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Although depressed mood is a normal occurrence in response to adversity in all individuals, what distinguishes those who are vulnerable
to major depressive disorder (MDD) is their inability to effectively regulate negative mood when it arises. Investigating the neural
underpinnings of adaptive emotion regulation and the extent to which such processes are compromised in MDD may be helpful in
understanding the pathophysiology of depression. We report results from a functional magnetic resonance imaging study demonstrating
left-lateralized activation in the prefrontal cortex (PFC) when downregulating negative affect in nondepressed individuals, whereas
depressed individuals showed bilateral PFC activation. Furthermore, during an effortful affective reappraisal task, nondepressed indi-
viduals showed an inverse relationship between activation in left ventrolateral PFC and the amygdala that is mediated by the ventrome-
dial PFC (VMPFC). No such relationship was found for depressed individuals, who instead show a positive association between VMPFC
and amygdala. Pupil dilation data suggest that those depressed patients who expend more effort to reappraise negative stimuli are
characterized by accentuated activation in the amygdala, insula, and thalamus, whereas nondepressed individuals exhibit the opposite
pattern. These findings indicate that a key feature underlying the pathophysiology of major depression is the counterproductive engage-
ment of right prefrontal cortex and the lack of engagement of left lateral-ventromedial prefrontal circuitry important for the downregu-
lation of amygdala responses to negative stimuli.
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Introduction
Although abnormalities in the neural circuitry supporting adap-
tive regulation of emotion may play a decisive role in determining
vulnerability to major depressive disorder (MDD) (Davidson,
2002), little research has been conducted to explicitly examine
this possibility. Brain imaging studies in healthy individuals have
identified a key corticolimbic circuit involved in the top-down
regulation of affective subcortical circuitry. Increased left lateral
prefrontal cortex (PFC) activation and decreased amygdala acti-
vation have been observed when individuals reappraise negative
stimuli as less negative (Ochsner et al., 2002, 2004; Phan et al.,
2005). Reappraising the affective meaning of negative emotional
stimuli results in decreased magnitude of startle (Jackson et al.,
2000), an objective indicator of negative emotion that involves
the amygdala (Davis, 2006). An inverse relationship between
amygdala and ventromedial PFC (VMPFC) activation has been
observed when individuals reappraise the affective meaning of
negative pictures (Urry et al., 2006). This inverse relationship
reflects the inhibitory pathway from more dorsal and lateral re-
gions of PFC to the amygdala and plays a role in learned extinc-

tion (Milad and Quirk, 2002). Individuals who show increased
VMPFC and decreased amygdala activation during reappraisal
also show steeper, more adaptive diurnal patterns of daily cortisol
(Urry et al., 2006), suggesting that the capacity to successfully
downregulate limbic circuitry has implications for well being in
daily life.

Brain imaging studies of depressed individuals have demon-
strated abnormal patterns of activation in prefrontal brain re-
gions thought to contribute to the regulation of affect (Mayberg
et al., 1997; Brody et al., 2001; Kennedy et al., 2001; Liotti et al.,
2002; Davidson et al., 2003; Phillips et al., 2003; Keedwell et al.,
2005), including hypoactivation in ventral and medial regions of
PFC. One emotion regulation study (Beauregard et al., 2006)
reported increased activation in dorsal anterior cingulate cortex
(ACC) in depressed compared with healthy individuals when
decreasing emotional responses to sad films but found no group
differences in more anterior and lateral regions of PFC that have
been found previously in studies of reappraisal.

To ascertain the extent to which depressed individuals engage
prefrontal regions in the top-down regulation of subcortical af-
fective circuitry, specifically the amygdala, we used functional
magnetic resonance imaging (fMRI) to measure brain activation
in 21 depressed individuals and an age-matched group of nonde-
pressed controls. To probe prefrontal-amygdala regulatory cir-
cuitry, we chose an affective reappraisal task through which we
previously observed an inverse relationship between activation in
VMPFC and the amygdala (Urry et al., 2006), thought to reflect
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top-down regulatory influence of PFC on amygdala function.
Pupil dilation provided an objective measure of autonomic
arousal associated with effortful reappraisal. We predicted that
during the condition in which subjects reappraise stimuli as less
negative, patients with MDD would fail to show the adaptive
reciprocal coupling between VMPFC and amygdala and would
show abnormalities in the recruitment of lateral PFC regions
compared with controls. We also predicted that for controls, ac-
tivation in subcortical regions associated with negative affect,
specifically the amygdala, would show an inverse relationship
with effort-related pupil-dilation but expected that this relation-
ship would be absent or positive in depressed patients.

