Inflammation-Induced Anhedonia: Endotoxin Reduces
Ventral Striatum Responses to Reward
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Background: Although inflammatory activity is known to play arole in depression, no work has examined whether experimentally induced
systemic inflammation alters neural activity that is associated with anhedonia, a key diagnostic symptom of depression. To investigate this,
we examined the effect of an experimental inflammatory challenge on the neural correlates of anhedonia—namely, reduced ventral
striatum (VS) activity to reward cues. We also examined whether this altered neural activity related to inflammatory-induced increases in
depressed mood.

Methods: Participants (n = 39) were randomly assigned to receive either placebo or low-dose endotoxin, which increases proinflammatory
cytokine levels in a safe manner. Cytokine levels were repeatedly assessed through hourly blood draws; self-reported and observer-rated
depressed mood were assessed regularly as well. Two hours after drug administration, neural activity was recorded as participants
completed a task in which they anticipated monetary rewards.

Results: Results demonstrated that subjects exposed to endotoxin, compared with placebo, showed greater increases in self-reported and
observer-rated depressed mood over time, as well as significant reductions in VS activity to monetary reward cues. Moreover, the
relationship between exposure to inflammatory challenge and increases in observer-rated depressed mood was mediated by between-
group differences in VS activity to anticipated reward.

Conclusions: The data reported here show, for the first time, thatinflammation alters reward-related neural responding in humans and that
these reward-related neural responses mediate the effects of inflammation on depressed mood. As such, these findings have implications

for understanding risk of depression in persons with underlying inflammation.
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characterized by increases in proinflammatory cytokine activ-

ity, plays a critical role in the onset and perpetuation of de-
pression and depressive symptoms in those who are comorbid for
inflammatory disorders (1). Consistent with this, experimental work
has shown that exposure to inflammatory challenge increases de-
pressed or negative mood in healthy samples (2-4). Based on these
findings, there has been a growing interest in whether inflamma-
tory processes contribute to depression in a causal manner and
how such effects might occur.

Anhedonia—the lack of reactivity to pleasurable stimuli—is an
important symptom of endogenous depression and, along with
depressed mood, forms the key diagnostic criteria for depressive
disorder (5). Whereas negative affect is a feature of most emotional
disorders, anhedonia is a symptom that is unique to depression (6).
However, even though anhedonia figures prominently in the spe-
cific etiology of depression, the effect of experimentally induced
inflammation on anhedonia has not been examined in humans.

In animals, experimental immune system activation has been
shown to produce anhedonic-like behavior (7). Experimental in-

S ubstantial evidence has demonstrated that inflammation,
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flammatory challenge has been shown to decrease reward-related
responding in rats as indexed by reductions in saccharin preference
(8) and reductions in rewarding neural self-stimulation (9). This
inflammatory-induced change in behavior is consistent with the
notion that proinflammatory cytokines can signal the brain to initi-
ate “sickness behavior,” a motivational response to infection or
disease that is thought to promote recovery from illness (10,11). As
such, anhedonia may be an adaptive response to sickness that
promotes recuperative behavior and prevents individuals from en-
gaging in activities that require excessive energy. Still, little is
known about the effect of inflammation on anhedonia in humans
or the neural mechanisms that underlie these changes.

Neuroimaging studies have successfully identified some of the
neural regions involved in reward processing, which are hypothe-
sized to contribute to the anhedonic symptoms of depression (12).
Thus, the ventral striatum (VS) has been found to figure promi-
nently in the anticipation of rewards (13,14). Dopamine projections
to the VS fire selectively in response to the presentation of reward
cues in monkeys (15), and the anticipation of monetary reward
activates the VS in humans (16,17). Interestingly, comparative re-
search suggests that dopamine release in the VS is greater during
reward anticipation than reward consumption (13,18) and that the
VS is particularly sensitive to the anticipation of reward (17,19).

Consistent with this, recent research has implicated reduced VS
activity in the anhedonic symptoms of depression. For example,
depressed patients (vs. healthy control subjects) showed reduced
VS activity during a monetary reward task (20). Moreover, higher
levels of anhedonia were associated with reduced VS responses to
rewarding stimuli in both healthy (21) and depressed (22,23) sub-
jects. In addition, even remitted depressed patients (vs. healthy
control subjects) demonstrated evidence of reduced VS activity to
rewarding stimuli (24).

