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RCHIVAL REPORT

nduction of Depressed Mood Disrupts Emotion
egulation Neurocircuitry and Enhances Pain
npleasantness

hantal Berna, Siri Leknes, Emily A. Holmes, Robert R. Edwards, Guy M. Goodwin, and Irene Tracey

ackground: Depressed mood alters the pain experience. Yet, despite its clear clinical relevance, little is known about the cognitive and
eural mechanisms underlying this phenomenon. We tested an experimental manipulation to unravel the interaction between depressed
ood and pain. We hypothesized that dysregulation of the neural circuitry underlying emotion regulation is the mechanism whereby pain

rocessing is affected during depressed mood.

ethods: Using functional magnetic resonance imaging, we compared the effects of sad and neutral cognitive mood inductions on
ffective pain ratings, pain-specific cognitions, and central pain processing of a tonic noxious heat stimulus in 20 healthy volunteers.

esults: The increase in negative pain-specific cognitions during depressed mood predicted the perceived increase in pain unpleasant-
ess. Following depressed mood induction, brain responses to noxious thermal stimuli were characterized by increased activity in a broad
etwork including prefrontal areas, subgenual anterior cingulate cortex, and hippocampus, as well as significantly less deactivation when
ompared with pain responses in a neutral mood. The participants who reported the largest increase in pain unpleasantness after the sad
ood induction showed greater inferior frontal gyrus and amygdala activation, linking changes in emotion regulation mechanisms with

nhancement of pain affect.

onclusions: Our results inform how depressed mood and chronic pain co-occur clinically and may serve to develop and translate effective
nterventions using pharmacological or psychological treatment.
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ain and depression have been reciprocally linked in many
experimental and clinical studies. Chronic pain is more
likely in individuals with a history of depression (1) and

epression exacerbates the burden of painful diseases (2). Pain
ends itself well to experimental investigation. Thus, depressed
atients (without chronic pain) have altered prefrontal activity
ompared with healthy control subjects during brief noxious
timulation (3,4). Moreover, in chronic pain patients, depression
orrelates with amygdala and anterior insular activity during exper-
mental pain (5) and medial prefrontal cortex activation during
isease-relevant experimentally induced pain (6). These recent
tudies support a general hypothesis of dysfunctional emotion
egulation during pain perception. However, these patients exhibit
ignificant comorbidity and enduring structural or functional
hanges that may confound experimental studies (7,8). For better
ontrolled experiments, negative cognitive mood induction proce-
ures allow us directly to manipulate mood. Although acute, these
ood modulations have been used frequently in psychology (e.g.,

9]) to investigate cognitive processes relevant to chronic mood
tates (10). While negative mood inductions can worsen affective
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Dpain ratings (11–14), the mechanisms underlying such modulation

of pain perception are not yet established.
It is has been suggested that maladaptive thought processes

may mediate changes in pain perception in the context of
depressed mood (15). Specifically, catastrophizing thoughts (i.e.,
negative pain-related cognitions) are amplified in depressed indi-
viduals (16) and depressed patients exhibit deficient emotion reg-
ulation when exposed to negatively valenced stimuli (4,17,18);
hence, we hypothesized that central pain processing during
depressed versus neutral mood would be characterized by
altered activity in the dorsolateral and/or ventrolateral prefrontal
cortex (dlPFC, vlPFC) and increased amygdala activation, reflect-
ing ineffective emotion regulation. Finally, we predicted that the
level of activity in these regions during painful stimulation in the
sad condition would influence individual differences in pain
unpleasantness scores.

Accordingly, we used a well-established negative or sad mood
induction procedure and a matching neutral mood procedure for
experimental comparison (19). Healthy volunteers received a tonic
pain stimulus after undergoing each mood induction inside the
functional magnetic resonance imaging (fMRI) scanner. This al-
lowed an experimental test of hypotheses based on cognitive
theories of pain-mood interactions. Noxious stimuli, rated for pain
unpleasantness, and mood reinforcers were given (Figure 1). We
hypothesized that the effects of an induced depressed mood
compared with a neutral mood would be: 1) an increase in negative
pain-related thoughts (i.e., catastrophizing [20]), 2) an increase in the
perceived unpleasantness of the pain, and (3) neural evidence of
disruption of normal emotion regulation.