Materials and Methods
Participants. Twenty-one medication-free, right-handed adults satisfy-
ing Diagnostic and Statistical Manual of Mental Disorders, Ed IV (DSM-
IV) criteria for unipolar major depressive disorder (age range, 19 –53
years; mean age, 33 years; SD, 12; eight males) were compared with an age
and sex-matched group of 18 right-handed controls (age range, 20 – 60
years; mean age, 28 years; SD, 12; seven males; age difference between
groups not significant, F(1,37) � 1.76; p � 0.18). All subjects were re-
cruited via the use of flyers posted in a large number of public places
(shops, libraries, etc.) around the Madison, WI metropolitan area. De-
pressed subjects had depressive symptoms for at least 1 month before
their screening visit and a score of at least 18 on the Hamilton Rating
Scale for Depression (HAM-D) (Hamilton, 1960) at screening and the
first fMRI scan (mean HAM-D � SD depressed, 21 � 2.5; controls, 0.5 �
0.6). In addition to standard MRI compatibility criteria, subjects were
screened for and excluded if they met DSM-IV criteria for alcohol or drug
abuse or dependence, other DSM-IV Axis I or Axis II diagnoses, had a
personal or family history of bipolar disorder, or were using any medi-
cations that affect CNS function. In addition to the HAM-D, all partici-
pants completed the Hamilton Rating Scale for Anxiety (HAM-A)
(Hamilton, 1959), Behavioral Inhibition System/Behavioral Activation
System (BIS/BAS) scales (Carver and White, 1994), and the Penn State
Worry Questionnaire (Meyer et al., 1990). Only the data from BIS/BAS
scales are presented here, because they are the only scales that showed
correlations with the brain imaging data. Additional details on inclusion
and exclusion criteria and history of depressive episodes are given in the
supplemental material (available at www.jneurosci.org). This research
was approved by the University of Wisconsin–Madison Health Sciences
Institutional Review Board, and all participants provided written in-
formed consent.

Experimental task. The experimental task was a variant of that used
previously in our laboratory with normal subjects (Urry et al., 2006) and
similar to the tasks used in other recent studies (Jackson et al., 2000;
Schaefer et al., 2002; Ochsner et al., 2004). Subjects were scanned while
viewing a sequence of 72 emotionally positive and 72 negative pictures
taken from the International Affective Picture System (IAPS) (Lang et al.,
2005). Negative pictures were selected according to the IAPS norms to be
both unpleasant (1, most unpleasant, to 9, most pleasant; M � 2.95; SD,
0.87) and arousing (1, least arousing, to 9, most arousing; M � 5.44; SD,
0.80), whereas positive images were pleasant (M � 7.13; SD, 0.62) and
arousing (M � 5.28; SD, 0.58). Stimuli were presented using E-Prime
software (Psychology Software Tools, Pittsburgh, PA) via a fiber-optic
goggle system (Avotec, Stuart, FL) with a screen resolution of 800 � 600
pixels. A 1 s fixation cross coupled with a tone oriented subjects to the
upcoming trial, after which each image was presented for 10 s, followed
by a 6 s blank screen. To ensure participants remained attentive to the
task, at the onset of each picture, subjects had to judge whether the image
was positive or negative and respond with an appropriate button press on
a two-button response pad. Four seconds into the presentation of each
picture, an audio prompt instructed the participant to either increase
(“enhance”) or decrease (“suppress”) their emotional response to the
picture or to continue to “attend” to the picture.

Participants were trained during a previous session while positioned
inside a mock scanner on the use of re-appraisal strategies to re-evaluate
the images as more or less emotional (Jackson et al., 2000; Urry et al.,

2006). For the increase condition, participants were trained to either
imagine themselves or a loved one experiencing the situation being de-
picted or imagine a more extreme outcome than the one depicted (e.g., in
response to a picture of a ferocious dog, a participant might imagine that
the dog’s leash broke and the dog is going to bite them). Conversely, for
the decrease condition, individuals were trained to either view the situa-
tion as fake or unreal or imagine that the situation being depicted had a
different outcome than the one suggested (e.g., victims of a car accident
survived and healed well). Alternatively, on attend trials, participants
were instructed to maintain their attention to the picture without chang-
ing their negative affective experience. Simulated scanner sounds and
task instructions were piped through earbud headphones during this
training session. The training was succeeded by follow-up queries to
ensure that participants were using the strategies as instructed and re-
ported being able to perform the task.

In the subsequent experimental session, there were 20 repetitions of
each regulation condition and 12 repetitions of the attend condition for
each picture valence, evenly distributed over six scans, each lasting 380 s.
The order of positive and negative images and the three regulation in-
structions was pseudorandomized. Given the particular relevance for
depressed subjects of downregulating activation in subcortical affective
circuitry in response to negative stimuli, as well as our a priori hypotheses
based on previous research, in this report, we present the data for the
decrease-attend contrast in response to negative images.