In this study, we examined the effect of inflammatory challenge
onthe neural correlates of anhedonia—namely, reduced VS activity
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to reward cues. We also explored how these reward processes
related to inflammatory-induced increases in depressed mood.
Moreover, because previous studies in humans have focused pri-
marily on self-reported depressed mood, we also included a mea-
sure of observer-rated depressed mood to obtain a more objective
index of inflammatory-induced depressive symptoms. Thus,
healthy participants were randomly assigned to receive either en-
dotoxin, known to increase proinflammatory cytokines in a safe
manner (25,26), or placebo and then completed a reward anticipa-
tion task. We hypothesized that endotoxin, compared with pla-
cebo, would lead to decreases in VS activity to reward anticipation
as well, as to increases in depressed mood. We also investigated
whether reductions in reward-related neural responding mediated
the relationship between condition (endotoxin vs. placebo) and
increases in depressed mood.

Methods and Materials

Participants

Thirty-nine participants (mean age: 21.8 = 3.4 years; range:
18-36 years) were randomly assigned to receive either endotoxin
(n = 23, 12 female participants; mean age: 21.57 = 2.76 years;
range: 18 -28 years) or placebo (n = 16, 8 female participants; mean
age: 22.19 = 4.26 years; range: 18-36 years). Sample size was based
on previous studies of experimentally induced inflammatory chal-
lenge (3). Prospective participants with the following conditions
were excluded through a structured telephone interview: claustro-
phobia or metal in their body (relevant for the neuroimaging com-
ponent); chronic mental or physical illness; history of allergies, auto-
immune, liver, or other chronic diseases; current use of prescription
medications; and nightshift work or time zone shifts (> 3 hours) within
the previous 6 weeks. Participants also had to be right-handed.

Following the telephone interview, participants completed an
additional screening interview in which they completed the Struc-
tured Clinical Interview for DSM-IV Axis | Disorders (27) and pro-
vided blood and urine samples for laboratory screening tests. Any
participant who: 1) had a body mass index greater than 30, 2)
reported physical health problems or medication use, 3) evidenced
an Axis | psychiatric disorder based on the Structured Clinical Inter-
view for DSM-IV Axis | Disorders assessment (Axis Il disorders were
not systematically evaluated), 4) showed evidence of drug use from
a positive urine test, 5) had a positive pregnancy test, or 6) showed
abnormalities on the 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. The two
experimental groups were not significantly different from each
other in terms of racial composition [endotoxin: 35% European
American, 26% Asian, 13% Hispanic, 9% African American, and 17%
other; placebo: 44% European American, 6% Asian, 25% Hispanic,
6% African American, 19% other; x(4) = 3.10, p > .50]. After com-
plete description of the study, written informed consent was ob-
tained from each participant in accordance with the University of
California Los Angeles Institutional Review Board.

Procedure

The study was conducted between January and November 2007
at the University of California Los Angeles General Clinical Research
Center (GCRC) using a randomized, double-blind, placebo-con-
trolled design. Upon arrival to the GCRC, a nurse, who was blind to
condition, inserted a catheter with a heparin lock into the partici-
pant’s dominant forearm (right) for hourly blood draws and one
into the nondominant forearm (left) for a continuous saline flush
and for drug administration. Ninety minutes after arrival, partici-
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pants were randomly assigned to receive either endotoxin (.8 ng/kg
of body weight; Escherichia coli group 0113, provided by the Na-
tional Institutes of Health Clinical Center [26]) or placebo (same
volume of .9% saline), which was administered by the nurse as an
intravenous bolus." No significant differences in age, years of edu-
cation, body weight, or body mass index were found between the
two groups.

Throughout the study, vital signs (pulse, temperature) were as-
sessed every half hour and blood draws (to assess interleukin-6
[IL-6], tumor necrosis factor-alpha [TNF-a]) were collected hourly
for 6 hours postinjection. Participants completed hourly self-report
measures of sickness symptoms and depressed mood. In addition,
to obtain a more objective measure of depressed mood, an exper-
imenter (the same one), who was blind to condition, made ratings
of how depressed the subject seemed at baseline and at 2 hours
postinjection (observer-rated depressed mood). Participants did
not know that these ratings were being made.

