Effect of Bupropion Extended Release on
Negative Emotion Processing in Major Depressive Disorder:
A Pilot Functional Magnetic Resonance Imaging Study

Brigitte Robertson, M.D.; Lihong Wang, Ph.D.; Michele T. Diaz, Ph.D.;
Marilyn Aiello, B.A.; Kenneth Gersing, M.D.; John Beyer, M.D.;
Srinivasan Mukundan, Jr., M.D., Ph.D.; Gregory McCarthy, Ph.D.;
and P. Murali Doraiswamy, M.D.

Background: Prior imaging studies suggest
that patients with major depressive disorder have
abnormalities in frontal and limbic neural circuitry
including the amygdala, which is relatively more
activated at rest and in response to negative emo-
tional stimuli (sadness, fear, etc.) in depressed
patients than in controls. Concurrently, patients
with depression may have decreased activation
of attentional executive regions in response to at-
tentional stimuli. This study examined the effect of
bupropion XL, an extended release formulation of
the nonserotonergic antidepressant agent bupro-
pion, using a paradigm that investigated both
negative emotional response and attentional
processing.

Method: Functional magnetic resonance
imaging (fMRI) scans and clinical ratings were
obtained for 10 patients with DSM-IV-TR—defined
major depressive disorder (mean [SD] age =41
[+ 7] years, mean [SD] Hamilton Rating Scale
for Depression [HAM-D] score = 21 [+ 4]) before
and after 8§ weeks of treatment with bupropion XL.
The fMRI sessions were conducted during admin-
istration of the Emotional Oddball Task; scans
were obtained while subjects viewed emotional
distracters and performed an attentional executive
function task. The primary outcome was fMRI
activations evoked by the emotional distracters.
The first baseline fMRI scan was performed
in December 2004, and the last posttreatment
scan was in March 2005.

Results: Treatment with bupropion XL was
associated with improvements in HAM-D and
Clinical Global Impressions scale ratings (p < .05).
Treatment reduced fMRI activation during emo-
tional distracters in several regions including right
orbital frontal cortex, left dorsomedial prefrontal
cortex, right ventromedial prefrontal cortex, right
anterior cingulate cortex, right inferior frontal cor-
tex, right amygdala/parahippocampal area, right
caudate, right fusiform gyrus, and left posterior
cingulate. In addition, changes in fMRI activation
in the amygdala correlated with improvements on
the HAM-D (p < .05). Treatment increased activa-
tion to attentional targets in the following regions:
right middle and inferior frontal gyri, right caudate,
and bilateral precuneus.
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Conclusion: Despite the limitations of a
small sample size and the lack of a placebo control
group, this study demonstrated that bupropion XL
therapy for 8 weeks may attenuate emotion-
induced, blood-oxygen-level-dependent (BOLD)
activation responses in the amygdala and related
brain regions. Such attenuation may be associated
with a positive clinical response in depression.
Bupropion XL also improved activation in the
executive-function neural network. These fMRI
surrogate markers offer promise for studying anti-
depressant and neurocognitive effects of existing
and novel therapies.
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F unctional magnetic resonance imaging (fMRI) al-
lows for the mapping of neural networks under-
lying normal and potential pathologic responses to emo-
tional and cognitive stimuli. These patterns of activation
are evidenced by associated changes in the blood-oxygen-
level-dependent (BOLD) response and may underlie the
symptoms observed in psychiatric disorders such as de-
pression. Patients with depression demonstrate a fun-
damental impairment in processing emotional affect.'®
These impairments are manifest as a mood-congruent
processing bias such that ambiguous or positive events
tend to be perceived as negative.”'? In particular, de-
pressed patients have limited ability to discriminate
ranges of affect in faces (e.g., happy and sad facial
expressions).'* This impairment contributes signifi-
cantly to the psychosocial and interpersonal difficulties
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commonly experienced during an acute depressive epi-
sode, and its persistence during remission of clinical
symptoms is associated with a vulnerability for future
episodes.'*"”

