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ARTICLE INFO ABSTRACT

Article history:

Although research has demonstrated a relationship between proinflammatory cytokine activity and
depressive symptoms, the neurocognitive processes underlying this relationship have remained largely
unexplored. Here, we examined the effect of proinflammatory cytokine activation on the neural correlates
of socially painful experience and associated depressed mood. Participants received either low-dose
endotoxin or placebo through intravenous injection. Levels of the proinflammatory cytokine, IL-6, were
repeatedly assessed through hourly blood draws; self-reported depressed mood was assessed hourly as
well. Two hours post-injection, participants completed a neuroimaging session in which they were socially
excluded during an online ball-tossing game. Replicating previous research, individuals exposed to
endotoxin, compared to placebo, showed increases in IL-6 levels and depressed mood. Although there were
no meaningful differences between the endotoxin and control groups in neural responses to social
exclusion, there were sex differences in the relationships between IL-6 increases and neural responses to
exclusion among subjects exposed to endotoxin. Among females, but not males, exposed to endotoxin,
increases in IL-6 were associated with increases in social pain-related neural activity (dorsal anterior
cingulate cortex, anterior insula) that mediated the relationship between IL-6 increases and depressed
mood increases. Implications of these sex differences in the neural correlates of cytokine-associated
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depressed mood and social pain are discussed.
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Introduction

Mounting evidence has demonstrated a relationship between
immune system activity and depression (Capuron and Miller, 2004;
Raison et al., 2006; Schiepers et al., 2005). Initial support for such a
relationship came from observations that cancer patients often
developed depression when undergoing treatments that activated
proinflammatory cytokines (e.g., interferon-alpha; IFN-a; Bonaccorso
et al., 2000; Raison et al., 2005). Subsequent correlational studies have
shown that, in some cases, depressed individuals have elevated
proinflammatory cytokine levels and that individuals with inflamma-
tory conditions (cardiovascular disease, arthritis) have a high
prevalence of depressive disorders (Frommberger et al., 1997; Kronfol,
2002; Levine et al, 1999; Musselman et al, 2001). Moreover,
experimental studies have confirmed that cytokines play a causal
role in producing depressive symptoms as acute administration of
endotoxin (lipopolysaccharide) or typhoid vaccination, which
increases proinflammatory cytokines, also leads to concurrent
increases in depressed (Reichenberg et al., 2001) or negative mood
(Wright et al., 2005) in otherwise healthy male subjects.
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Proinflammatory cytokines are hypothesized to contribute to
depressed mood, in part, by signaling the central nervous system to
initiate “sickness behavior,” a coordinated motivational response
that is thought to facilitate recuperation and recovery from illness
and disease. Sickness behavior includes symptoms such as fatigue,
anhedonia, reduced social activity, and increased pain sensitivity
(Dantzer, 2001; Hart, 1988; Kent et al., 1992). Notably, many
sickness symptoms share overlapping features with depressive
symptoms. Although proinflammatory cytokines are too large to
cross the blood-brain barrier and signal the brain directly, cytokines
are thought to communicate with the brain through leaky regions in
the blood-brain barrier or through the transmission of cytokine
signals through the vagus nerve (Dantzer et al., 2008; Maier and
Watkins, 1998).

Few studies in humans, however, have investigated the type of
neural activity that is altered by proinflammatory cytokines or
whether increases in proinflammatory cytokines influence the social
or affective neural processes that may make depressed mood more
likely. Rather, the few experimental studies of cytokine-induced
changes in neural activity have focused primarily on cognitive, as
opposed to social or affective changes (Brydon et al., 2008; Capuron et
al., 2005). However, socioemotional processes may play a significant
role in cytokine-associated depressed mood as well. Psychologists
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have long noted that individuals with depressive disorders often feel
“abandoned, unwanted, and unlovable” (Bowlby, 1980). Moreover,
interpersonal hypersensitivity is a strong predictor of depression in
both healthy populations as well as those with inflammatory
disorders (Boyce et al., 1991; Zautra et al., 1999). Thus, in the current
study, we examined whether inflammation alters the neural sub-
strates underlying a specific type of socioemotional sensitivity that
may contribute to depressive symptoms. Specifically, based on
research showing an overlap in the neural structures underlying
physical pain and ‘social pain,’ the pain associated with social loss or
rejection (Eisenberger and Lieberman, 2004), we hypothesized that
the inflammatory response, which heightens physical pain sensitivity
(presumably to prevent further damage to the body in the case of
injury or disease) may inadvertently recruit neural systems involved
in social pain, increasing social pain sensitivity and potentially
increasing vulnerability to depressed mood.

Previous research has shown that the dACC, a neural region
associated with the distress of physical pain (Peyron et al., 2000;
Ploghaus et al., 1999; Rainville et al., 1997) and the insula, a neural
region associated with processing visceral pain and negative affect
(Aziz et al., 2000; Cechetto and Saper, 1987; Lane et al,, 1997; Phan
et al., 2004; Phillips et al., 1997) were also activated in response to
being socially excluded (Eisenberger et al., 2003). Moreover, the
magnitude of dACC activity has been shown to correlate with self-
reported social distress in response to social exclusion (Eisenberger
et al., 2003; Eisenberger et al., 2007). Thus, social pain sensitivity
and the underlying neural reactivity in the dACC and insula may be
an additional consequence of heightened inflammatory responses,
which together may contribute to depressed mood.

To examine the effect of proinflammatory cytokine activation on
depressed mood as well as the related neural changes, healthy
participants were randomly assigned to receive either endotoxin
(Escherichia coli), known to increase proinflammatory cytokine levels
in a safe manner (Suffredini et al, 1999), or placebo. We then
examined the effect of endotoxin vs. placebo on circulating levels of
one type of proinflammatory cytokine, interleukin-6 (IL-6)!, and
depressed mood throughout the course of a day, hypothesizing that
we would replicate previous work (Reichenberg et al., 2001) showing
that endotoxin leads to increases in IL-6 levels and depressed mood.
However, to further explore the neural mechanisms that link cytokine
activation with depressed mood, we also examined the effect of
endotoxin vs. placebo on the neural correlates underlying social pain
sensitivity and depressed mood.