Approximately 2 hours postinjection, participants were scanned
as they completed the monetary reward task in the functional mag-
netic resonance imaging scanner (all scans took place between the
hours of 12:00 M and 2:00 pPm). Following this, participants returned
to the GCRC and completed the study procedures. For safety rea-
sons, the study physician (M.R.l.) was aware of each participant’s
group assignment and was on call during each experimental ses-
sion but did not take part in the testing procedures. Participants
were discharged from the GCRC approximately 6 hours after drug
administration upon approval from the study’s physician; approval
was granted if self-reported physical and psychological symptoms
returned to baseline levels. There were no adverse events. At the
end of the study, participants were thanked, debriefed, and paid for
their participation ($200).

Behavioral Assessments

Self-Reported Sickness Symptoms. Sickness symptoms (muscle
pain, nausea, breathing difficulties, fatigue) were assessed hourly.
Participants rated the extent to which they felt the symptoms on a
scale from 0 (no symptoms) to 4 (very severe symptoms).

Observer-Rated Depressed Mood. An experimenter who
stayed with the participant at the GCRC and was blind to condition
made ratings of how unhappy and gloomy (taken from the Profile
of Mood States depression subscale [28] as ones that an observer
could rate) the participant seemed on a scale from 0 (not at all) to 4
(extremely). These items were assessed at baseline and 2 hours
postinjection and were averaged at each time point. The reliability
of the scale (at peak response) was good (o = .60).

Self-Reported Depressed Mood. Self-reported depressed
mood was assessed hourly, using an abbreviated version of the
Profile of Mood States depression subscale (28). 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). Scores were
calculated by averaging ratings at each time point. The reliability of
the scale (at peak response) was good (o = .68).

Functional Magnetic Resonance Imaging Paradigm

To assess neural responses to reward anticipation, participants
were scanned while completing the monetary incentive delay
(MID) task in a manner similar to previous work (16,17). While still at

'Random assignment was determined by a consultant who was not in-
volved in running participants and was kept by the University of Califor-
nia Los Angeles Pharmacy to ensure proper drug preparation for each
participant. The random allocation sequence was determined through
the use of arandom number generator with consideration for the inclu-
sion of equal numbers of male and female subjects in each group.
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the GCRC (immediately following endotoxin/placebo administra-
tion), participants were given instructions for the MID task. Partici-
pants were told that on each trial, they would see a cue indicating
how much money they could win or lose and that following this
cue, they would see a target. On trials in which the cue indicated a
potential win, participants could win money if they pressed a but-
ton during the target presentation. Alternatively, on trials in which
the cue indicated a potential loss, participants could avoid losing
money if they pressed a button during the target presentation.
During neutral trials, participants’ earnings would not change, but
they were still instructed to press the button as quickly as possible
following the cue. After receiving the instructions, participants
completed a practice version of the task to produce an estimate of
each participant’s reaction time for standardizing task difficulty in
the scanner.

MID Task. During the MID task, participants saw 65 6-second
trials. During each trial, participants saw one of five cue shapes (cue,
250 msec), then a crosshair as they waited a variable interval (delay,
2000-2500 msec), and then a white target square that appeared for
a variable length of time (target, 166-333 msec). If participants
pressed a button while the target was on the screen, they won
money, avoided losing money, or stayed even (depending on the
type of cue). Feedback information (feedback, 1753 msec) followed
the target and notified participants about their earnings on the
previous trial, as well as their cumulative earnings at that point
(Figure 1). Task difficulty, based on reaction times collected during
the practice session, was set such that participants would succeed
on approximately 66% of their target responses. Cues signaled
potential reward (circles), potential loss (squares), or no monetary
outcome (triangles). The number of horizontal lines in the cues
indicated the magnitude of the possible reward (+ $1.00: n = 13,
one horizontal line; + $5.00: n = 13, three horizontal lines) or loss
(—$1.00: n = 13; one horizontal line; —$5.00: n = 13; three horizon-
tal lines). Trial types were pseudorandomly ordered within the scan-
ning session.