Behavioral measures. Previous reports on top-down affective regula-
tion have used self-reported ratings of valence and/or arousal after each
trial, which are prone to demand characteristics and are reliant on accu-
rate recall of the feelings experienced during regulation. Furthermore,
requesting such reports engages subjects in a secondary self-reflective
task that is likely to contaminate brain imaging results, leading to activa-
tion in brain areas potentially distinct from those actually involved in
regulation (e.g., areas of the medial PFC) (Gusnard et al., 2001; Johnson
et al., 2002). Rather than using self-reports of affect at the end of each
trial, we measured the relative changes to pupil diameter throughout the
task. This provides an objective, unobtrusive measure of autonomic
arousal, with pupil constriction driven primarily by the parasympathetic
branch of the autonomic nervous system (ANS), and pupil dilation pri-
marily reflecting activity of the sympathetic branch (Loewenfeld, 1993).
Pupil dilation is thus a component of the normal affective autonomic
response to negatively valenced stimuli (Bernick and Overlander, 1968)
but is also an indicator of increased cognitive and attentional load during
effortful top-down regulation (Kahneman and Beatty, 1966; Siegle et al.,
2003; Ohira et al., 2006).

To assess autonomic arousal associated with effortful reappraisal, we
measured the extent to which the pupil dilated during the active reap-
praisal period of each stimulus trial. Based on our previous research
showing pupil dilation to be a sensitive index of the cognitive effort
during reappraisal in healthy individuals (Urry et al., 2006; van Reekum
et al., 2007), we predicted that pupil dilation during the reappraisal pe-
riod would be greater for increase and decrease trials than for attend
trials. Additionally, we predicted that in controls, the decrease-attend
pupil dilation difference would show an inverse correlation with
decrease-attend brain activation in the amygdala, because with increas-
ing effort, amygdala activation would be reduced (Urry et al., 2006). In
depressed patients, we predicted either no relationship between
decrease-attend pupil dilation and amygdala activation or possibly a pos-
itive correlation. The latter finding would be the case if pupil dilation in
depressed individuals reflected emotional arousal resulting from unsuc-
cessful attempts to reappraise negative stimuli.

A further consideration was the possibility that any observed differ-
ences between groups in regulation-associated brain activation might
reflect depressed individuals paying more or less attention to the pictures
than control subjects. To assess this possibility, we used the pupil data to
compare the proportion of the reappraisal period that the eyes were
clearly open across both experimental groups.

Pupil data acquisition and analysis. Horizontal pupil diameter data
were acquired continuously at 60 Hz using an iView X system (v. 1.3.31)
with a remote eye-tracking device (SensoMotoric Instruments, Teltow,
Germany), which was interfaced with the fiber optic goggle system. Pupil
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data from four controls and six depressed individuals were not usable
because of technical problems. Pupil dilation data were processed using
algorithms written by Siegle et al. (2002) (unpublished MatLab code)
with MatLab software (MathWorks, Natick, MA), modified in our labo-
ratory. Blinks were identified and eliminated using local regression slopes
and amplitude thresholds. Data were smoothed with a five-sample roll-
ing average and linearly detrended over each scan run. For successive 500
ms bins in each trial, the proportion of time that the eye was open and
mean pupil diameter were calculated.

Pupil values were then range-corrected to standardize according to the
pretrial maximally dilated pupil diameter and the maximally constricted
pupil diameter in the 2 s after picture onset [(current pupil diameter �
minimum pupil diameter)/(maximum pupil diameter � minimum pu-
pil diameter)]. Data were averaged across a 5 s interval starting 1 s after
instruction and continuing until picture offset (the reappraisal period).
Data were then analyzed using mixed model GLM (subject as a random
factor nested within the fixed factor group, and reappraisal as a within-
subject fixed factor).

Image acquisition. Images were collected on a General Electric 3 Tesla
scanner (GE Medical Systems, Waukesha, WI) equipped with a standard
clinical whole-head transmit-receive quadrature head coil. Functional
images were acquired using a T2*-weighted gradient-echo, echo planar
imaging (EPI) pulse sequence [33 sagittal slices, 4 mm thickness, 1 mm
interslice gap; 64 � 64 matrix; 240 mm field of view (FOV); repetition
time (TR)/echo time (TE)/Flip, 2000 ms/30 ms/60°; 190 whole-brain
volumes per run]. A high-resolution T1-weighted anatomical image was
also acquired (T1-weighted inversion recovery fast gradient echo; 256 �
256 in-plane resolution; 240 mm FOV; 124 � 1.1 mm axial slices).