Methods and Materials

Participants
Twenty-seven pain-free, nondepressed, right-handed volun-

teers were recruited. Invitations were sent to university students

asking for healthy volunteers who were not suffering from any
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ain condition, psychiatric disorder, or taking daily painkillers or
ntidepressants. The study received local Research Ethics Com-
ittee approval (number C02.283) and conformed to the guide-

ines of the 1996 Declaration of Helsinki. The analysis was
onducted on a group of 20 volunteers (mean age: 28, range
9–41; 11 male/9 female; Beck Depression Inventory-II [BDI-II]
ean: 5.74 � SD 5.48) as postscanning exclusion criteria were
et by 7 participants (Supplement 1). To exclude those with a

urrent depressive episode, participants completed the BDI-II
21) and a short interview based on DSM-IV criteria (22) if the
DI-II score was above 12. No participant needed exclusion on

his basis. Negative affectivity was measured before the scanning
rocedure with the short form of the neuroticism scale of the
ysenck Personality Questionnaire, which is highly associated
ith anxiety (23).

xperimental Design
All participants underwent both a negative and a neutral

ood induction in the scanner, followed by a scanning session
Figure 1) (within-subjects design, runs presented in counterbal-
nced order across participants, with participants attributed to
roups in a pseudorandomized way, 11 participants receiving the
rder neutral-sad and 9 sad-neutral; this slight imbalance was
ue to postscanning exclusion criteria).

The mood induction procedure consisted of reading Velten-
ype statements (24) while listening to mood-congruent music
ia headphones (19). Velten-type neutral and sad statements,
atched for number of words (e.g., “Cherries are fruits” vs. “I feel
orthless”) were adapted from previous studies (24,25). The
ood induction used 49 different statements presented each for
seconds, in white writing on a black background, in a set order.
hile presenting the sad mood induction statements, sad music

Prokofiev’s “Russia Under the Mongolian Yoke”) was played at
alf speed (25,26). The largo movement from Dvorak’s “Sym-
hony from the New World” was played with the neutral mood

igure 1. Design and timing of the experimental runs. In each run, partici-
ants started by rating their current mood on visual analogue scales (mood
AS: e.g., “At this moment I feel sad” rated from not at all [0] to extremely

10]). The separate scales for sad and happy were integrated into a compos-
te depressed mood score for analysis. Participants then underwent a mood
nduction procedure by Velten statements accompanied by mood-congru-
nt music and re-rated their mood. A third mood rating followed the func-
ional imaging. During functional imaging, participants received 10 repeats
f the following sequence. The 21-second heat-pain was followed by a VAS

or pain unpleasantness (not at all [0] to intensely unpleasant [10]) and a VAS
or in vivo catastrophizing thoughts (e.g., “I worry about when the pain will
nd” anchors: not at all [0] to all the time [10]). Then, two mood-congruent
elten statements were presented that served as mood reinforcers, and
nally, the sequence was concluded by a 12-second long rest. Each partici-
ant underwent two runs, the order of presentation of mood inductions
eing counterbalanced across participants. VAS, visual analogue scale.
nduction statements (27). Participants were not told which type
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of mood they should be experiencing (28). As the effects of
mood inductions are of short duration (19), a “mood reinforcer”
was presented between each painful stimulus. Two mood-congru-
ent Velten-type statements presented for a total of 10 seconds
without music (the first one a repeat from the mood induction, the
second one a new statement) served as mood reinforcers. This was
followed by a 12-second rest period (Figure 1).

Participants were deemed to have experienced a sad mood
induction if they achieved a greater than 40% increase in
depressed mood scores and a concomitant less than 20% change
(negative or positive) in the neutral mood manipulation (details
regarding the mood ratings can be found in Supplement 1). To
ensure a robust mood manipulation, these criteria were more
conservative than some of those described previously (see Clark
[19] for a review).