In addition, during processing of emotional cues, pa-
tients tested during a major depressive episode showed
different patterns of activation in the amygdala and fron-
tal regions. Specifically, they have excessive activation
of the amygdala when exposed to negative emotional
stimuli, such as those depicting sadness or fear,'”*?' and
relatively less activation in frontal regions mediating re-
sponses to attentional stimuli.”! This finding not only is
consistent with preclinical and clinical evidence of a key
role of the amygdala in mediating evaluations and re-
sponses to stress,” but also denotes the potentially nega-
tive effects that demanding emotional states may have on
the capacity of the brain to mediate everyday tasks requir-
ing attentiveness. The exaggerated activation of the
amygdala may play a role in the abnormal processing of
negative emotions and is reflected in the core symptoms
of a depressive episode. Importantly, recent pharmaco-
fMRI studies showed that antidepressant therapy (6—8
weeks) with selective serotonin reuptake inhibitors and
venlafaxine in patients with a major depressive episode
produced an attenuation of emotion-induced increases in
the amygdala and related brain structures.**** Bupropion
differs from these agents in that it does not possess any
direct serotonergic activity, but rather exerts its effects
through noradrenergic and/or dopaminergic systems. Re-
cently, an extended release formulation of bupropion, bu-
propion XL, has been made commercially available. To
our knowledge, bupropion effects have never been stud-
ied using fMRI in patients with major depressive disorder
(MDD).

The current study is based on a model of the neural ba-
sis of executive function and emotional processing that
posits that a dorsal system, including dorsolateral prefron-
tal cortex (PFC), dorsal anterior cingulate, and inferior
parietal cortex, supports executive function, while a ven-
tral system, including ventral medial PFC, orbital frontal
cortex (OFC), ventral cingulate, and amygdala, partici-
pates in emotion-related processing."** Interaction and
coordination among these regions are necessary for the
normal regulation of mood and associated cognitive pro-
cessing and vegetative function. Depression may result if
the synchronized communication between these regions
is compromised. Specifically, Mayberg and colleagues®*'
have suggested that limbic and fronto-cortical structures
interact in a reciprocal inhibitory fashion in healthy adults
and that this reciprocal inhibition may be impaired in
depressed individuals.

The primary objective of this open-label, pilot study
was to measure neural activation differences in the emo-
tional and attentional-executive function systems using an
Emotional Oddball Task,” a modification of the standard
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visual oddball task. In this event-related fMRI paradigm,
“standards” were squares of varying size and color, while
infrequent attentional “targets” were circles of varying
size and color. In addition, there were 2 kinds of task-
irrelevant distracters: emotional distracters, pictures of
emotionally unpleasant themes of warfare and violence
taken from the International Affective Picture System, and
neutral distracters, pictures that were neutral in arousal
and valence, that were matched in terms of the number of
individuals in the scenes. All measurements were per-
formed in outpatients with MDD before and after 8 weeks
of treatment with bupropion XL.

METHOD

The protocol was approved by the Duke University
Medical Center Institutional Review Board, and written
informed consent was obtained from each subject prior
to enrollment. This was an 8-week, open-label, outpatient,
single-center study of 10 subjects (7 women; mean
[SD] age =41.4 [+ 7] years) with MDD (mean duration
of depression =43.3 [+ 37] weeks) (Table 1). The mean
score on the Hamilton Rating Scale for Depression
(HAM-D)?* total at baseline was 21 (= 4), and all subjects
had a rating of 4 (moderate severity) on the Clinical Glo-
bal Impressions-Severity of Illness scale (CGI-S).”” The
anatomic MRI studies demonstrated that all subjects were
within normal limits.

The study included subjects who were in good health
with no unstable medical conditions and taking no or few
concomitant medications at stable doses. Inclusion crite-
ria were as follows: men and women between the ages of
18 and 51 years who met criteria for MDD as defined by
DSM-IV-TR, had a HAM-D score > 14, and, in women of
childbearing potential, were willing to commit to con-
sistent and correct use of approved birth control. Subjects
with serious suicidal or homicidal risk, psychosis, sub-
stance abuse, or any contraindications to prescribing
bupropion XL were excluded from participation. Before
subjects were accepted into the study, no other unstable
illness or MRI contraindication such as pacemaker or me-
tallic implants was permitted. Exclusion criteria also in-
cluded uncontrolled hypertension, seizure disorder, eating
disorder, a history of treatment-resistant depression, and
prior nonresponse to or an intolerance of bupropion. Sub-
jects who were taking any other psychoactive drugs that
could confound the brain scans were excluded from par-
ticipation. Subjects were allowed to continue taking con-
comitant medications as appropriate.