To do this, we examined neural responses to an episode of social
exclusion (at the time of maximal cytokine response) to explore the
effect of proinflammatory cytokine activation on the neural systems
that underlie social pain sensitivity. We also examined whether this
cytokine-associated neural activity was related to the corresponding
increases in depressed mood. We hypothesized that proinflammatory
cytokine activity would relate to greater activity in social pain-related
neural circuitry, such as the dACC and insula, and that activity in these
regions would relate to cytokine-associated depressed mood.

In addition, because of the well-known sex differences in the
prevalence of depression and inflammatory disorders, with females
being twice as likely as males to develop depression (Nolen-
Hoeksema, 2001) and, depending on the immune condition, between
2-9 times as likely as males to develop autoimmune disorders
(Whitacre et al., 1999), we also examined the relationship between

1 It should be noted that inflammatory challenge (e.g., endotoxin) has been shown
to lead to a coordinated pattern of increases across several different proinflammatory
cytokines (e.g., IL-6, TNF-ct, IL-1 receptor antagonist) and thus we are not
hypothesizing that the effects of endotoxin are primarily or uniquely related to IL-6
levels. In the current study, however, we examined IL-6 levels, as this marker of
inflammation has previously been shown to correlate with measures of depression
(Howren et al.,, 2008) and to map along with other markers of inflammation (e.g., TNF-
) in response to inflammatory challenge (Reichenberg et al., 2001).

proinflammatory cytokine activity and neural responses to social
exclusion in each sex separately. Although cytokine-associated
depressed mood has been observed in both male and female patients
undergoing medical treatments that increase proinflammatory cyto-
kine activity, studies are split between those that find sex to be a risk
factor for developing depression (with females being at greater risk)
and those that do not (Raison et al., 2005). In addition, careful
investigation of sex differences in experimentally-induced changes in
inflammation and depressed mood is lacking; all of the experimental
studies of cytokine-associated changes in depressed and/or negative
mood have focused exclusively on males (Krabbe et al., 2005;
Reichenberg et al., 2001; Wright et al., 2005). Because our sample
included equal numbers of males and females, the potential role of sex
differences in cytokine-induced depressed mood and the neural
correlates that underlie these effects was examined.

Methods
Participants

Thirty-nine participants completed the study (20 female; mean age,
21.8 + 3.4 years; range, 18-36 years; mean body weight, 72.6 + 13.0 kg;
range, 47.0-98.2 kg), and 36 of those participants completed the
neuroimaging session (20 received endotoxin, 16 received placebo;
there were equal numbers of males and females in each condition). The
three participants who were not scanned were pilot participants who
received endotoxin but did not complete the neuroimaging session in
order to ensure that participants were well enough to leave the UCLA
General Clinical Research Center (GCRC) to complete the neuroimaging
session with no nurse supervision.

Participants were recruited from flyers that were posted at the
UCLA Medical Center and from advertisements posted in the campus
newspaper. Prospective participants with the following conditions
were excluded from participation through a structured telephone
interview: claustrophobia or metal in their body (relevant for the
neuroimaging component of the study), chronic mental or physical
illness, serious physical or mental health problems, history of allergies,
autoimmune, liver, or other severe chronic diseases, current use of
prescription medications, nightshift work or time zone shifts (>3 h)
within the previous 6 weeks. Participants also had to be right-handed.

After the telephone interview, if still eligible, participants
completed an additional face-to-face screening interview to ensure
eligibility for the study. Participants received $20 for completing this
screening session. During this session, a trained interviewer reviewed
the study procedures with the participant, including information on
the consequences of endotoxin and the kinds of symptoms that could
be expected. After this, participants were asked a series of questions
about their physical health and use of medications or drugs.
Participants then completed the Structured Clinical Interview for
DSM Disorders (SCID; First et al., 1996) to ensure that they were free of
mental health problems. Finally, height and weight were measured,
vital signs were assessed (e.g., temperature, heart rate, blood
pressure), a urine sample was collected to examine drug use
(marijuana, opiates, cocaine, amphetamines, methamphetamines),
and blood was drawn to screen for pregnancy, if female. A screening
laboratory examination was performed including a complete blood
cell count, chemistry panel, and liver function tests. Furthermore, any
participant who: 1) had a BMI greater than 30, 2) reported physical
health problems or medication use, 3) evidenced an Axis I psychiatric
disorder based on the SCID assessment, 4) showed evidence of drug
use from a positive urine test, 5) had a positive pregnancy test, if
female, or 6) showed any abnormalities on their screening laboratory
tests were ineligible for the study. The final sample was 39%
European-American, 18% Asian, 18% Hispanic, 7% African-American,
and 18% “other”. Experimental procedures were approved by the UCLA
Human Subjects Protection Committee.
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Procedure

The study was conducted at the UCLA GCRC using a randomized,
double-blind, placebo-controlled design. Participants arrived at the
UCLA GCRC at either 7:30 (n=31) or 8:30 AM (n=28) and were
assigned to a bed in a single or double occupancy room. Upon arrival, a
urine sample was collected and tested for drug use and pregnancy in
order to ensure continued eligibility for study participation. No
participants tested positive for either. Once this was completed,
participants began the study procedure.

A GCRC nurse, who was blind to condition, obtained baseline vital
signs (blood pressure, pulse, temperature) as well as height and
weight. The nurse then inserted a catheter with a heparin lock into the
dominant forearm (right) for hourly blood draws and one into the
non-dominant forearm (left) for a continuous saline flush and for drug
administration. Once the catheter was in place, nurses began a saline
drip to keep participants well hydrated (1000 cc of normal saline at
150 cc/h); saline infusion continued throughout the study except for
when participants left to complete the neuroimaging session.
Participants began the study by completing some demographic
questionnaires and eating a light breakfast prior to drug or placebo
administration.

Ninety minutes after arrival at the GCRC, each participant was
randomly assigned to receive either endotoxin (0.8 ng/kg of body
weight) or placebo (same volume of 0.9% saline), which was
administered by the nurse as an intravenous bolus. The endotoxin
used in this study was derived from Escherichia coli (E. coli group
0:113) and provided by the National Institutes of Health Clinical
Center as a reference endotoxin for studies of experimental
inflammation in humans (Suffredini et al., 1999). Previous research
has demonstrated the safe use of this reference endotoxin across
many different samples (Andreasen et al., 2008; Suffredini and
0'Grady, 1999). No significant differences in age, years of education,
or body weight were found between the two groups.