Functional Magnetic Resonance Imaging Data Acquisition
and Data Analysis

Data were acquired on a Siemens Allegra 3T head-only scanner
(Siemens Medical Systems). Head movements were restrained with
foam padding and surgical tape placed across each participant’s
forehead. For each participant, a high-resolution structural T2-

+1.00
[25.00]

Outcome
Figure 1. Sample trial from the monetary incentive delay task.
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weighted echo-planar imaging volume (spin-echo; repetition time
= 5000 msec; echo time = 33 msec; matrix size 128 X 128; 36 axial
slices; field of view = 20 cm; 3-mm thick, skip 1 mm) was acquired
coplanar with the functional scans. One functional scan was ac-
quired (echo-planar T2*-weighted gradient-echo, repetition time
= 2000 msec, echo time = 25 msec, flip angle = 90°, matrix size 64
X 64; 36 axial slices, field of view = 20 cm; 3-mm thick, skip 1 mm),
lasting approximately 9 minutes.

The imaging data were analyzed using SPM’5 (Wellcome De-
partment of Cognitive Neurology, Institute of Neurology, London,
United Kingdom). 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 maxi-
mum, to increase signal-to-noise ratio. For each participant, the
presentation of the reward (+ $1.00, + $5.00) and neutral ($.00)
cues were modeled as events. After the task was modeled for each
participant, planned comparisons were computed as linear con-
trasts. Random effects analyses of the group were computed
using the contrast images generated for each participant. Al-
though loss trials were included, analyses focused on neural re-
sponses during the presentation of reward and neutral cues to
examine reward processes (reward anticipation vs. neutral anticipa-
tion) that might relate to endotoxin-induced anhedonia. However,
additional analyses revealed no significant between-group differ-
ences in reward-related neural activity during loss trials.

Plasma Levels of Cytokines

Plasma blood samples were collected in prechilled tubes con-
taining sodium ethylenediaminetetraacetic acid and aprotinin.
Tubes were immediately centrifuged at 4°C and plasma was har-
vested into multiple aliquots and then frozen in a —70°C freezer.
Plasma levels of IL-6 and TNF-a were quantified by means of high-
sensitivity enzyme-linked immunosorbent assays (Quantikine HS
Human IL-6, Quantikine HS Human TNF-«, R&D Systems, Minneap-
olis, Minnesota). All assays were performed according to the man-
ufacturer’s protocols, with reported intra-assay and interassay coef-
ficients of variation less than 11%. For IL-6 assays, the lower limit of
quantitation was .2 pg/mL; all samples were assayed in duplicate.
For TNF-a assays, the lower limit of quantitation was .5 pg/mL;
repeated measures on each individual were assayed in single wells.

Statistical Analyses

Behavioral Outcomes. To assess between-group differences
(endotoxin vs. placebo) in behavioral outcomes, we conducted
repeated-measures analyses of variance, testing time (baseline vs.
each subsequent time point) by condition (endotoxin vs. placebo)
interactions. Because observer-rated depressed mood was not nor-
mally distributed, we categorized this variable into two levels: 1) no
evidence of depressed mood increases, and 2) evidence of de-
pressed mood increases.

Neuroimaging Outcomes. To compare neural activity be-
tween the two groups in response to reward anticipation, we com-
pleted two kinds of analyses using SPM’5. First, based on a priori
hypotheses regarding inflammatory-induced reductions in reward-
related neural responding, we conducted region of interest (ROI)
analyses focusing on activity within the left and right VS. Ventral
striatum ROls were structurally defined a priori using the Wake
Forest University Pickatlas Tool (29) based on the Automated Ana-
tomical Labeling atlas (30) and constrained in the following way:
—12<x<12,4<y<18,—12 <z <0.We then used the Marsbar
toolbox (http://marsbar.sourceforge.net) to extract mean parame-
ter estimates (that model the amplitude of the blood oxygenation
level-dependent response during reward anticipation vs. neutral
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anticipation) averaged across all voxels in each ROI for each group
(endotoxin, placebo). Standard statistical software was then used to
examine between-group differences in these activation values (p <
.05). To supplement these analyses, we conducted whole-brain
analyses to further investigate between-group differences in the
specific neural regions activated in response to reward anticipation
(p < .001, 10 voxels) (31). Reward-related regions that demon-
strated between-group differences in neural activity were further
explored to see if they correlated with increases in depressed mood
and mediated the relationship between condition and increases in
depressed mood. Based on convention, all neuroimaging analyses
were one-tailed. All coordinates are reported in Montreal Neurolog-
ical Institute format.