Image analysis. Individual subject data were slice-time corrected, mo-
tion corrected, and analyzed in AFNI (Cox, 1996) using a GLM with a
separate regressor for each trial type, six motion estimate covariates
(Johnstone et al., 2006), and a second-order polynomial used to model
the baseline and slow signal drift. Regressors consisted of a set of five sine
basis functions to produce separate estimated hemodynamic response
functions (HRFs) for each trial type. The estimated HRFs were converted
to percentage signal change values, and within-subjects contrasts were
calculated between the decrease and attend conditions for negative pic-
tures (i.e., negative decrease � negative attend), averaged across time
points corresponding to the peak hemodynamic response during the
regulation period (8 –14 s after stimulus onset). Contrasts were normal-
ized to Talairach space using FLIRT (Jenkinson et al., 2002) and
smoothed using a 6 mm full-width at half-maximum Gaussian filter.
These smoothed contrast maps were then entered into a mixed-effects
GLM with subject as a random factor nested in the fixed factor group to
assess main reappraisal effects as well as group effects and group by
reappraisal interactions. To assess functional connectivity of amygdala
with ventromedial prefrontal cortex, we extracted the decrease-attend
percentage signal change value from a Talairach-defined amygdala re-
gion of interest and used this as a covariate in a voxel-wise mixed-effects
analysis. To test the relationship between ANS activity associated with the
reappraisal task and brain activation, we included decrease-attend pupil
dilation differences during the reappraisal period as a covariate in a
voxel-wise mixed-effects analysis.

Group statistical analyses also included age as a covariate, which was
not found to affect any of the results reported here. All statistical maps
were thresholded at p � 0.01, corrected for multiple comparisons using
cluster-size thresholding based on Monte Carlo simulation. With this
technique, the overall family-wise error rate (FWE) is controlled by sim-
ulating null data sets with the same spatial autocorrelation as found in the
residual images and creating a frequency distribution of different cluster
sizes. Clusters with a size that exceeds the minimum cluster size corre-
sponding to the a priori chosen FWE are retained for additional analysis.
This cluster-based method of thresholding, analogous to cluster-based
thresholding using Gaussian Random Field Theory (Friston et al., 1994),
is an alternative to voxel-based correction and is often more sensitive to
activation when one can reasonably expect multiple contiguous activated
voxels (Forman et al., 1995; Petersson et al., 1999). Individual mean
contrast estimates for significant clusters were extracted for additional
analysis using SPSS (SPSS, Chicago, IL). To explicitly test for hemi-

spheric asymmetry, we reflected each cluster mask about the x � 0 plane
(the midline) and extracted contrast estimates from the resulting oppo-
site hemisphere homologous clusters.

Results
Group differences in pupillary measures of attention,
reappraisal effort, and arousal
To assess the possibility that differences between groups in
reappraisal-associated brain activation might be because of dif-
ferences in the attention being paid to the pictures, we compared
the proportion of the reappraisal period that the eyes were open
across both experimental groups. There were no main effects of
reappraisal (F(2,56) � 1.76; p � 0.18) or group (F(1,28) � 0.01; p �
0.91) nor an interaction of group by reappraisal (F(2,56) � 1.0; p �
0.37) on the proportion of time that the eyes were open. Concen-
trating on only the decrease and attend conditions (the focus of
this report), there was a trend for the proportion of time eyes
were open to be lower for decrease than for attend (F(1,28) � 3.73;
p � 0.064; mean � SE for attend, 0.747 � 0.005; for decrease,
0.713 � 0.004) but no effect of group (F(1,28) � 0) nor was there
any group by reappraisal interaction (F(1,28) � 0.52; p � 0.48).
Thus, both groups spent the same proportion of trials with their
eyes open across all conditions.

To assess autonomic arousal associated with effortful reap-
praisal, we measured the extent to which the pupil remained
dilated during the active reappraisal period of each stimulus trial.
Replicating our previous work (Urry et al., 2006; van Reekum et
al., 2007), pupil dilation showed a significant main linear effect of
reappraisal (Flinear(1,28) � 17.7; p � 0.001), with most sustained
dilation for increase (relative proportional dilation � SE for con-
trols, 0.001 � 0.027; depressed, �0.040 � 0.025) than for de-
crease (controls, �0.102 � 0.026; depressed, �0.0116 � 0.024)
and the least sustained dilation for the attend condition (controls,
�0.148 � 0.026; depressed, �0.140 � 0.024). There was no main
effect of group on pupil dilation during reappraisal (F(1,28) �
0.53; p � 0.471), nor was there an interaction of group with
reappraisal condition on pupil dilation (F(2,56) � 0.41; p �
0.667). Concentrating on only the decrease and attend conditions
(the focus of this report), the results were also as predicted, with
greater dilation for decrease than for attend (Flinear(1,28) � 3.1;
p � 0.045) but no effect of group on pupil dilation (F(1,28) � 0.01;
p � 0.913) nor an interaction of group with reappraisal condition
on pupil dilation (F(1,28) � 0.28; p � 0.602).

Together, these analyses indicate that both groups showed no
differences in their level of attention to the task and amount of
cognitive effort expended during reappraisal of the pictures.