Throughout the study, vital signs (blood pressure, pulse, and
temperature) were assessed every half hour (except during the
neuroimaging session) and blood draws were collected at baseline
(two baseline assessments: 8:30 and 8:45 AM or 9:30 and 9:45 AM,
depending on the start time) and then approximately every hour after
that for the next 6 h. These blood draws were later assayed for levels of
IL-6 and cortisol, which have been previously shown to increase as a
function of endotoxin (Reichenberg et al., 2001). In addition, the
baseline blood draw was later assayed for levels of estradiol and
progesterone to control for the phase of the menstrual cycle in
females. Participants also completed self-report measures of physical
symptoms (e.g., muscle pain, fatigue) and depressed mood with every
blood draw.

Approximately 2 h post-injection, when proinflammatory cyto-
kines have been shown to peak in previous studies (Krabbe et al.,
2005; Reichenberg et al., 2001; Suffredini et al., 1999; Wright et al.,
2005), participants completed a neuroimaging session. Participants
were escorted to the UCLA Brain Mapping Center where they
completed the Cyberball social exclusion task in the scanner (see
fMRI paradigm for details). Upon completion of the neuroimaging
session, participants returned to the GCRC, had Ilunch, and
completed the rest of the study procedures. For safety reasons,
the study physician (M.L.) was aware of each participant's group
assignment, but did not take part in the testing procedures. The
study physician was on call during each of the experimental
sessions. Participants were discharged from the GCRC following
the last blood draw upon approval from the study's physician;
approval was granted if self-reported physical and psychological
symptoms returned to baseline levels. Thus, all participants left the
study feeling as good as they did when they started. At the end of
the study, participants were thanked, debriefed, and paid for their
participation ($200).

Behavioral assessments

Sickness symptoms

Physical sickness symptoms (muscle pain, shivering, nausea,
breathing difficulties, and fatigue) were assessed at baseline and
then hourly following the endotoxin or placebo administration for 6 h.
Participants rated the extent to which they felt the symptoms listed on
a scale from 0 (no symptoms) to 4 (very severe symptoms).

Depressed mood

Depressed mood was assessed at the same time as the sickness
symptoms, using an abbreviated version of the Profile of Mood States
(McNair et al., 1971). To assess depressed mood, participants rated the
extent to which they felt: “unhappy,” “blue,” “lonely,” “gloomy,” and
“worthless” on a scale from 0 (not at all) to 4 (extremely). Depressed
mood was calculated by averaging scores from each of these items at
each timepoint.

fMRI paradigm

To assess neurocognitive reactivity to social exclusion, participants
were scanned while completing the Cyberball social exclusion task, in
a manner similar to previous work (Eisenberger et al., 2003, 2007;
Williams et al., 2000). While at the GCRC (following endotoxin/
placebo administration), participants were told that they would later
be escorted to the UCLA Brain Mapping Center where they would
complete a neuroimaging session. It was explained that during this
session, they would be playing a virtual ball-tossing game with two
other individuals who were also in fMRI scanners. In reality, however,
there were no other players; participants played with a preset
computer program. To bolster the cover story that participants were
playing with two others, participants (while still at the GCRC) were
asked to complete a short questionnaire in which they answered
questions about themselves (e.g., “What do you want to do
professionally in the future?”, “What are your hobbies or other
interests?”) and were told that the two other players would see their
answers and that they would see the answers of the two other players
prior to the scanning session. Upon arriving at the UCLA Brain Mapping
Center, each subject read the two other supposed subjects' answers to
these questions; in reality, these questionnaires were scripted ahead of
time and each subject read the same ones.

After reading the questionnaires from the other supposed subjects,
participants were positioned in the scanner and played the Cyberball
game. Each game began with a still picture of the two virtual players in
the upper corners of the screen and a hand, representing the
participant, in the lower-center portion of the screen. After 9 s, the
cartoon player in the upper left-hand corner started the game by
throwing the ball to either the other cartoon player or the participant.
The participant could return the ball to one of the players by pressing
one of two keys on a button box that was held in his/her right hand.
The Cyberball program was set for 60 throws per game, with the
computer players waiting 0.5-3.0 s (determined randomly) before
making a throw to heighten the sense that the participant was actually
playing with other individuals.

During the task, participants completed two scans. In the first scan
(inclusion), participants played with the two other players for the
entire scanning period, with each virtual player throwing the ball to
the participant on approximately 50% of the throws. In the second
scan (exclusion), participants only received the ball for a total of ten
throws and were then excluded for the rest of the scan when the two
players stopped throwing the ball to the participant (50-70 s).
Although it would have been ideal to counterbalance the order of the
inclusion and exclusion scans across participants, this would have
likely changed the meaning of the psychological experience of
rejection for the subjects. Thus to ensure a meaningful experience of
exclusion, all subjects completed the inclusion scan first.
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fMRI data acquisition and data analysis

Data were acquired on a Siemens Allegra 3 T head-only scanner.
Head movements were restrained with foam padding and surgical
tape placed across each participant's forehead. For each participant, a
high-resolution structural T2-weighted echo-planar imaging volume
(spin-echo; TR =5000 ms; TE = 33 ms; matrix size 128 x 128; 36 axial
slices; FOV = 20-cm; 3-mm thick, skip 1-mm) was acquired coplanar
with the functional scans. Two functional scans were acquired (echo-
planar T2*-weighted gradient-echo, TR=2000 ms, TE =25 ms, flip
angle =90°, matrix size 64 x 64, 36 axial slices, FOV=20-cm; 3-mm
thick, skip 1-mm), each lasting 2 min and 48 s.

The imaging data were analyzed using SPM’5 (Wellcome Depart-
ment of Cognitive Neurology, Institute of Neurology, London, UK).
Images for each subject were realigned to correct for head motion,
normalized into a standard stereotactic space, and smoothed with an
8 mm Gaussian kernel, full width at half maximum, to increase signal-
to-noise ratio. The design was modeled using a boxcar function
convolved with a canonical hemodynamic response function. For each
participant, periods of inclusion and exclusion were modeled as
epochs based on the length of that participant's inclusion and
exclusion episodes (these varied slightly between participants due
to the random delay assigned to the virtual players when throwing the
ball as well as the subject's own reaction time to return the throw).
After the task was modeled for each participant, planned comparisons
were computed as linear contrasts to investigate neural activity during
the exclusion compared to the inclusion episode. Random effect
analyses of the group were computed using the contrast images
generated for each participant.