Results

Physiological and Affective Responses

As reported previously (2,32), endotoxin led to a significant in-
crease in IL-6 and TNF-a levels, body temperature, pulse, and sick-
ness symptoms, and there were no sex differences in any of these
effects. In addition, as reported previously, endotoxin (vs. placebo)
led to a significant increase (from baseline to 2 hours postinjection)
in self-reported depressed mood [F(1,35) = 8.13, p < .01; no sex
differences], which was not altered by controlling for each type of
sickness symptom, with the exception of fatigue [F(1,34) = .10, ns].
Interestingly, we also found significant between-group differences
in observer-rated depressed mood increases (from baseline to 2
hours postinjection). Subjects in the endotoxin, compared with the
placebo, group were rated by the experimenter (who was blind to
condition) as more likely to show an increase in depressed mood
[F(1,35) = 7.01, p <.05]. Thus, 43% of the subjects in the endotoxin
group were rated as showing an increase in depressed mood;
whereas, only 6% of the subjects in the placebo group were rated as
showing an increase in depressed mood [x*(1,n = 37) = 6.17,p <
.05]. There was no sex difference in this effect (p > .18). Controlling
for each type of sickness symptom did not alter this relationship.

Behavioral Responses to the MID Task

There were no significant between-group differences in hit rates
(successful button presses during target presentation) to reward,
loss, or neutral trials (ps > .25) or in reactions times to reward, loss,
or neutral trials (ps > .59). In addition, there were no significant
between-group differences in monetary earnings [t (32) = 1.50,p =
.14; endotoxin: M = $46.25,SD = $18.69; Placebo: M = $35.14,SD =
$23.39). Thus, any between-group differences in neural responding
during reward trials should reflect differences in neural sensitivity
to reward and not differences in rewarding outcomes between the
two groups.

Neural Responses to the MID Task

To examine whether subjects exposed to endotoxin showed
evidence of anhedonia— characterized by reduced VS activity dur-
ing reward anticipation—we examined whether there were be-
tween-groups differences in neural activity within the left and right
VS ROIs during the anticipation of reward versus neutral trials. As
predicted, subjects exposed to endotoxin versus placebo showed
significantly less activity in the left VS (p < .05; Figure 2), and there
was no sex difference in this effect (p > .38). There was no signifi-
cant difference in activity in the right VS ROI. Follow-up analyses
demonstrated that the placebo group showed significant bilateral
VS activation (ts> 3.3, ps < .005), which is consistent with previous
work (16,17). The endotoxin group, however, only showed signifi-
cant activation in the right VS (t = 3.03, p < .005).

To further characterize the extent of the between-group differ-
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Figure 2. Neural activity (mean parameter estimates) for the left (blue) and
right (red) ventral striatum regions of interest during reward anticipation
versus neutral anticipation for participants in the endotoxin and placebo
conditions. Shaded regions denote ventral striatum region of interest loca-
tion (inset). VS, ventral striatum.

ences in VS activity, we next ran whole-brain analyses. Consistent
with the ROI analyses, whole-brain analyses also demonstrated
reduced left VS activity in endotoxin subjects compared with pla-
cebo subjects (—6,18,—12,t = 3.59, p < .001; Figure 3).2 There were
no sex differences in this effect (p > .40). Follow-up analyses of this
left VS cluster revealed that the placebo group showed significant
activation in this region (t = 1.88, p < .05), whereas the endotoxin
subjects showed significant deactivation in this region (t = —3.45,
p < .005). In addition, there were no regions that were more active
for endotoxin subjects than placebo subjects in response to reward
anticipation (see Table 1 for a complete list of between-group dif-
ferences in neural activation).