Pain Procedure
Two series of 10 tonic heat stimuli (21 sec each) were applied

on a patch of skin of the left forearm, pretreated with capsaicin
.075% (Axsain, Zeneus Pharma, United Kingdom). The painful
stimulus was calibrated to an intensity rating of 6.5 (on a
numerical rating scale of 0–10 with 0 � no pain, 1 � just painful,
to 10 � extremely painful) at baseline, before the first run. The
same temperature was applied in both runs. Pain unpleasantness
ratings plus catastrophizing ratings were recorded as shown in
Figure 1. The difference between what was meant by pain
intensity (sensory-discriminative rating) and pain unpleasantness
(affective rating) was explained as in previous studies (29)
(further details regarding the pain stimuli and pain scoring during
both runs can be found in Supplement 1).

fMRI Image Acquisition
Functional images were acquired using a 3 Tesla Siemens/Varian

Inova magnetic resonance system (Varian, Inc., Palo Alto, Califor-
nia). The collection parameters are detailed in Supplement 1.

Data Analysis
Behavioral Data. A depressed mood composite score was

created, consisting of a mean of the ratings on the sad and
(inverted) happy visual analogue scale {[(10 � happy) � sad]/2}.
This score was computed for each participant at three time points
in both mood conditions. Repeated-measures analyses of vari-
ance (ANOVAs) were conducted on the depressed mood scores,
with the within-subjects factors of time (at three time points since
the mood induction: t0, t � 6, t � 20) and mood (sad/neutral
mood induction) as between-subjects factors (Figure 2A). Post
hoc t tests assessed the significance levels of the changes over
time in each mood separately. The difference of the depressed
mood scores between the two runs (ratings in sad mood �
ratings in neutral mood) was calculated at t � 6 (immediately
after the mood induction). To exclude an effect of group (order
of mood inductions neutral-sad vs. sad-neutral) on the mood
ratings at t � 6, an ANOVA was conducted on these measures,
with mood as within-subjects factor and group as between-
subjects factor.

Individual means and standard deviations of pain unpleasant-
ness and in vivo catastrophizing ratings were calculated for each
condition. Separate ANOVAs were conducted on each measure,
with mood as within-subjects factor and group as between-
subjects factor. One participant was excluded from the analysis
of the catastrophizing data, as he was an outlier in the difference

of his ratings between moods (� 2 SD). Then, post hoc compar-
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sons of the subscales of the in vivo catastrophizing ratings
etween the two mood conditions were performed using paired
wo-tailed t tests.

Stepwise linear regressions were conducted to test the ex-
lanatory power of the model, namely that the difference in
ood would predict the difference in catastrophizing and sub-

equently the difference in pain unpleasantness between the two
uns.

A median split was performed on participants according to
he difference in their pain unpleasantness ratings between the
wo runs. These groups’ baseline measures were compared with
ndependent sample t tests and a chi-square test for gender.

Imaging Data. Imaging data were analyzed in a multistage
rocess using FEAT (fMRI Expert Analysis Tool) (http://www.
mrib.ox.ac.uk/fsl). Preprocessing was conducted along standard
rocedures in FEAT (Supplement 1). At the first level, statistical
nalysis was carried out using a general linear model approach.
or each participant, the regressors of interest were the painful

igure 2. Psychophysical results. (A) Mean ratings of depressed mood be-
ore and after the mood inductions, as well as at the end of the experiment.
omposite score: 0 � not sad at all and extremely happy; 10 � extremely
ad and not happy at all. (B) Mean pain unpleasantness ratings in both

ood conditions on a visual analogue rating scale ranging from not un-
leasant at all (0) to intensely unpleasant (10). (C) Average frequency of in
ivo catastrophizing in both mood conditions for each of the three sub-
cales on a VAS: not at all (0) to all the time (10). Error bars indicate SEM,
p � .05, ** p � .01). VAS, visual analogue scale.
TE
D

 P
R

O
O

F

stimuli and the mood reinforcers. The rating periods were
excluded as regressors of no interest. The baseline consisted of
two 9-second and one 12-second rest periods (Figure 1). Contrast
images were calculated for the painful stimuli (vs. baseline) and
the mood reinforcers (vs. baseline) separately for the depressed
and neutral mood conditions. These contrast images were then
used for mixed-effects group analyses (30), calculating statisti-
cally significant increases or decreases in blood oxygenation
level-dependent (BOLD) signal in response to the stimuli for
both mood conditions, in addition to paired t tests comparing the
mood conditions (depressed/neutral). Additionally, the func-
tional contrast (deactivation during pain in the neutral mood �
baseline) was used as a mask to restrict a paired t test (pain
depressed � neutral) to the areas significantly deactivated in the
neutral mood. The Z statistic images from the group analysis
were thresholded at Z � 2.3, with a cluster threshold of p � .05.
This cluster-based significance thresholding procedure includes
a multiple-comparisons correction.