Effects of reappraisal on PFC activation
Several brain regions showed greater activation in both depressed
and control individuals in the decrease condition than in the
attend condition. These areas of activation replicated previous
findings obtained from nondepressed individuals (Ochsner et al.,
2004; Phan et al., 2005) and included left lateral and ventrolateral
PFC [left middle frontal gyrus (MFG), BA 8; left inferior frontal
gyrus (IFG), BA 45/47] and right insula (BA 13) (Table 1). In
addition, relatively less activation occurred during the decrease
condition than during the attend condition in right inferior pa-
rietal lobule (BA 40) and the left superior temporal gyrus (BA 41).
Tests of hemispheric asymmetry revealed that all of the activation
clusters were significantly lateralized across both the control and
depressed groups except for the right insula, which was not lat-
eralized, and the left ventrolateral PFC cluster, which was lateral-
ized in controls but not in the depressed subjects (Fig. 1)
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(group � reappraisal � hemisphere interaction for cluster mean,
F(1,37) � 4.26; p � 0.046; Talairach coordinates, x � �47, y � 24,
z � 0). In this latter cluster, during the decrease condition,
controls showed increased activation in left ventrolateral PFC
(F(1,17) � 12.15; p � 0.003) but not in right ventrolateral
PFC (F(1,17) � 0.08; p � 0.780), whereas depressed individuals
showed increased activation bilaterally (left, F(1,20) � 7.02,
p � 0.023; right, F(1,20) � 7.68, p � 0.012).

A cluster in the right lateral PFC (right middle frontal gyrus;
BA 10) showed a significant group � reappraisal � hemisphere
interaction (Fig. 2) (for cluster mean, F(1,37) � 8.01, p � 0.007;
Talairach coordinates, x � 32, y � 46, z � 25). In this right lateral
PFC region, controls showed less activation in the decrease con-
dition, relative to the attend condition (F(1,17) � 9.92; p � 0.006),
whereas depressed patients showed greater activation in the de-
crease condition than the attend condition (F(1,20) � 12.80; p �
0.002). Neither group showed a significant effect of reappraisal in
the same region of the left hemisphere (controls, F(1,17) � 0.01,
p � 0.926; depressed, F(1,20) � 0.91, p � 0.352). This pattern of
prefrontal activation thus indicates a greater relative recruitment
of right prefrontal cortex during reappraisal in major depression.

Amygdala-PFC connectivity
Consistent with our previous study in healthy individuals (Urry
et al., 2006), we found no decrease-attend reappraisal effect for
either the control group or depressed group on activation in the
amygdala, a principal subcortical structure that is involved in the
generation of emotional responses. Our previous work had, how-
ever, demonstrated an inverse relationship between amygdala
and VMPFC activation when nondepressed individuals reap-
praised negative pictures as less negative, reflecting individual
differences in the ability to engage top-down prefrontal regula-
tory circuitry. Based on this previous finding as well as current
knowledge of the connectivity of VMPFC to both lateral PFC and
the amygdala (Barbas,1995; Ongur and Price, 2000; Maren and
Quirk, 2004) and the role of medial PFC in downregulation of
amygdala function (Amaral and Price, 1984; Quirk et al., 2003;
Phelps et al., 2004), we used the decrease-attend signal contrast in
amygdala for each group as a separate covariate in a voxel-wise
mixed-effects GLM analysis and assessed the between-group differ-
ence in the covariate fit coefficients. This yielded a corrected voxel-
wise map of regions in the brain in which the correlation between
amygdala activation and local brain activation differed significantly

Table 1. Statistically significant clusters emerging from the voxel-wise mixed-effects GLM on the negative pictures decrease-attend blood oxygen level-dependent
contrast estimates

Talairach coordinates of cluster
center

Brain region Max Z Cluster size (mm3) x y z Direction of effect

Patients and controls
IFG (BA 45,47) (depicted in Fig. 1) 3.80 3264 �47 24 0 Patients: LH, decrease � attend; RH, decrease � attend

Controls: LH, decrease � attend; RH, decrease � attend
Left MFG (BA 8) 4.26 5112 �42 10 44 Decrease � attend
Right insula (BA 13) 3.93 2936 44 14 �1 Decrease � attend
Right inferior parietal lobule (BA 40) 4.33 4576 39 �55 41 Decrease � attend
Left superior temporal gyrus (BA 41) 3.34 2088 �57 �18 7 Decrease � attend

Patients � controls
MFG (BA 10) (depicted in Fig. 2) 3.62 1504 32 46 25 Patients: RH, decrease � attend; LH: decrease � attend

Controls: RH, decrease � attend; LH, decrease � attend

LH, Left hemisphere; RH, right hemisphere.