Participants attended 4 sessions across a 10-week pe-
riod. The first baseline fMRI scan was performed in
December 2004, and the last posttreatment scan was in
March 2005. Demographic information and medical
and psychiatric histories were collected at the first visit.
Psychiatric assessments that measure depression (i.e.,
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Table 1. Clinical Variables in Individual Participants®

Medical Conditions HAM-D Score Days Between  Days on Treatment
Age (y) Sex and History Concomitant Medications Baseline Posttreatment  fMRI Scans®  With Bupropion XL°
34 F  Migraines None 20 18 77 77
36 F  Allergies Cetirizine/pseudoephedrine 25 7 55 55
32 F Asthma, borderline Albuterol prn, rosiglitazone, 22 6 64 494
hyperglycemia, fluticasone, loratadine/
allergies, polycystic pseudoephedrine
ovaries
44 M  Possible Crohn’s disease ~ Vitamins 27 10 57 57
46 F  Hypothyroidism Levothyroxine 24 2 44 44
47 M None 15 7 54 54
50¢ F Vitamins, melatonin 23 18 29 27
50° F  Perimenopausal Ethinyl estradiol/norethindrone 17 10 30 30
37t F  Herpes, headaches Acyclovir, vitamins, ibuprofen pm 23 NA NA NA
38f M Acid reflux Famotidine 19 NA NA NA

#Only major medical problems are noted. Minor or cosmetic surgeries or resolved problems are not described.

"Mean + SD = 51 = 17 days.
‘Mean + SD = 50 = 16 days.

9This subject’s use of bupropion XL was interrupted in the middle of the study while she recovered from an allergic reaction to an antibiotic.

“Developed side effects; for details, see Adverse Events in Results.

Did not complete the study, and NA is used to specify that a second datapoint is nonapplicable.
Abbreviations: F = female, fMRI = functional magnetic resonance imaging, HAM-D = Hamilton Rating Scale for Depression, M = male,

XL = extended release.

HAM-D and CGI-S) were given at each visit. The Clini-
cal Global Impressions-Improvement scale (CGI-I) was
performed at visits 3 and 4. Blood pressure and heart rate
were recorded at each visit. During the first visit, subjects
spent approximately 15 minutes in an MRI scanner simu-
lator to determine if they could comply with the environ-
ment during the actual MRI experiment. In addition, they
completed a computerized practice neurocognitive testing
session measuring memory and reaction time during their
first visit. The neurocognitive test battery had 3 subsets:
the immediate visual memory task, 1- and 3-item memory
scan task, and the delayed visual memory task.

For subjects meeting entry criteria, anatomic and func-
tional MRI data were collected at visit 2 for baseline mea-
surements. Neurocognitive assessments were repeated at
visits 2 and 4. Bupropion XL was started the morning
after visit 2 and was dosed at 150 mg for 7 days and then
increased to the target dose of 300 mg daily. In the event
that subjects were unable to tolerate the 300-mg daily
dose, they were allowed to remain at the 150-mg dose.
The protocol allowed the dose to be increased to 450 mg
daily based on clinical response. These doses are in the
labeled range for bupropion XL. A second set of anatomic
and functional MRI data was collected at visit 4, approxi-
mately 8 weeks after the start of bupropion XL treatment.
In the event that a subject discontinued use of bupropion
XL early and if the subject was amenable, it was decided
on a case-by-case basis by the principal investigator
whether the subject would have the second follow-up
scan.