Furthermore, the median percentage of signal changes in
prefrontal regions of interest (ROIs) relevant to emotion regula-
tion was extracted, using a small spherical mask (6.36-mm
radius) centered on the peak voxel from the group functional
activation map of the paired t test ([pain in the depressed �
neutral mood]: left dlPFC [Montreal Neurological Institute x, y, z
coordinates in mm: 24, 22, 44], orbitofrontal cortex [OFC] [45, 40,
�14], and vlPFC, more specifically the inferior frontal gyrus [IFG]
[56, 14, 6]). The median signal changes from these prefrontal
ROIs (left dlPFC, OFC, IFG) during the depressed mood run were
then used in a linear regression on the dependent variable
difference in pain unpleasantness between the two moods.
Additionally, an ROI analysis was performed for the amygdala.
Since this structure did not show an increased activation in our
main functional contrasts, the peak voxel reported by Strigo et al.
(4) lying within the 80% probability map from the Harvard-
Oxford subcortical structural atlas (25, �2, �20) was used to
draw a small spherical mask, allowing to extract the median
percentage of signal change from the right amygdala. This peak
coordinate was inverted for the left amygdala (25, �2, �20).

Results

Behavioral Results
Twenty participants completed both pain-testing sessions in

the fMRI scanner and achieved the targeted mood effects after
the cognitive mood inductions. One participant failed to report
mood ratings at the end of the neutral run. There were no
significant differences on the BDI-II or the neuroticism scores
between the groups undergoing the mood induction in either
order (all t � 1, p � .50).

The depressed mood ratings were significantly modulated by
the type of mood induction (F � 20.75, df � 1.18, p � .001), by
time relative to the mood induction (F � 21.31, df � 2.36, p �
.001), and by the interaction of these two parameters (F � 20.51,
df � 2.36, p � .001). The negative mood score increased after the
sad mood induction relative to the neutral induction and stayed
elevated to the end of the experimental window (differences in
the sad mood run: between t0 and t � 6: t � 7.08, df � 19, p �
.001; between t � 6 and t � 20: t � 1, ns) (Figure 2A). Mood
ratings at time t � 6 were affected only by the type of mood
induction (F � 31.84, df � 1.18, p � .001) but not by the order
of presentation or by an interaction (F � 1, df � 1.18). Similarly,
mood ratings at t � 20 were only affected by the type of mood
www.sobp.org/journal
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nduction (F � 15.16, df � 1.17, p � .001; order of presentation:
� 1.62, df � 1.17, p � .22; interaction F � 1, p � .5).
The painful stimuli, which were calibrated for a pain intensity

f 6.5 out of 10 (Supplement 1), were rated as significantly more
npleasant in the depressed (M � 5.97, SD � 1.71) than neutral
ood condition (M � 5.28, SD � 1.61, F � 7.7, df � 1.18, p �

01) (Figure 2B), with no effect of the order of presentation of the
ood inductions or interaction (F � 1 df � 1.18). Overall,
articipants reported more catastrophizing thoughts in the de-
ressed mood than in the neutral one (depressed: M � 2.30,
D � 1.92 vs. neutral: M � 1.66, SD � 1.42, F � 9.76, df � 1.17,
� .006), with no effect of order of mood induction procedures
r interaction (F � 1 df � 1.17). The mood effect on catastroph-
zing was significant on the magnification (t � 3.34, df � 18, p �
004) and rumination (t � 2.36, df � 18, p � .03) subscales but
ot on helplessness (t � 1, df � 18) (Figure 2C).