Correlations between VS Activity and Depressed Mood

To further explore how the observed differences in VS activity
related to increases in depressed mood, we examined correlations
between left VS activity and increases in depressed mood from
baseline to 2 hours postinjection. Left VS activity from the whole-
brain analysis correlated negatively with increases in observer-
rated depressed mood, such that subjects who showed reduced
activity in the left VS during reward anticipation also showed a
greater increase in observer-rated depressed mood (point-biserial
correlation: r = —.54, p < .005). Left VS activity averaged across the
entire ROI, however, did not correlate significantly with observer-rated
depressed mood (r = —.15, ns). In addition, left VS activity (either from
the ROI or whole-brain analysis) did not significantly correlate with
increases in self-reported depressed mood (ps > .70).

Mediation Analyses

Finally, to examine whether endotoxin-induced changes in VS
activity mediated the relationship between exposure to inflamma-
tory challenge and increases in depressed mood, we conducted
mediation analyses.® These analyses revealed that the left VS cluster

2Although, with neuroimaging analyses, each subject serves as his/her own
control subject (e.g., neural activity during reward vs. neural activity
during neutral) and thus the effects of sickness symptoms on neural
activity should be subtracted out, we also conducted analyses in which
we controlled for self-reported sickness symptoms. Controlling for sick-
ness symptoms did not significantly change any of the VS findings in
either the ROl or whole-brain analyses.

3These mediation analyses are considered exploratory because: 1) measures
of depressed mood were taken immediately before the scanning ses-
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Endotoxin

Figure 3. (A) Ventral striatum (VS) activity from the whole-brain analysis that was significantly more active for placebo, compared with endotoxin, subjects
(displayed at p < .005, 10 voxels to show extent of activation; left = left). (B) Bar graph of ventral striatum activity from the whole-brain analysis showing

significantly more activity in placebo, compared with endotoxin, subjects.

derived from the whole-brain analysis was a significant mediator of
the relationship between condition and increases in observer-rated
depressed mood (Sobel test = 1.78, p <.05, one-tailed). In addition,
to test the specificity of this meditational analysis, we investigated
whether a control region also mediated this relationship. The hip-
pocampal gyrus cluster (—34,—26,—20) was chosen as the control
region, as it was significantly more activated for the placebo sub-
jects compared with the endotoxin subjects but was not expected
to uniquely mediate the relationship between condition and ob-
server-rated depressed mood. Indeed, unlike the left VS, the hip-
pocampal gyrus was not a significant mediator of this relationship
(Sobel test = .04, ns).

Discussion

Although previous research has demonstrated that inflamma-
tory activity contributes to depressive symptoms (1-4), no work in
humans has examined the effect of experimentally induced inflam-
mation on anhedonia—a key diagnostic feature of depression. The
goal of the current study was to examine the effect of an experi-
mental inflammatory challenge on the neural correlates of anhedo-
nia—reduced VS activity to reward cues—and to explore whether
this altered neural activity related to inflammatory-induced in-
creases in depressed mood.

Results revealed that subjects exposed to endotoxin versus pla-
cebo showed greater increases in self-reported and observer-rated
depressed mood and showed significant reductionsin VS activity to
reward cues. Moreover, the relationship between exposure to in-
flammatory challenge and increases in observer-rated depressed
mood was mediated by between-group differences in VS activity to
reward cues. Thus, inflammatory-induced decreases in reward-re-
lated VS activity were found to significantly contribute to the rela-
tionship between inflammatory activity and depressed mood.