Participants were asked to refrain from eating and
drinking in the 3 hours prior to the collection of MRI data.
Subjects were also asked to refrain from alcohol, tobacco,
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caffeine, and any prescription or nonprescription drugs
for 12 hours prior to their procedure as an attempt to re-
duce factors that could confound brain blood flow. MRI
scanning was completed on a General Electric 1.5-Tesla
LX Nvi MRI scanner equipped with a 41-mT/m gradient
coil and using a birdcage radio frequency (RF) head coil
for transmission and receiving of RF signal (General
Electric; Milwaukee, Wis.). Sagittal T-1 weighted local-
izer images were acquired and used to define an imaging
volume. The anterior and posterior commissures were
identified for slice selection. High resolution structural
images were acquired using a spin echo proton-density T2
pulse sequence (field of view [FOV]=24 cm?% voxel
size = 0.9375 x 0.9375 x 2.9 mm, 48 slices), and 2 series
of T1-weighted images were collected: 3D high resolu-
tion (FOV =24 cm? voxel size = 0.9375 x 0.9375 x 1.5
mm, 124 slices) and coplanar (FOV =24 cm?, voxel
size = 0.9375 x 0.9375 x 1.9 mm, 68 slices). Functional
images sensitive to BOLD contrast were acquired using
an inverse spiral pulse sequence (repeat time [TR] =2 s;
time of echo [TE]=10 ms; FOV =24 cm?% voxel
size = 3.75 x 3.75 x 3.8 mm; 36 contiguous axial slices).
Four initial RF excitations were performed at the be-
ginning of each functional run to achieve steady state
equilibrium.

During the fMRI sessions, subjects performed the
Emotional Oddball Task (8 functional runs), which lasted
approximately 45 minutes. This was an event-related
fMRI paradigm in which 90% of the stimuli were “stan-
dards,” or squares of varying color and size. The remain-
ing stimuli were either attentional targets (i.e., circles of
varying size and color) or task-irrelevant distracters.
Distracters were 1 of 2 types: emotional distracters were
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pictures of emotionally unpleasant themes of warfare and
violence taken from the International Affective Picture
System, and neutral distracters were pictures, neutral in
arousal and valence, that were matched in terms of the
number of individuals in the scenes. Distracters and tar-
gets were randomly interspersed within the standards and
occurred with the same frequency. Subjects responded
with a designated button press for “targets” and an alter-
nate button press for all other stimulus types.

Each functional run was approximately 4 minutes
long. During the Emotional Oddball Task, the subjects
viewed 3 types of stimuli: standards, targets, and dis-
tracters presented in random order. During this task, the
subjects were asked to press a button using their right in-
dex finger whenever a target appeared and their right
middle finger for all other stimuli. Activations evoked by
emotional distracters, which indexed negative emotional
processing, were the primary outcome. Before proceeding
to this endpoint analysis, the values of BOLD signal
changes produced by emotional distracters were com-
pared with those produced by neutral distracters. Only
those with statistically different values were considered
for final analysis. Activations evoked by the target stim-
uli, which probed the attentional-executive function net-
work, were the secondary outcome. Again, before pro-
ceeding to this endpoint analysis, the values of BOLD
signal changes produced by the targets’ presentation were
compared with those produced by the standard stimuli.
Only those with statistically different values were con-
sidered for final analysis.

Functional MRI data analysis was performed using
Statistical Parametric Mapping (SPM99; Wellcome
Department of Cognitive Neurology, London, United
Kingdom) and custom Matlab (Mathworks, Natick,
Mass.) scripts. No subject had a movement greater than 3
mm in the X, Y, or Z dimension. Images were corrected
for time of acquisition and head motion, normalized to a
standard stereotaxic space (Montreal Neurological Insti-
tute; Montreal, Quebec, Canada), and smoothed with an
8-mm Gaussian kernel. The normalized and smoothed
data were used in the analyses reported below. Epochs
time-locked to the critical stimuli were extracted from the
continuous time series and averaged according to trial
type (emotional and neutral distracters, targets). Each
epoch consisted of a total of 10 images (at onset and 2
preceding and 7 following event onset, capturing —4 s to
14 s). Voxel-wise fixed-effects analyses were conducted
for each subject by regressing an empirically derived he-
modynamic template with the epochs for each trial type,
which produced t-statistic activation maps for each condi-
tion in each subject.