Plasma levels of IL-6, cortisol, estradiol, and progesterone

Plasma blood samples were collected in pre-chilled tubes contain-
ing sodium ethylenediaminetetraacetic acid and aprotinin and were
immediately centrifuged, aliquoted, and placed in a —70 °F freezer.
Plasma levels of IL-6 were quantified by means of a high sensitivity
enzyme-linked immunosorbent assay method (R&D Systems, Min-
neapolis, MN). All samples were run in duplicate and assayed at the
same time, in a single run with a single lot number of reagents and
consumables employed by a single operator, with intra-assay
coefficients of variation for all variables less than 5%. Plasma levels
of cortisol were measured by the DPC IMMULITE 1000 Immunoassay
Chemistry Analyzer (Diagnostic Products Corporation CA, USA).
IMMULITE 1000 Cortisol assay is a solid-phase competitive chemilu-
minescent enzyme immunoassay, which was run according to the
manufacturer's instructions. The analytical sensitivity of the assay is
0.2 pg/dL (5.5 nmol/L). Hormonal evaluations of estradiol and
progesterone were performed on plasma samples that were taken at
baseline only. Coated-Tube Radioimmunoassay kits were utilized. The
specific kits used were DSL-4300 ACTIVE® Estradiol Coated-Tube
Radioimmunoassay Kit for estradiol and DSL-5000 ACTIVE® 17
alphaOH Progesterone Coated-Tube Radioimmunoassay Kit for 17
alphaOH progesterone.

Statistical analyses

Behavioral outcomes

To assess between-group differences in the effect of endotoxin vs.
placebo on IL-6 levels, cortisol levels, physical sickness symptoms
(e.g., fatigue), vital signs (e.g., changes in heart rate, blood pressure,
temperature), and self-reported depressed mood, we used a standard
statistical software program (SPSS) to conduct repeated-measures
analyses of variance. Because IL-6 levels were not normally distributed
at any of the time points, each value was log-transformed.

To assess the correlation between increases in IL-6 and increases in
the relevant dependent variables (from baseline to 2 h post-injection,

which was immediately prior to the neuroimaging session) for those
in the endotoxin condition, Pearson correlation coefficients were
calculated. Again, because IL-6 levels were not normally distributed,
we calculated a difference score by subtracting the log-transformed
baseline values from the log-transformed values at 2 h post-injection.

Neuroimaging outcomes

To assess between-group differences in the effect of endotoxin vs.
placebo on neural reactivity to the Cyberball game, a one-way ANOVA
was computed in SPM’5 contrasting neural activity during exclusion
relative to inclusion for those in the endotoxin group compared to
those in the control group (p<.001, 10-voxel extent threshold; Forman
et al., 1995). To explore the relationship between IL-6 increases and
neural responses in the endotoxin group, we conducted whole-brain
regression analyses to see which neural regions correlated with IL-6
increases. Measures of IL-6 increases (from baseline to 2 h post-
injection) were entered as regressors into a random-effects, whole-
brain group analysis (for those in the endotoxin condition only),
comparing activations during exclusion relative to inclusion (p<.001,
10-voxel extent threshold). Because of our interest in understanding
the neural circuitry that plays a role in cytokine-associated depressed
mood, neural regions that correlated significantly with IL-6 increases
were further examined to see if they also correlated with changes in
depressed mood. In addition, because of well-known sex differences
in the prevalence of depression and inflammatory disorders (Nolen-
Hoeksema, 2001; Whitacre et al., 1999), these analyses were also
conducted separately for males and females. All coordinates are
reported in Montreal Neurological Institute (MNI) format.

Results
Physiological and behavioral responses to endotoxin

Endotoxin, compared to placebo, led to significant increases in IL-6
levels (peaking at 2-3 h post-injection), across all time points except
for the final one, as evidenced by significant time x condition
interactions at each of these time points compared to baseline (T1
(1 h post-injection) through T5 (5 h post-injection): F(1,37) =23.19,
144.14,177.11, 63.67, 11.36, all ps<.005; Fig. 1A). Endotoxin, compared
to placebo, also led to a significant increase in cortisol levels at all of the
measured time points except for the first one following baseline
(peaking at 3 h post-injection; time x condition interactions at T2-T6:
F(1,37)=21.83, 52.78, 20.59, 10.29, 7.96, all ps<.01). In addition,
endotoxin, compared to placebo, led to a significant increase in self-
reported physical sickness symptoms at all of the measured time
points (peaking at 2 h post-injection; time x condition interactions at
T1-T6: F(1,37) =9.08, 32.37,13.60, 8.54, 11.65, 8.01, all ps<.01) as well
as significant increases in body temperature (time x condition inter-
actions: T3-T6: F(1,37) = 14.18,17.14,17.93, 5.70, all ps<.05) and pulse
(time x condition interactions: T3-T6: F(1,37) =48.43, 24.01, 23.74,
14.59, all ps<.001), starting at 3 h post-injection. Finally, we found a
significant increase in self-reported depressed mood in the endotoxin
group, compared to the placebo group, at 2 h post-injection (time x -
condition interaction: F(1,35)=28.13, p<.01; Fig. 1B). There were no
sex differences in any of these effects. In addition, these effects did not
seem to be due to the phase of the menstrual cycle as none of these
effects changed after controlling for baseline levels of estradiol and
progesterone, which are markers of the phase of the menstrual cycle
(either in the full sample or when examining females alone).