Figure 1. Activation in IFG when downregulating emotional responses to negative pictures versus attending to negative pictures. a, Cluster in left IFG shows decrease-attend activation for
healthy controls and depressed individuals. Activation in the right IFG is attributable to the depressed group but not the control group having decrease-attend activation in this region. Talairach
coordinates: x � 47, y � 24, z � 0, BA 45/47. b, Mean peristimulus plots of estimated BOLD responses to negative pictures in the attend condition (solid line) and the decrease condition (dashed
line). The control group is shown in blue, and the depressed group is shown in red. The activation was left-lateralized in controls but bilateral in the depressed group (group � regulation �
hemisphere interaction for cluster mean, F(1,37) � 4.26; p � 0.046).
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between groups. We hypothesized that in contrast to our previous
study and the controls, depressed patients would fail to show an
inverse association between activation in these regions.

As predicted, the analysis revealed a cluster in VMPFC (Fig. 3)
(Talairach coordinates, x � 7, y � 39, z � �11; BA 11/32) that
showed a significantly different correlation with amygdala in the
control versus depressed individuals (Z � �3.9729; p � 0.001).
Replicating our previous finding, there was a negative correlation
between the decrease-attend contrast in amygdala and VMPFC in
controls (r � �0.63; p � 0.005), such that nondepressed individ-
uals who showed the greatest VMPFC activation when reapprais-
ing negative stimuli also showed the lowest level of activation in

the amygdala. In the depressed group, however, there was a pos-
itive correlation in decrease-attend activation between these two
brain regions (r � 0.57; p � 0.007), indicating that in depressed
individuals who showed the greatest VMPFC activation, the
amygdala also showed greater activation.

We previously demonstrated that the VMPFC plays a crucial
role in mediating the effect of other regions of PFC on the amyg-
dala (Urry et al., 2006). Consistent with this previous finding,
activation in the VMPFC cluster was found to be a significant
mediator of an effect of left (but not right) ventrolateral PFC on
amygdala in controls (test of mediation Z � �1.86, p � 0.03,
one-tailed; r[IFG-VMPFC] � 0.48, r[IFG-AMYG] � 0.12,
r[VMPFC-AMYG] � �0.63). There was no such mediational
effect for the depressed group (Z � 0; r[IFG-VMPFC] � 0.60,
r[IFG-AMYG] � 0.54, r[VMPFC-AMYG] � 0.57). This analysis
provides additional evidence that, in controls, the left ventrolat-
eral PFC exerts an inhibitory effect on the amygdala via the
VMPFC during the active reappraisal of negative stimuli, whereas
this circuit is dysfunctional in major depression (Fig. 4).

Correlations between self-reported emotional disposition and
activation in these clusters further buttress the role of these clus-
ters in adaptive regulation. For the depressed group, there was a
negative correlation between scores on the BAS scale, a measure
of behavioral approach, and amygdala decrease-attend activa-
tion, such that depressed individuals with higher amygdala acti-
vation scored lower on the BAS scale (r � �0.55, p � 0.01;
correlation not significant for control subjects, r � �0.23, p �
0.35; mean � SD; BAS depressed, 33.0 � 4.7, controls, 42.6 � 4.6;
difference between groups, t(36) � 6.3; p � 0.001). Depressed
individuals scoring higher on the BIS scale, a measure of behav-
ioral inhibition, tended to show lower decrease-attend activation
in the left ventrolateral PFC cluster (r � �0.39, p � 0.08; for
controls, r � 0.19, p � 0.45; mean � SD; BIS depressed, 24.1 �
2.8, controls, 18.2 � 3.3; difference between groups, t(37) � 6.2;
p � 0.001), suggesting deficient recruitment of this region by
those reporting the highest levels of behavioral inhibition, adding
further support to the purported role of this region in adaptive
downregulation of the amygdala via the VMPFC. More generally,
these findings are consistent with previous research demonstrat-
ing that behavioral inhibition and approach differentiate be-

Figure 2. Cluster in the right MFG showing a group by regulation interaction. a, Cluster location Talairach coordinates: x �32, y �46, z �25, BA 10. b, Peristimulus time plots of estimated BOLD
responses as a function of group and regulation condition. In the right MFG, controls showed a decrease in activation when decreasing responses to negative pictures (relative to attending), whereas
the depressed individuals showed an increase in activation when decreasing their responses (group � condition � hemisphere interaction for cluster mean: F(1,37) � 8.01; p � 0.007).

r = -0.63 r = 0.57

Figure 3. Cluster in VMPFC showing significantly different decrease-attend correlation with
amygdala for controls versus the depressed group. VMPFC activation correlated negatively with
amygdala in controls (r��0.63; p�0.005) but correlated positively for the depressed group (r�
0.57; p � 0.007; Talairach coordinates, x � 7, y � 39, z ��11, BA 11/32). R, Right; L, left.
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tween depressed versus nondepressed individuals and are predic-
tive of depression symptom severity and outcome over an
extended 8 month period (Kasch et al., 2002).