Statistical Analyses

All comparisons were within-subject between baseline
and posttreatment endpoint observations. Primary out-
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Figure 1. Average t Statistic Maps Showing the Results of a
Fixed-Effects Analysis of the Responses Evoked by Emotional
Distracters at Pretreatment and Posttreatment®

Pretreatment Posttreatment

A. Inferior Frontal Cortex

t Value

“Threshold t > 3, p <.01. Circles indicate the regions that showed
significant differences between pretreatment and posttreatment.

comes were percent signal changes from baseline for the
fMRI task. For the emotional distracters, only responses
that were significantly different from neutral distracters
were considered significant. p Values less than .05 were
significant for primary outcomes in the paired t test. We
also tested the correlation between clinical and fMRI
BOLD signal changes using the Pearson correlation co-
efficient, where r > 0.5, p < .05 were considered signifi-
cant. Of the 10 subjects, only 8 subjects completed a post-
treatment fMRI scan (Table 1), and only their data were
analyzed.

RESULTS

Effect of Treatment on Depression
Statistically significant improvements in HAM-D
(p <.005), CGI-S (p<.01), and CGI-I (p <.05) scores
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Figure 2. Average t Statistic Maps Showing the Results
of a Fixed-Effects Analysis of the Responses Evoked by
Attentional Targets at Pretreatment and Posttreatment®

Posttreatment

Pretreatment
A. Middle Frontal Gyrus

“Threshold t > 3, p <.01. Circles indicate the regions that showed
significant differences between pretreatment and posttreatment.

were noted from week 4 through endpoint at week 8. At
endpoint on the CGI-S, 25% (N = 2) of the subjects re-
mained with moderate depression and 75% (N = 6) had
improved. Of the patients who improved, half (N = 3)
were rated as having mild symptoms and the other half
as having normalized or only borderline symptoms. At
endpoint, both mean HAM-D score (9.8 = 6) and mean
CGI-S score (2.6 + 4) were indicative of the degree of im-
provement. The secondary neurocognitive indices of
memory did not show any significant effects of treatment.
There were no significant reaction time differences or
performance differences during the Emotional Oddball
Task.

Effects of Treatment on fMRI Activation Patterns
Figures 1-3 and Table 2 show fMRI results. Treatment
with bupropion XL reduced activation seen in the right
OFC, right ventromedial PFC, right anterior cingulate
cortex, right inferior frontal cortex (IFC), right amygdala/
parahippocampal area (PHipp), right caudate, right fusi-
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Figure 3. Voxel-Based Paired t Test Analysis Showing
Decreased Peak Activation in the Amygdala and Increased
Peak Activation in Middle Frontal Gyrus Posttreatment*”

A. Amygdala
0.4%7 r=0.78
0.3% - p=.02 )
0.2% [}
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®As demonstrated in the graphs, decreased activation in the left
amygdala and increased activation in the right middle frontal gyrus
showed significant regional correlation with decreased HAM-D
score posttreatment.

Abbreviation: HAM-D = Hamilton Rating Scale for Depression.

form gyrus (FFG), and left dorsomedial PFC and poste-
rior cingulate cortex during passive viewing of emotional
distracters. In 2 regions (left IFC and left FFG), bupro-
pion XL increased the activation evoked by emotional
distracters. The decrease in fMRI activation to emotional
distracters in the right OFC, IFC, PHipp, and FFG and left
amygdala was highly correlated with the improvement in
the HAM-D score during bupropion XL therapy (r = 0.78,
p < .05, in some regions). Treatment with bupropion XL
increased activation to attentional targets in the right
middle frontal gyrus, IFC, and caudate and bilateral pre-
cuneus. The increased activation in the middle frontal
gyrus was strongly correlated with the improvement in
the HAM-D score (r=-0.95, p <.01). Because of the
sample size and statistical threshold used, our results
should be viewed as pilot rather than definitive.

Adverse Events

Of the 10 subjects, 4 stopped study medication prema-
turely. One subject developed a mild allergic reaction, a
second subject developed tremors, and a third subject felt
that the drug was ineffective. The fourth subject had a
panic attack and was hospitalized briefly to rule out a car-
diac event. This was felt to be drug related. In addition to
this subject, 2 other subjects had serious adverse events.
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Table 2. Regions Showing Significant Peak Activation
Changes Posttreatment Compared With Baseline
(paired t test, p < .05)

t T
Stimuli Side X Vil Zwa Value Value®

Decreased activation posttreatment
Sad vs neutral contrast

OFC R 31 37 -11 332
DmPFC L -3 52 26 3.04
VmPFC R 7 33 -6 4.02
ACC R 335 11 344 092
IFC R 42 24 5 441 093
Amygdala/parahippocampal R 24 -39 0 2.64 0.84
Caudate R 14 17 9 3.94
PCC L -7 47 -22 424
FFG R 28 58 -3 3.06