Stepwise linear regression showed that the model: depressed
ood ¡ increase in catastrophizing ¡ increase in pain unpleas-

ntness, explained 34% of the variability in the difference of pain
npleasantness ratings (F � 4.11, df � 2.18, p � .04).

maging Data: Whole-Brain Analysis
Significant activation during pain (compared with rest) was

bserved in a broad network of brain regions (Figure 3, red),

igure 3. Significant activations and deactivations during pain (red-blue, top
est. Note the lack of significant deactivations in the pain contrast in the dep
rain. The Z coordinates shown below are on the MNI system in millimeter

esonance imaging; MNI, Montreal Neurological Institute.
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including bilateral thalamus, insula, and prefrontal cortex and
contralateral somatosensory areas during both depressed and
neutral conditions. In striking contrast, the pattern of simulta-
neous deactivations revealed a marked and obvious qualitative
difference between depressed and neutral conditions. In the
depressed mood condition, there was no significant deactivation
at all. In the neutral condition, a network including the bilateral
precuneus, bilateral S1, and medial temporal lobe was deacti-
vated (Figure 3, blue). A paired t test confirmed a statistical
difference in deactivation patterns (Figure S1 and Table S2 in
Supplement 1).

Quantitative increases in BOLD signal in response to pain and
mood reinforcers in the depressed compared with neutral con-
ditions were investigated using a mixed effects paired t test group
contrast. For pain, this revealed increased activation in the
subgenual anterior cingulate cortex (sACC), the left IFG, the left
OFC, the left dlPFC, the left posterior insula, the left hippocam-
pus, the left thalamus, the left middle temporal gyrus, the left
precuneus, and the left caudate, as well as the bilateral supra-
marginal gyri (Figure 4A; Table S3 in Supplement 1).

For the mood reinforcer condition, brain activity for de-
pressed mood compared with neutral was increased in the rostral
anterior cingulate cortex (ACC) and perigenual ACC, as well as

the mood reinforcers (green-blue, bottom), each separately compared with
mood. Group fMRI data of 20 participants, plotted on the average MNI 152

scales for Z test scores are shown in the middle. fMRI, functional magnetic
) and
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EChe ventromedial prefrontal cortex and the OFC (Figure 4B; Table
4 in Supplement 1). These areas are consistent with previously
eported neural correlates of perceiving sad stimuli (31). The fact
hat there was no other activation suggests that the Velten
tatements were well matched between the two mood induc-
ions/reinforcers.

The opposite t test (neutral � depressed) provided no
ignificant results for the pain contrast and a unique confluent
ctivation in the left inferior temporal gyrus for the mood
einforcer contrast (Figure S2 and Table S5 in Supplement 1).

maging Data: Exploring Neural Activity Changes That Explain
ehavioral Variance

A linear regression revealed that the magnitude of the differ-
nce in pain unpleasantness ratings between the sad and the
eutral mood correlated with the left dlPFC (ß � �.65, p � .002)
nd at trend level with the left IFG (ß � .44, p � .06) but not with
he left OFC (ß � .23, p � .32) (Figure S3 in Supplement 1). The
ctivity in these prefrontal areas explained 58% of the variability
n the difference between reported pain unpleasantness in
epressed versus neutral mood (Figure 5). When adding the
ifference in catastrophizing and mood ratings to this model,
9% of the variance in the pain ratings could be explained.

To explore these associations further, a median split divided
articipants according to the strength of the modulation of pain
npleasantness by the mood manipulation (strong modulation:

� 1.52, SD � .75; weak or no modulation: M � �.17, SD �

igure 4. Paired t tests between (depressed � neutral) run for pain (A, red) a
f the ROIs during pain in the depressed mood is presented (C). The % BOLD
ain in the depressed mood are plotted, showing differences between the s
p � .05, ** p � .01. BOLD, blood-oxygenation level dependent; IFG, inferio
emisphere; ROI, region of interest.
42, called no modulation group). The strong and no pain
TE
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F
modulation groups did not differ significantly on any baseline
measure or pain intensity ratings during the calibration of the
stimulus (Table S1 in Supplement 1). The pain unpleasantness

mood reinforcers (B, green) are shown on the left. On the right, the analysis
l activity change in the left inferior frontal gyrus and both amygdalae during
versus no pain unpleasantness modulation group. Error bars indicate SEM,
tal gyrus; L, left hemisphere; MNI, Montreal Neurological Institute; R, right