Correlations between changes in IL-6 and changes in depressed mood
To examine whether increases in IL-6 correlated with increases in
self-reported depressed mood, we examined the correlation between
IL-6 increases from baseline to 2 h post-injection (right before the
neuroimaging session) and self-reported changes in depressed mood
across the same time period (both measures were computed as
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Fig. 1. Changes over time in: (A) plasma levels of IL-6 (these are raw values that have not been log-transformed) and (B) self-reported depressed mood. Time points with asterisks

indicate significant time x condition interactions.

difference scores). For subjects exposed to endotoxin, there was no
significant correlation between IL-6 increases and increases in
depressed mood. However, when the sample was stratified by sex,
increases in IL-6 levels were significantly correlated with increases in
self-reported depressed mood in females (r=.70, p<.05) but not in
males (r=—.20; p=.59); these correlations were significantly
different from each other (Z=2.12, p<.05). Furthermore, for females,
when increases in self-reported physical symptoms (muscle pain,
shivering, nausea, breathing difficulties, fatigue) were controlled, the
relationship between increases in IL-6 and increases in depressed
mood did not change (r=.59, p=.05). Similarly, controlling for
increases in temperature or pulse did not significantly change this
relationship either (respectively, r=.71, p<.05; r=.73, p<.05). The
correlation between IL-6 increases and depressed mood also
remained after controlling for baseline levels of estradiol and
progesterone (r=.74, p<.001).

Neural responses to social exclusion

Between-group differences in neural activity to social exclusion

To examine the effect of proinflammatory cytokine activation on
neural responses to social exclusion, we first examined neural regions
that differed in response to social exclusion (compared to inclusion)
between those in the endotoxin as compared to those in the placebo
condition. Overall, there were no significant differences in social pain-
related neural circuitry during exclusion relative to inclusion between

Posterior STS

Anterior Insula

Fig. 2. Neural activity that correlated positively with increases in IL-6 levels (from
baseline to immediately prior to the neuroimaging session) during exclusion vs.
inclusion for the endotoxin subjects: (A) Activity in the bilateral insula and (B) Activity
in the medial prefrontal cortex (MPFC) and posterior superior temporal sulcus (pSTS).

the endotoxin and placebo groups. The only between-groups differ-
ence in neural activity to exclusion vs. inclusion was found in a region
of the occipital cortex (placebo>endotoxin: 52, —78, 6, t=3.70,
k=117; p<.001). Similar effects were observed when examining each
sex separately; neither males nor females showed any neural activity
that was greater in the endotoxin, compared to the placebo, condition.
Females in the placebo group, compared to the endotoxin group
showed greater activity in a few neural regions not typically involved
in social pain processes (left ventrolateral prefrontal cortex: —34, 32,
—8, t=5.24, k=14, p<.001; occipital cortex: 20, —72, 30, t=4.81,
k=16, p<.001 and 48, — 78,0, t=4.31, k=21, p<.001).

This lack of between-group differences was not surprising given
the large amount of variability evidenced in IL-6 responses to
endotoxin (e.g., range at T2 in the endotoxin subjects: 17.52-356.03
pg/ml), a finding that has been demonstrated previously (Stephens et
al,, 2005). In order to take advantage of this variability, we next
examined how individual differences in IL-6 responses to endotoxin
(among subjects in the endotoxin group) related to neural responses
to social exclusion compared to social inclusion. Furthermore, given
the well-known sex differences in the prevalence of depression and
immune conditions as well as the observed sex differences in the
relationships between IL-6 and depressed mood increases in the
current study, correlations between IL-6 increases and neural activity
were also examined in each sex separately.

Correlations between IL-6 increases and neural activity in the endotoxin
group

We first examined correlations between IL-6 increases and neural
activity for all subjects in the endotoxin group during social exclusion
compared to social inclusion. With regard to pain-related neural
circuitry, we found that greater increases in IL-6 (from baseline to
immediately prior to the scanning session at T2) were associated with
greater bilateral anterior insula activity (Fig. 2A) as well as greater
bilateral posterior insula activity (see Table 1). Moreover, activation in
the left posterior insula correlated significantly with self-reported
increases in depressed mood (r=.51, p<.05), and activation in the
right anterior insula correlated marginally significantly with self-
reported increases in depressed mood (r=.40, p<.10).2

Interestingly, increases in IL-6 levels were also correlated with
greater activity in several neural regions that have been implicated in

2 It should be noted that although anxiety was not the focus of this investigation, it
was measured (using an abbreviated version of the Profile of Mood States (McNair et
al., 1971)). Self-reported increases in anxiety did not correlate significantly with the
neural activations reported here. In addition, controlling for self-reported increases in
anxiety did not significantly change the relationships between these neural activations
and self-reported increases in depressed mood.
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Table 1

Neural activations during social exclusion vs. inclusion that correlated positively with
increases in IL-6 levels from baseline to 2 h post-injection for all participants in the
endotoxin group, (p<.001, 10-voxel extent threshold).

Region BA MNI coordinate T k

Paralimbic

Left anterior insula
Right anterior insula
Left posterior insula
Right posterior insula

R(ADep)

—20 28—4 783 158 .09
48 20—8 769 306 .40"
—46—18 12 455 81 517
46 —14 12 436 31 .26

Perigenual anterior cingulate 32 —8 40 8 441 21 33
Posterior cingulate cortex 31 —16—22 36 489 14 .20
Posterior cingulate cortex 31 14 —-40 14 414 12 .08
Caudate 12 16 2 477 58 .41f
Frontal lobe

Dorsomedial Prefrontal Cortex (PFC) 9 —8 60 40 6.00 52 .10
Dorsomedial PFC 9 —10 46 54 542 23 36
Dorsomedial PFC 9 18 56 42 533 33 .09
Dorsomedial PFC 8 18 24 62 522 23 .07
Dorsomedial PEC 8 -2 28 54 411 17 417
Left dorsolateral PFC 9 —34 46 38 501 16 .17

Right rostrolateral PFC 10 30 68 12 415 24 437
Medial PFC 10 -6 62 4 402 18 42f
Right dorsal premotor cortex 6 60 6 40 5.08 30 .25
Supplementary motor area 4/6 0—-26 68 558 73 .07
Supplementary motor area 6 =0 8 74 462 12 49"
Supplementary motor area 6 12 -20 72 439 31 .20
Left premotor cortex 4 —20—22 54 429 13 .10
Parietal lobe

Left somatosensory cortex 1/2/3 —24 —28 64 432 17 .26
Precuneus 7 16 —42 66 455 50 .14

Temporal lobe
*

Right inferior temporal gyrus 20 46 —12 —30 495 47 .51
Temporal pole 38 —46 10 —40 465 22 417
Left middle temporal gyrus 21 —54—8 —12 440 58 .49°
Right middle temporal gyrus 21 62—-10—12 419 15 34
Right middle temporal gyrus 21 58 -2 —16 4.06 20 .53*