Brain activation associated with changes in pupil dilation
To assess the relationship between brain activation and the level
of associated autonomic arousal while reappraising negative
stimuli, we examined the degree of pupil dilation during the re-
appraisal period. We included the decrease-attend pupil dilation
contrast for each group as a separate covariate in a mixed-effects
GLM predicting the decrease-attend BOLD contrast and assessed
the between-group difference in the covariate fit coefficients.
This yielded a corrected voxel-wise map of regions in the brain in
which the correlation between pupil dilation and brain activation
differed significantly between groups.

This analysis yielded four significant clusters (Fig. 5): left in-
sula (extending into left putamen), right insula (extending into
right inferior frontal gyrus), left amygdala (extending superiorly
into lentiform nucleus), and a large midbrain/thalamus cluster.
Across all four clusters, the pattern of results was the same, with
controls showing a significant negative correlation of pupil dila-
tion difference with decrease-attend activation and depressed in-
dividuals showing a significant positive correlation of pupil dila-
tion difference with decrease-attend contrast (differences
between correlation for controls and correlation for depressed
are significant; all z � 3.97; p � 0.001). The result for the controls
is consistent with the notion that individuals exerting relatively
more cognitive effort while reappraising negative stimuli, as re-
flected in greater effort-related pupil dilation, showed a relative
decrease in activation in the amygdala and insula, both brain
regions known to be involved in the generation and experience of
negative emotion. The result for patients was precisely opposite:
depressed patients show a positive correlation between activation
in core emotion circuitry and pupil dilation.

This pattern of data suggests that effortful attempts by de-
pressed individuals to reappraise negative stimuli as less negative
are counterproductive and lead to an increase rather than a de-
crease in the magnitude of the emotional response, as reflected in
activation of amygdala, insula, and thalamic components of emo-
tion circuitry. The presence of a positive correlation between
amygdala activation and VMPFC in depressed patients during
reappraisal of negative images, two regions that in the control
group and previous studies are inversely coupled, and a lack of me-
diation by VMPFC of ventrolateral PFC effects on amygdala activa-
tion for the depressed individuals, supports this conclusion.

Discussion
The prefrontal cortex is thought to play a crucial role in the top-
down regulation of subcortical affective circuitry. The ventrolateral
PFC in particular is known to play a role in the learning of new
affective stimulus associations and the reversal of previously learned
valence-stimulus contingencies (Rolls et al., 1996; Morris and Dolan,
2004). Using a reappraisal task that has been shown previously to
engage top-down regulatory PFC circuitry (Jackson et al., 2000; Urry
et al., 2006), we demonstrate decrease-attend ventrolateral PFC ac-
tivation in both healthy controls and depressed individuals that is
consistent with such a functional role for this region of PFC. In-
creased activation in a more dorsal region of left lateral PFC while
reappraising negative stimuli relative to attending to negative pic-
tures was also observed in both experimental groups, a result consis-
tent with previous research that has implicated the more lateral re-
gions of PFC in the appraisal and reappraisal of affective stimuli.

Previous research with depressed individuals has shown less
activation in left lateral regions of the PFC but greater activation
in the right PFC than in healthy controls in response to sad auto-
biographical scripts (Keedwell et al., 2005). Greater relative left
prefrontal brain activity is related to a greater disposition to
approach-related, positive effect (Tomarken et al., 1992) and a
greater ability to regulate negative effect (Jackson et al., 2003),
whereas greater relative right prefrontal activation has been asso-
ciated with withdrawal-related, often negative effect (Davidson,
1995). Although we did not find any difference in left dorsolateral
PFC activation between depressed and healthy individuals in this
study, we did find functional hemispheric asymmetries that ac-
cord with these previous findings. Thus, depressed individuals in
this study showed greater activation in right lateral and ventro-
lateral PFC when reappraising negative images than did the
healthy controls. This increased activation in the right PFC of
depressed individuals and the absence of left-lateralized activa-
tion as seen in controls indicates an inappropriate or inefficient
engagement of prefrontal regulatory circuitry.

The VMPFC is thought to be a key part of this regulatory cir-
cuitry, acting as a link between lateral prefrontal circuits involved in
reappraising the emotional significance of affective stimuli and sub-
cortical circuits crucial for the generation of emotional responses. In
nondepressed individuals, we replicated our previous finding (Urry
et al., 2006) of an inverse relationship between activation in the
VMPFC and the amygdala. Furthermore, the VMPFC mediates the
association between left ventrolateral PFC and amygdala activation
during the downregulation condition. We observed the opposite
relationship between VMPFC and amygdala activation in the de-
pressed group and the absence of any mediation effect. This result is
particularly noteworthy, because although there are no direct neu-
ronal connections between lateral PFC and the amygdala (Ghash-
ghaei and Barbas, 2002), the medial prefrontal cortex, including the
area of VMPFC reported here, BA 11, is directly linked to the amyg-
dala and is also connected to dorsal and lateral PFC (Barbas,1995;