Attentional targets

Ventral putamen R 28 -10 7 262
SMG L -55 —49 21 4.02
FEF L 31 -58 0 454

Increased activation posttreatment
Sad vs neutral contrast

IFC L 49 28 15 632
FFG L -31 -58 0 421
Attentional targets

MFG R 35 52 14 226 -0.95
IFC R 55 11 25 298
Caudate R 17 -2 23 297
Precuneus R 10 -73 46 3.52

L -3 73 46 3.73

“Only regions that showed significant blood-oxygen-level-dependent
(BOLD) signal changes posttreatment and the changes significantly
correlated with decreased HAM-D score posttreatment are shown
here. The r value is the correlation coefficient value at the voxel that
showed peak signal change.

Abbreviations: ACC = anterior cingulate cortex,

DmPFC = dorsomedial prefrontal cortex, FEF = frontal eye field,
FFG = fusiform gyrus, HAM-D = Hamilton Rating Scale for
Depression, IFC = inferior frontal cortex, L = left, MFG = middle
frontal gyrus, OFC = orbital frontal cortex, PCC = posterior
cingulate cortex, R = right, SMG = supramarginal gyrus,

tal = Talairach coordinate, VmPFC = ventromedial prefrontal cortex.

One subject developed worsening bronchitis/asthma that
required steroids and antibiotics. This was considered un-
related to the study drug. The subject resumed bupropion
XL treatment after her medical stabilization and found
it to be beneficial. Another subject developed worsening
suicidal ideation from multiple concurrent life crises that
required brief hospitalization. Overall, the most common
adverse events reported were dry mouth (N =5), consti-
pation (N = 3), reduced appetite (N = 1), weight loss (N =
1), tremors (N = 1), panic attack (N =1), rash (N=1),
and intermittent palpitation (N = 1).

DISCUSSION

Patients with MDD may show abnormal processing of
negative emotions associated with an excessive increase
in activation through the amygdala and a series of related
limbic structures when exposed to negative emotional
stimuli (sadness, fear, etc.). Consistent with previous re-
ports, we found increased activation to emotional stimuli
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relative to neutral stimuli in the amygdala at baseline. Our
study demonstrates that bupropion XL therapy for 8
weeks may attenuate this abnormally increased emotion-
induced activation in the OFC and amygdala. This is
consistent with other pharmaco-fMRI studies that have
demonstrated decreases in activation in the amygdala
and OFC after treatment.>***® Further, the data suggest
that such attenuation may be closely linked to improve-
ment in clinical ratings of depression. These findings ex-
tend prior fMRI studies of mood neural network function-
ality in depressed and nondepressed individuals as well
as prior pilot studies of serotonergic antidepressants.

The main limitations of this study are the small sample
size and lack of nondepressed and untreated depressed
control groups. As such, this was a pilot study, and hence
our findings should be interpreted with caution. The main
strengths are the careful clinical and fMRI data collection
that used a reliable task. In addition, this is the first fMRI
study of a nonserotonergic antidepressant. Our study sup-
ports a role for norepinephrine in modulating the response
of the depressed brain to negative emotions. Given that
treatment with bupropion increased activation to atten-
tional targets**>** in the middle frontal and inferior fron-
tal cortex, the data suggest that bupropion improved
activation in the executive-function system. Controlled
studies are suggested to confirm these findings and test
the promise of fMRI surrogate markers for studying anti-
depressant efficacy, mechanisms of action, and response
patterns.

Drug names: acyclovir (Zovirax and others), albuterol (Ventolin,
Proventil, and others), bupropion (Wellbutrin and others), cetirizine
(Zyrtec), famotidine (Pepcid and others), fluticasone (Flovent and
others), ibuprofen (Motrin and others), levothyroxine (Synthroid,
Levo-T, and others), loratadine (Clarinex), rosiglitazone (Avandia),
venlafaxine (Effexor and others).
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