62—-26 0 458 72 .18
—58—-32 4 448 21 17
—52—-38 10 416 13 .57

46 —42 —12 434 19 35

Posterior superior temporal sulcus 22
Posterior superior temporal sulcus 22
Posterior superior temporal sulcus 22
Right fusiform gyrus 37

Occipital lobe

Occipital cortex 18 0—74 14 495 48 39"
Occipital cortex 17 —10—-66 14 480 18 .38
Occipital cortex 19 28—-54 2 388 15 40"
Cerebellum

Cerebellum 20 —60 —38 6.03 69 .23
Cerebellum —40 —68 —34 522 35 .15
Cerebellum —18 —46—12 510 57 427
Cerebellum —24 —56 —42 488 17 35
Cerebellum —10-60—12 471 19 48"
Cerebellum 8 —40 —30 4.67 42 .32
Cerebellum —4 —84—-38 391 10 .16

There were no regions that correlated negatively with IL-6 increases. R(ADep) refers to
the correlation between the parameter estimates from the listed neural activations and
self-reported increases in depressed mood. >"p<.05; Tp<.10.

‘mentalizing’—the process of thinking about the contents of other
people's minds (Frith and Frith, 1999, 2003, 2006). Individuals who
showed greater increases in IL-6 levels from baseline to immediately
prior to scanning showed greater activity (in response to social
exclusion vs. inclusion) in the medial and dorsomedial prefrontal
cortex (MPFC; DMPFC), regions that have been associated with
understanding the mental states of others (Frith and Frith, 1999, 2003,
2006; Mitchell et al., 2005), as well as regions of the posterior superior
temporal sulcus (pSTS), the temporal pole, posterior cingulate cortex,
and precuneus—all of which have also been shown to be involved in
understanding the minds or behaviors of others (Fig. 2B; Frith and
Frith, 1999, 2003, 2006). In addition, several of these regions also
correlated positively with increases in self-reported depressed mood

(MPEC: r=.42, p<.10; DMPFC: r= 41, p<.10; temporal pole: r= 41,
p<.10; pSTS: r=.57, p<.05; see Table 1).

Correlations between IL-6 increases and neural activity for females and
for males in the endotoxin group

To further investigate the relationship between increases in IL-6
levels and neural responses to social exclusion among males and
females separately, we conducted separate whole-brain regression
analyses for males and females. Thus, we examined how increases in
IL-6 levels correlated with neural activity to social exclusion vs.
inclusion in the female endotoxin subjects and separately in the male
endotoxin subjects.

When examining positive correlations between IL-6 increases and
neural activity for females in the endotoxin group, we found only four
significant activations in the entire brain, three of which were in social
pain-related neural circuitry (Table 2A). Specifically, IL-6 increases
were associated with greater activity in the dACC (Fig. 3A) as well as
the left and right anterior insula (Fig. 3B) in response to social
exclusion compared to inclusion. Moreover, dACC and right anterior
insula clusters identified in this analysis also correlated significantly

Table 2

Neural activations during social exclusion vs. inclusion that correlated with increases in
IL-6 levels from baseline to 2 h post-injection for: A) all females in the endotoxin group
and B) all males in the endotoxin group (p<.001, 10-voxel extent threshold).

Region BA MNI T k
coordinate

R(ADep)

A) Female endotoxin participants
Positive correlations with IL-6 increases
Paralimbic

Left anterior insula

Right anterior insula

Dorsal Anterior Cingulate 32 —8

Cortex (ACC)

Temporal lobe

Right fusiform gyrus 37

—-22 32 4 606 17 58
42 22-2 570 19  .69%
22 46 582 17 72

44 —40 —12 857 30 .55

Negative correlation with IL-6 increases

Right somatosensory cortex 1/2/3 64 —16 44 6.07 1 —41

B) Male endotoxin participants

Positive correlations with IL-6 increases

Paralimbic
Right anterior insula 36 18—12 775 60 .03
Left anterior insula —20 28 -6 764 21 -—.21
Right posterior insula 46 —16 12 1202 62 —.25
Left posterior insula —36—12 12 639 34 —12

Dorsal/rostral ACC 32 12 34 24 679 23 —.09
Frontal lobe
Left ventrolateral 44 —60 4 34 987 12 —.09
prefrontal cortex
Right ventrolateral 47 46 20-—12 720 14 .00

prefrontal cortex
Dorsomedial prefrontal cortex 8 18 56 40 626 19 —.24
Right dorsal premotor cortex 6 54 4 42 709 19 -—-.09
Supplementary motor area 6 10—-18 72 514 10 —.07
Parietal lobe
Left somatosensory cortex
Temporal lobe
Posterior superior 22
temporal sulcus
Left middle temporal gyrus 21
Right inferior temporal gyrus 20

1/2/3 —40-16 32 839 27 -—.02
—58 —42 18 1185 46 —.31

—56—-4 —22 784 38 —.08
56 —20—-24 597 19 -—.15

Occipital lobe
Occipital cortex 18 —40—-80 0 851 50 —.35
Cerebellum
Cerebellum —10 —48 —20 1091 100 —.23
Cerebellum 14 —42 —22 816 128 —.03
Cerebellum 22 —-72—-44 615 11 18

Cerebellum —8 —54—-38 6.07 20 .02
Cerebellum 22 —58 —40 594 61 —.22

R(ADep) refers to the correlation between the parameter estimates from the listed
neural activations and self-reported increases in depressed mood. *p<.05; p<.10.
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Fig. 3. Activity in the (A) dorsal anterior cingulate cortex (dACC; — 8, 22, 46) and (B) bilateral anterior insula (left: —22, 32, 4; right: 42, 22, — 2) that correlated with increases in IL-6
levels from baseline to 2 h post-injection among females in the endotoxin group. Scatterplots showing the relationship between (C) dACC activity and (D) right anterior insula
activity with increases in depressed mood from baseline to 2 h post-injection among females in the endotoxin group.

with increases in self-reported depressed mood from baseline to 2 h
post-injection (dACC: r=.72, p<.05; Fig. 3C; right anterior insula:
(r=.69, p<.05; Fig. 3D). In addition, left anterior insula activity
correlated marginally significantly with increases in self-reported
depressed mood (r=.58, p=.08). There was only one neural region,
the somatosensory cortex, that correlated negatively with IL-6
increases (see Table 2A). None of these results changed after
controlling for baseline levels of estradiol or progesterone.