Figure 5. Synopsis of findings and proposed model. At a cognitive level,
pain experienced in an induced depressed mood leads to more negative
pain-related thoughts (catastrophizing). The concurrent prefrontal neural
correlates are represented below. The contribution to explaining the differ-
ence in affective pain ratings of these elements is reported to the right.
Finally, in terms of outcome, the differences in the emotion regulation areas
between the participants showing a strong versus no pain modulation by
the mood manipulation are shown. dlPFC, dorsolateral prefrontal cortex;
IFG, inferior frontal gyrus; OFC, orbitofrontal cortex.
nd the
signa
trong
r fron
www.sobp.org/journal
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atings did not differ between these two groups during the
eutral mood, but the group showing strong modulation re-
orted more pain unpleasantness in the depressed mood com-
ared with the no modulation group (Table S1 in Supplement 1).
hose participants who showed the strong effect had higher
ctivation in the left IFG (p � .009) and both amygdalae (left p �
01, right p � .04) during pain in the depressed mood than those
articipants with no modulation (Figure 4C; Table S1 in Supple-
ent 1).
Finally, activity in the left IFG correlated significantly with

ctivity in the left amygdala during pain in the depressed mood
nly (depressed mood: r � .54, p � .014; neutral mood: r � .30,
� .21, difference between the two correlation strengths ns).

iscussion

A sad cognitive mood induction had the predicted effects on
eported depressed mood, increased the frequency of negative
houghts about the tonic pain stimulus, and increased its subjec-
ive unpleasantness. A stepwise linear regression analysis sup-
orted the hypothesis that depressed mood increases pain-
elated thoughts (catastrophizing), increasing the unpleasantness
f the painful experience, implying if not proving directionality.
ompared with neutral mood, depressed mood increased the
OLD fMRI signal to pain in nociceptive afferent areas and in
ortico-subcortical structures involved in emotional processing
nd regulation and reduced deactivations (otherwise found in
eutral mood). Participants experiencing the highest effect on
ain unpleasantness had higher activation in the left IFG and
oth amygdalae in response to noxious stimuli during depressed
ood.

ood Induction, Pain Affect, and Cognitions
Pain was rated as more unpleasant after the sad mood

nduction, when compared with the neutral mood induction.
his supports our hypothesis that depressed mood increases
ain and is consistent with earlier findings (11,13,14) (Figure 2B).
urthermore, depressed mood was associated with increases in
egative pain-related cognitions (catastrophizing), suggesting a
echanism for this effect (Figure 5). The proposed model

xplained 34% of the variability in the difference in affective pain
atings. While this might seem modest, only a few behavioral
easures were collected. In this respect, our findings were of

imilar magnitude to those reported previously (32). Further-
ore, when including measures of prefrontal activity in the

egression analysis, 69% of the variability in affective pain ratings
ould be explained. The model we propose is consistent with a
linical model of pain in which acute negative affectivity exac-
rbates a vicious cycle of negative pain-related cognitions and
istress and drives subsequent increases in the perception and
mpact of pain (33). The mood manipulation specifically affected
he worry-related subscales of the in vivo catastrophizing scale
magnification and rumination) (Figure 2C). This is interesting
iven the emphasis on rumination as a driving process in
epression (34) and recent cognitive models of chronic pain,
hich have also highlighted worry as an important maintaining

actor (35).

euroimaging Findings
Increased Activation during Pain in Depressed Mood. The

reas that showed increased activity during tonic pain in the
epressed mood included the left insula, thalamus, hippocam-
us, IFG, dlPFC, OFC, and the sACC (Figure 4A). The thalamus

nd the insular cortex are part of the afferent nociceptive
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network (36). The sACC is commonly activated during negative
mood (31) and appears to be a key area for depression (37).
Increased activity in the sACC has only rarely been reported in
fMRI studies of pain (e.g., [38]). It has been suggested that this
region responds selectively to negative emotional processing of
personally relevant material; acute exogenous experimental stim-
uli may not meet this criterion (39). This argument is also
supported by the depression-related increase in activity in the
hippocampal formation. This region is known to be involved in
anxiety-induced hyperalgesia (40) and nocebo-induced hyperal-
gesia (41). Furthermore, the hippocampus is connected with the
sACC (42), and these structures have been proposed to be part of
a dysfunctional limbic-frontal circuitry in major depression (43).