Figure 4. Schematic depicting brain regions that showed a significantly different associa-
tion with amygdala in the control versus depressed individuals. In healthy controls, there was a
negative correlation between the decrease-attend contrast in VMPFC and amygdala (r �
�0.63; p � 0.005), such that nondepressed individuals who showed the greatest VMPFC
activation when downregulating their emotional responses, relative to attending to the pic-
tures, also showed the lowest amygdala activation. The VMPFC was found to be a significant
mediator of the association between left IFG (LIFG) and amygdala in controls (Z ��1.86; p �
0.03, one-tailed). In the depressed group, there was a positive correlation in activation between
the VMPFC and amygdala (r � 0.57; p � 0.007) when decreasing their emotional response
relative to the attend condition, with no mediational effect of VMPFC (Z � 0).
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Ongur and Price, 2000; Maren and Quirk, 2004). Furthermore, the
medial PFC has been implicated in downregulation of amygdala
function (Amaral and Price, 1984; Quirk et al., 2003; Phelps et al.,
2004). Our data suggest that the role of VMPFC as an inhibitory link
between left ventrolateral PFC and the amygdala is compromised in
depression, likely because of the inappropriate engagement of right
PFC circuitry in depressed individuals. Furthermore, our previous
research has shown that in healthy individuals, the engagement of
VMPFC-amygdala regulatory circuitry predicts steeper, more adap-
tive diurnal patterns of daily cortisol (Urry et al., 2006), a finding that
has important implications for well being in daily life. Flattening of
the diurnal profile of cortisol has been observed in individuals with
MDD (den Hartog et al., 2003). Our research points to a possible
mechanism that may underlie this aspect of depression. Future re-
search will be required to explicitly test this hypothesis.

The association between pupil dilation and brain activation in
this study provided additional evidence for the compromised func-
tioning of top-down regulation of limbic circuitry in depression. In
controls, increased effort to reappraise negative stimuli as reflected in
greater pupil dilation was associated with decreased activation in
amygdala and insula, two crucial sites for the generation of emo-
tional responses. These findings replicate the inverse association be-
tween left amygdala and pupil dilation in our previous work (Urry et
al., 2006) and extend it by showing the inverse relationship with the
insula, a region also involved in autonomic output and bodily re-
sponses and often activated in response to emotional stimuli. These
data strongly suggest that more effort expended by healthy individ-
uals when reappraising is associated with successful downregulation
of these limbic system regions. In depressed subjects, however, pupil
dilation was strongly positively correlated with activation in these
same regions. This finding suggests that the effortful attempt to re-
appraise negative stimuli was ineffective or counterproductive in the

depressed group. In such cases where the
prefrontal downregulation of affective sub-
cortical circuitry is compromised in depres-
sion, it is likely that amygdala responses to
negatively valenced images drive sympa-
thetic autonomic responses, giving rise to the
positive correlation between amygdala
BOLD responses and pupil dilation.

The data from this study suggest that the
inappropriate engagement of lateral PFC-
VMPFC-amygdala inhibitory circuitry dur-
ing efforts to reappraise negative emotional
stimuli might be one of the key factors un-
derlying the pathophysiology of major de-
pression. It should be noted, however, that
the finding of VMPFC downregulating
amygdala response is likely intimately linked
to the top-down nature of the task. Other
studies that have used tasks that emphasize
bottom-up mechanisms involved in the gen-
eration of responses to affective stimuli have
found quite different results, with a positive
link between amygdala response and
VMPFC/subgenual ACC activation (Peza-
was et al., 2005). This should not be seen to
contradict the results from this, or previous
reappraisal studies. The connections be-
tween amygdala and VPMFC are bidirec-
tional (Ghashghaei et al., 2007). We propose
that the amygdala can “drive” VMPFC in a
bottom-up affective reactivity task but be

downregulated by more dorsal and lateral portions of the PFC via the
VMPFC in a top-down reappraisal task. Indeed, striking an optimal
balance between such bottom-up and top-down influences in a
given emotional situation is likely to be crucial for the individual to
respond adaptively. Evidence from this study suggests that in major
depression, this balance is upset, with the amygdala exerting its in-
fluence on prefrontal cortex in a dysregulated manner.

The findings obtained in this study are based on a very short
period of training in cognitive reappraisal. Having established that
individuals with depression show abnormalities in the recruitment
of prefrontal resources and in connectivity between prefrontal re-
gions and the amygdala during such tasks, it will be essential to study
the impact of cognitive therapy and other related forms of reap-
praisal training on the neural circuitry of emotion regulation. It may
well be that those depressed individuals who show the greatest pupil
diameter and corresponding increases in activation in the amygdala
and insula during the reappraisal condition are individuals likely to
exhibit less improvement in response to cognitive therapy. Thus,
neural activity in response to this task could potentially be used as a
predictor of treatment response to cognitive therapy if this predic-
tion were to be supported in future research. However, more endur-
ing training than was accomplished in this study may normalize this
circuitry in depressed patients. This issue requires study in future
research.
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