Because there were significant correlations between IL-6 increases
and self-reported depressed mood increases as well as between
activity in the dACC and right anterior insula with both of these
variables, we conducted statistical mediation analyses to see if activity
in these regions mediated the relationship between increases in IL-6
and increases in self-reported depressed mood in females. Both the
dACC and right anterior insula were found to significantly or
marginally significantly mediate the relationship between IL-6
increases and depressed mood (dACC: Sobel test=1.71, p<.05, one-
tailed; right anterior insula: Sobel test=1.34, p=.09, one-tailed;
MacKinnon et al., 2002); suggesting that, for females, IL-6 may relate
to depressed mood, in part, through social pain-related neural activity.

When examining correlations between IL-6 increases and neural
activity for males in the endotoxin group, we again found that IL-6
increases correlated with several different social pain processing
regions, including anterior and posterior insula as well as a region of
the ACC (although this activation was more rostral than the one
observed in females; see Table 2B). However, none of these activations
correlated significantly with increases in depressed mood (all ps>.16).
In addition, for males, but not for females, increases in IL-6 levels were
associated with greater activation in several prefrontal regulatory
regions (right and left ventrolateral prefrontal cortices (rVLPFC,
IVLPFC)), as well as several regions involved in mentalizing (DMPFC,
pSTS). However, none of these regions correlated significantly with
self-reported increases in depressed mood. Interestingly, activity in
the rVLPFC, known to be involved in emotion and pain regulation
(Eisenberger et al., 2003; Lieberman et al., 2004; Ochsner and Gross,
2005; Wager et al., 2004) correlated negatively with activation in the

right anterior insula (34, 24, 14, r=—.89, p<.01), in a region similar
to the right anterior insula activation that marginally mediated the
relationship between IL-6 increases and depressed mood increases in
females (42, 22, —2).

Discussion

The current study aimed to further understand the emerging
relationship between proinflammatory cytokine activity and
depressed mood by examining some of the possible neurocognitive
substrates of these effects. Specifically, we were interested in whether
proinflammatory cytokine activity contributed to heightened social
pain sensitivity, which may increase vulnerability to depressive
symptoms. To do this, we experimentally manipulated proinflamma-
tory cytokine activity through exposure to endotoxin or placebo and
then measured self-reported depressive symptoms as well as neural
responses to an episode of social exclusion. Although we replicated
previous research (Reichenberg et al., 2001) showing that endotoxin,
compared to placebo, led to increases in depressed mood, we did not
find meaningful differences between the two groups in neural
responses to exclusion vs. inclusion. Instead, sex differences emerged,
such that, for females, social pain-related neural activity mediated the
relationship between IL-6 increases and depressed mood increases;
whereas for males, there was no significant relationship between IL-6
increases and depressed mood.

Based on the lack of between-group differences in neural
responses to social exclusion, one might conclude that experimen-
tally-induced inflammation does not alter social pain sensitivity.
However, our findings suggest that biological variability in the
inflammatory response, as measured here by circulating concentra-
tions of IL-6, may be more important in relating to differences in
neural responses than the experimental challenge itself. Indeed,
variability in the IL-6 response to endotoxin was associated with
neural responses to social exclusion such that greater IL-6 increases
were associated with greater activity in the anterior and posterior
insula, regions involved in both physical and social pain processing
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(Apkarian et al., 2005; Aziz et al., 2000; Cechetto and Saper, 1987;
Eisenberger et al., 2003). Moreover, activity in both of these regions
correlated with increases in depressed mood. However, when taking
the parameter estimates from the neural activations in this analysis
and examining their correlations with depressed mood in each sex
separately, the correlations between insula activity and depressed
mood in the full endotoxin sample seemed to be driven largely by the
females (left posterior insula: females r=.70, p<.05; males r=.33,
ns; right anterior insula: females r=.77, p<.05; males r=.03, ns).
Thus, although greater IL-6 responses to endotoxin were associated
with greater social pain-related neural activity for subjects exposed to
endotoxin, the relationship between these neural activations and
depressed mood seemed specific to the females exposed to endotoxin.
This is consistent with the neural analyses that were run for each sex
separately, discussed below.

Unexpectedly, increases in IL-6 levels among those exposed to
endotoxin were also associated with greater activity in several neural
regions known to play a role in ‘mentalizing’ or understanding the
mental states and behaviors of others (Frith and Frith, 1999, 2003,
2006; Mitchell et al., 2005). Thus, it is possible that heightened levels
of inflammation are associated with greater efforts at processing the
goals and intentions of others in socially threatening situations,
possibly to better predict the behaviors of others, thereby protecting
oneself in times of compromised physiological functioning. This is
consistent with animal models of sickness behavior in which
motivational resources are redirected to conserve energy, promote
recuperation, and ensure the survival of the sick animal (Hart, 1988).
When sick, it may be adaptive to become more sensitive to the goals
and intentions of others in order to better predict their behavior and
ensure one's own safety with minimal energy expenditure. The effect
of proinflammatory cytokine activity on mentalizing ability has not
been examined previously and is worthy of further investigation.
Future studies would benefit from incorporating specific mentalizing
paradigms to more carefully investigate the effects of inflammatory
states on the capacity and tendency for mentalizing.

Sex differences in cytokine-associated depressed mood and neural
responses to exclusion

Interestingly, sex differences emerged in the relationships
between proinflammatory cytokine activity, depressed mood, and
neural responses to social exclusion. First, for females exposed to
endotoxin, increases in IL-6 levels were significantly associated with
increases in depressed mood, whereas for males exposed to
endotoxin, there was no significant relationship. Moreover, for
females exposed to endotoxin, IL-6 increases were associated almost
exclusively with greater activity in social pain-related neural activity,
and this activity mediated the relationship between IL-6 increases and
depressed mood increases. For males, IL-6 increases correlated with
increases in some social pain-related neural regions as well as several
regions involved in mentalizing and emotion regulation; however,
none of these regions correlated significantly with increases in self-
reported depressed mood. In other words, while greater increases in
levels of IL-6 related to greater social pain-related neural activity in
both males and females, the relationship between these neural
activations and depressed mood was specific to females.

