Inventory 1.6 +/− 2.5 2.3 +/− 3.1

Life Events Scale for Students 3.5 +/− 2.6 2.8 +/− 2.3

Childhood Trauma Questionnaire 29.7 +/− 6.3 30.4 +/− 5.3
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Table 2

State emotion questionnaire responses at baseline and after TSST. Values are mean +/− SD.

Baseline Post-TSST Significance

SSGS - shame subscale 5.6 +/− 1.1 9.4 +/− 3.9 p <0.001

SSGS - pride subscale 18.7 +/− 5.4 15.2 +/− 4.0 p = 0.005

SUDS 11.8 +/− 13.3 22.6 +/− 18.0 p <0.001

Russell Affect Grid - valence 2.12 +/− 1.1 −0.5 +/− 1.4 p <0.001

Russell Affect Grid - arousal −1.4 +/− 1.9 1.6 +/− 1.4 p <0.001
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