Two points are worth noting regarding these results. First, although
there were no between-group differences in behavioral responses to
the monetary reward task, neuroimaging analyses revealed reliable
differences in VS responsivity to reward cues that related to increases
in observer-rated depressed mood. Thus, neuroimaging may be a

sion rather than after it and thus the causal ordering of the mediating
pathway is unclear, and 2) the test of mediation was not independent of
the condition-VS relationship because the clusters of VS activity were
determined based on between-group differences in condition (endo-
toxin vs. placebo).

www.sobp.org/journal

useful tool for examining the mechanistic correlates of inflammatory-
induced depressed mood that may not be revealed by behavioral
observations alone. Second, while both self-reported and ob-
served-rated depressed mood increased as a function of endotoxin,
only observer-rated depressed mood correlated negatively with VS
activity. This effect may have been due to sex differences in the
tendency to report depressed mood, as male subjects showed a
negative correlation between self-reported and observer-rated de-
pressed mood (r = —.61, p = .08), whereas female subjects showed
a positive correlation (r = .55, p = .08). Future studies would benefit
from including both subjective as well as more objective assess-
ments of depressed mood to further explore how altered reward-
related responding contributes to depression. In addition, future stud-
ies would benefit from including measures of clinically assessed
depressed mood as well, as the current measure of observer-rated
depressed mood was not made by a clinician.

The findings reported here are consistent with animal research
showing that inflammatory activity can increase anhedonic-like
behavior (7), as well as human research demonstrating a role for
altered reward-related neural responding in depressive states. Al-
though it is not yet clear how cytokines alter reward-related neural
responding, it is known that cytokines have central effects, either
through leaky regions in the blood-brain barrier or through the
transmission of cytokine signals through the vagus nerve (11). Fur-
thermore, it has been shown that the administration of cytokine-
producing agents can alter monoamine levels (dopamine, seroto-
nin) in the brain more generally (1) and in the striatum specifically
(32,33). To the extent that monoamines, such as dopamine and sero-
tonin, play a role in both reward processing and depressive symptoms
(12,34), it is possible that proinflammatory cytokines relate to reduced
reward processing and increased depressive symptoms through al-
tered activity in these neurotransmitter systems.

Together, the results reported here highlight the importance of
examining altered reward-related processing in inflammatory-re-
lated depression. Previous work exploring the psychological and
neural consequences of inflammatory activity has tended to focus
on the negative affective processes that might relate to depression
(2,35,36). However, to the extent that depressive symptoms relate
to altered activity in neural systems associated with positive affec-
tive processes (e.g., reward), it will be important to continue to
investigate the effects of inflammation on altered activity in re-
ward-related processing.

In summary, although previous research in humans has demon-
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Table 1. Between-Group Differences in Neural Activity to Reward Anticipation (vs. Neutral Anticipation)

Anatomical Region BA X y z t k p
Placebo > Endotoxin
Ventral Striatum L -6 18 -12 3.59 19 <.001
Premotor Cortex 6 R 36 2 42 432 64 <.0001
6/8 R 32 14 48 418 33 <.0001
6 R 52 10 6 4.14 37 <.0001
Superior Parietal Cortex 5/7 R 36 —40 72 3.67 11 <.0001
Inferior Temporal Gyrus 20 R 34 2 —36 430 33 <.0001
Middle Temporal Gyrus 21 R 50 —42 ) 4.15 33 <.0001
21 R 48 0 —22 3.66 12 <.0001
Hippocampal Gyrus 35/36 L —34 —26 —-20 4.22 39 <.0001
Occipital Cortex 19 L —28 —98 16 4.09 30 <.0001

Regions that showed greater activity in the placebo group compared with the endotoxin group during reward
anticipation versus neutral anticipation trials (p << .001, 10 voxel extent threshold).

Column headings x, y, and z refer to Montreal Neurological Institute coordinates; t refers to the t score at those
coordinates (local maxima); k refers to the number of contiguous activated voxels in a region; and p refers to the

uncorrected p value for each region.

BA, Brodmann area; L, left hemisphere; R, right hemisphere.

strated that proinflammatory cytokine activity can increase de-
pressed mood (1-4), the neurocognitive mechanisms that mediate
these effects remain unknown. Here, we demonstrate, for the first
time, that alterations in reward-related processing are an important
neural mediator of the effects of inflammation on depressed mood.
Identifying the neural processes that are altered as a function of
inflammation may allow for greater precision in treating and pre-
venting inflammatory-associated depression. For example, future
work could examine whether pharmacological agents that directly
target reward-related neural regions (dopaminergic drugs) could
attenuate the effects of inflammatory activity on depressed mood.
As such, alterations in reward-related neural circuitry represent an
important avenue for understanding inflammatory-associated
depression.
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