It is not yet clear what accounts for these sex differences; there are
several different possibilities. At a cultural or societal level, it is
possible that males in this study were less likely to report feeling
depressed as this runs counter to gender stereotypes, which stipulate
that it is less socially acceptable for males to express feelings of
sadness or depression (Fabes and Martin, 1991). Although there were
no sex differences in the effect of endotoxin vs. placebo on self-
reported depressed mood, the tendency to downplay subtle changes
in depressed mood may have prevented us from finding significant
relationships between depressed mood and either IL-6 changes or

neural responses to exclusion in males. Future studies should collect
behavioral indices of depressed mood in addition to self-reports to
reduce biases in how males and females report specific negative mood
states.

At the neural level, it is possible that sex differences in cytokine-
associated depressed mood are due, in part, to different neural
processes typically engaged by males vs. females. In the current study,
females primarily showed correlations between IL-6 increases and
social pain-related neural activity, whereas males showed correlations
between IL-6 increases and several different types of neural activity—
including social pain-related neural activity as well as mentalizing and
emotion regulatory neural activity. In fact, for males, activity in the
r'VLPFC, a region involved in emotion regulation, correlated negatively
with activity in the anterior insula, in a region similar to the insula
activation that mediated the relationship between IL-6 increases and
depressed mood increases in females. Thus, it is possible that males
engaged more regulatory neural activity during social exclusion,
which was associated with reduced affective neural reactivity; we
speculate that such enhanced neural regulatory activity may buffer
males, in part, from the strong links between IL-6 responses, social
pain-related neural activity, and depressed mood that was observed in
females. Why males with greater inflammatory responses would
recruit more neural regulatory activity than females, however, is not
yet clear.

At the neurochemical level, it is possible that sex-specific
hormonal substrates contributed to the observed sex differences in
cytokine-associated depressed mood. Based on the higher prevalence
of both depressive disorders and autoimmune conditions in females
(Nolen-Hoeksema, 2001; Whitacre et al., 1999), sex hormones seem a
likely contributor to sex differences in cytokine-associated depressed
mood. Whether or not this is true is not yet known. However, based on
research on sex differences in depression (Nolen-Hoeksema and
Girgus, 1994), it is plausible that sex hormones in conjunction with
other biological systems, may contribute to sex differences in
cytokine-associated depression, although our analyses did not reveal
that varying levels of estradiol or progesterone impacted our findings.

Finally, sex differences in inflammatory signaling processes (in
addition to peripheral inflammation) may also relate to the neural
differences observed. Inflammatory responses in the periphery are
transduced to the brain to alter neural activity and depressed mood.
Thus, in addition to “signal generated” (cytokines released at the
periphery), neural and behavioral responses may reflect “signal
heard”, which will be determined in part by the impact of
inflammatory cytokines (e.g., IL-6) on inflammatory signaling in the
brain. Nuclear factor kK-B (NF-k-B), a key transcription factor that
coordinates the inflammatory signaling cascade, is activated by
inflammatory and other challenges. We speculate that sex differences
in the neural responses to inflammatory signaling may be due in part
to differences in activation of NF-«-B. Indeed, we have previously
found that females, but not males, show a marked activation of NF-k-B
in response to an acute stressor (sleep loss; Irwin et al., 2008), which
is known to increase proinflammatory cytokines (Mullington et al.,
2009). Future work is needed to determine whether females, as
opposed to males, show differential increases in NF-«-B activation or
other nuclear signaling pathways in response to endotoxin.

Limitations and conclusion

The findings reported here should be interpreted with caution for
several reasons. First, the observed sex differences are based on very
small sample sizes and thus future studies that include larger numbers
of males and females will be needed to determine whether these sex
differences replicate. Second, although the goal of this study was to
examine the effect of proinflammatory cytokines on neural sensitivity
to social exclusion, all of the neural findings are based on correlational
analyses conducted among subjects in the endotoxin condition only.
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Because of this, it is not clear whether proinflammatory cytokines
played a causal role in the neural responses observed here or whether
some third variable contributed to the correlations between cytokine
(IL-6) increases and neural responses to exclusion. It is unlikely,
however, that the neural activity observed led to the IL-6 increases as
our measure of IL-6 increases occurred prior to the neuroimaging
session. Furthermore, it should be emphasized that endotoxin has
been shown to increase the production and secretion of several
different proinflammatory cytokines, including TNF-a and IL-1
receptor antagonist (Reichenberg et al., 2001). Thus, although we
only examined correlations between IL-6 increases and neural activity
in the current study, other proinflammatory cytokines may show
similar or different patterns of relationships. It will be important for
future investigations to examine relationships with other proinflam-
matory cytokines as well.

In addition, related to the neural activity observed, although we
have characterized regions such as the insula or dACC as being
involved in social pain processing, these regions have been shown to
play a role in many other processes as well (e.g., disgust,
performance monitoring; Phillips et al., 2003) and thus the activity
observed here may not be specific to social pain. However, given
that these neural responses were assessed in response to being
socially excluded, it is more likely that these types of activations
relate to social pain experience than to other types of processes.
Finally, a limitation inherent to this and other studies of experi-
mentally-induced proinflammatory cytokine activity is that we can
only examine the effect of cytokines on depressed mood and not
full-blown depression. Still, understanding the causal relationships
between cytokine activation and depressed mood may provide us
with valuable information about the relationships between inflam-
matory processes and depression.

In sum, experimentally-induced cytokine activation did not
increase social pain sensitivity across the board; however, for females,
proinflammatory cytokine increases (IL-6) following endotoxin
administration were associated with both increases in social pain-
related neural activity to social exclusion as well as increases in
depressed mood. For males, IL-6 increases following endotoxin
administration were associated with increases in neural activity
related to social pain sensitivity, mentalizing, and emotion regulation;
however none of these activations correlated with changes in
depressed mood. Although future work will be needed to determine
whether these findings replicate, this study advances our under-
standing of the social and emotional changes that relate to cytokine
activation—changes that may be critical for understanding the
contribution of proinflammatory cytokine activity to depressed mood.
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