Activations in Areas Relevant to Emotion Regulation. Given re-
cent findings in depressed patients (4), we hypothesized that
depressed mood would impair emotion regulation of pain affect.
When presented with an aversive stimulus, different types of
automatic or voluntary cognitive processes can help the individ-
ual to cope emotionally. The prefrontal cortex is highly involved
in these emotion regulation processes (44). Effortful modulation
is thought to be predominantly underpinned by lateral structures
(vlPFC, dlPFC), while automatic emotion regulation appears to
be mostly mediated by medial structures; however, some struc-
tures, such as the dorsal ACC and the OFC, are shared by the two
systems (45).

We found that both the activity in the dlPFC and IFG during
the negative mood was correlated with measured differences in
affective pain ratings between the two mood conditions but in
opposite ways (Figure S3 in Supplement 1). Increased activity
in the left dlPFC predicted a smaller difference in pain unpleas-
antness between the two moods, consistent with activation
related to successful downregulation of pain unpleasantness.
However, the left IFG activity was positively correlated with the
difference in pain unpleasantness ratings. The IFG peak coordi-
nate in this study is located posterior to the vlPFC region
previously implicated in the downregulation of pain due to
perceived control over the stimulus (46,47). In fact, our peak
activation closely corresponds to the area within the vlPFC,
which has been identified in studies of cognitive reappraisal of
sad emotion and alternatively named IFG or vlPFC (17,48–51).
Wager et al. (49) have suggested that two separate paths
originate from this functional area: the first one, linked to the
nucleus accumbens, is involved in generating positive reap-
praisal, while the second one, connected to the amygdala, is
thought to generate or enhance negative appraisals.

Supporting this notion, activity in the amygdala and the IFG
was significantly correlated during pain in the depressed mood.
Furthermore, results from the median split analysis showed that
the participants with the greatest increase in pain unpleasantness
during depressed mood also showed significantly higher amyg-
dala activation during this condition (Figure 4C). This suggests
that the IFG, a structure that could exert positive reappraisal,
instead underpinned either ineffective or detrimental emotion
regulation during depressed mood. This notion is supported by
the Wager et al. (49) findings and by a recent study of emotional
and attentional pain modulation, which similarly identified the
IFG as a modulator in the emotional process (52). The latter
study also provided strong evidence against the notion that a
mood modulation was merely a hidden attentional manipulation.

Our fMRI results show that in a depressed mood, volunteers
increased activity in areas involved in emotional appraisal.
Furthermore, despite the left-sided pain stimulation used in this

study, a majority of the emotion regulation circuitry recruited
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eemed lateralized to the left hemisphere (Figure 4A). Neverthe-
ess, this potential lateralization was not tested formally, as
ateralization of emotional processing was not the focus of this
tudy and investigating this debated topic would require a more
pecific design (53).

Depressed Mood Affects Deactivations During Pain. No
ignificant task-induced deactivations (54–56) were observed
uring pain in the depressed mood condition (Figure 3). Areas
hat were more deactivated in the neutral than the depressed
ood (Figure S1 in Supplement 1) included the left angular gyrus

nd the bilateral precuneus and posterior cingulate. This lack of
eactivation could be linked to changes in the default mode
etwork during the negative mood, as previously demonstrated
57). While the rest periods in this study were too short to allow
proper analysis of resting state networks, previous research has

uggested that depressed mood states are associated with in-
reased cognitive load (58).

In conclusion, the fact that mood and cognition can influence
ain perception at a neural level suggests that interventions to
odify these processes may indeed be useful to reduce pain. Such

nsights about mood and cognition will be critical for the develop-
ent of better treatments for chronic pain, both psychological (such

s cognitive behavior therapy) and pharmacological.
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