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http://dx.doi.org/10.1098/rstb.2017.0030 Antidepressants remediate negative biases in emotional processing early in
treatment, prior to mood improvement. However, the effects on reward pro-
cessing potentially relevant to the treatment of anhedonia are less clear. Here
we investigate the early and sustained effects of the dopamine and nor-
adrenaline reuptake inhibitor bupropion on behavioural measures of
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cebo group. All participants completed the Emotional Test Battery and a
probabilistic instrumental learning task at week 0, week 2 and week 6. Cur-
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1. Background

Cognitive theories of depression suggest that negative biases in emotional pro-
cessing play an important role in the causation and maintenance of the
persistent low mood characteristic of the disorder. Indeed, depressed patients,
as well as those at risk of depression [1,2], display negative biases in emotional

Electronic supplementary material is available processing across a range of cognitive domains, including perception, attention
online at https://dx.doi.org/10.6084/m9. and memory [3—-6]. For example, they display increased perception of ambigu-
figshare.c.3952951. ous face emotions as negative [7,8], an attentional bias towards negative face
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emotions and self-referent words [9] and increased recall of
negative versus positive self-referent words [10] compared
to healthy controls.

It has been hypothesized that antidepressants may act to
restore the balance between positive and negative emotional
processing early in treatment, prior to mood improvement
[6,11-13]. Indeed, 7 day treatment or even an acute dose of
the selective serotonin reuptake inhibitor (SSRI) citalopram
or the noradrenaline reuptake inhibitor reboxetine was
found to increase the perception of ambiguous faces as
happy and the recall of positive self-referent words in both
healthy volunteers [14-16] and depressed patients [17] com-
pared to placebo. Importantly, these changes in emotional
processing biases occurred in the absence of changes in sub-
jective mood, suggesting that they may be a direct effect of
antidepressant drug treatment rather than being a secondary
consequence of changes in mood and affect.

However, depression is not only characterized by persist-
ent low mood but also a loss of pleasure in response to receipt
of reward, known as anhedonia. Depressed patients display
blunted responsiveness to reward [18] and fail to develop a
response bias towards high-probability win during probabil-
istic instrumental learning tasks [19-21]. These impairments
correlate specifically with the severity of self-reported anhe-
donia, independently of overall depression severity [21-24].
Building on pre-clinical evidence for a role of dopamine in
reward [25,26], it has been hypothesized that the anhedonia
and underlying impaired reward processing in depression
involve changes in the function of the dopamine system.

While serotonergic and/or noradrenergic antidepressants
can alter emotional processing biases to improve mood, they
do not appear to fully correct the experience of anhedonia
[27] and may actually exacerbate the impaired reward pro-
cessing [28]. It has therefore been suggested that
antidepressants with an effect on the dopamine reward
system may be better suited to treat anhedonia [27], but
equally, their effects on emotional processing biases remain
unclear. Bupropion is one of the few antidepressants that
prevent the reuptake of dopamine (in addition to noradrena-
line) and may be a potential treatment for patients displaying
predominantly anhedonic symptoms [29]. We previously
assessed the effect of a single dose of bupropion on emotional
and reward processing in a different cohort of healthy volun-
teers compared to double blind administration of placebo.
Bupropion was found to remediate negative biases in
emotional processing but had unexpected detrimental effects
on reward processing compared to placebo [30]. The current
study aimed to assess whether this profile of effects of bupro-
pion observed in healthy volunteers translated to depressed
patients and longer-term treatment. If so, this would have
implications for its potential for the treatment of anhedonia
and the expected timescale for such effects. Therefore, here
we investigate the early and sustained effects of bupropion
on behavioural measures of emotional and reward processing
in individuals suffering from depression.

2. Methods

This study was approved by the University of Oxford Clinical
Trials and Research Governance Team (CTRG) and a NHS
Research Ethics Committee (NRES Committee South Central —
Berkshire B) (13/SC/0569). It was carried out in accordance

with The Code of Ethics of the World Medical Association n

(Declaration of Helsinki) for experiments involving humans.
All participants provided written informed consent.

(a) Participant recruitment and screening

A total of 46 depressed patients and 42 healthy controls (HCs)
were recruited from the general population. Via an in-depth psy-
chiatric assessment including the Structured Clinical Interview
(SCID) for DSM-IV [31], depressed patients were found to satisfy
a diagnosis of a current episode of major depressive disorder
(MDD) but no other Axis 1 DSM-V psychiatric disorder (apart
from co-morbid anxiety disorders) and HCs were deemed to
be free from either current or past history of any Axis 1 DSM-
IV psychiatric disorders. Exclusion criteria included the use of
any medication that could impact upon the safety or effect of
bupropion within three weeks of the baseline assessments or
psychological treatment within three months of the baseline
assessments, drug or alcohol abuse in the past year, medical con-
ditions judged to interfere with the safety of the participant or
scientific assessments, smoking more than 10 cigarettes or equival-
ent a day and prior experience of the behavioural tasks used in the
study. The MDD and HC groups were matched for gender, age
and national adult reading test (NART)-derived verbal IQ [32].

(b) Study design and intervention

In a repeated-measures study design, open-label sustained
release bupropion was administered to just the MDD group
over a six week period but all participants completed the
Emotional Test Battery (ETB) and a probabilistic instrumental
learning task at week O (baseline), week 2 and week 6. The
course of bupropion started the morning after baseline as-
sessments’ with the MDD group taking 150 mg once daily in
the morning for the first 7-10 days, then 150 mg twice daily
for the remaining five weeks. The HC group did not receive
bupropion, placebo or any other intervention to control for the
practice effects of repeated testing. Each visit also involved com-
pletion of a number of researcher-administered and self-report
questionnaires.

(c) Questionnaire measures

The Hamilton Rating Scale for Depression (HAM-D) [33] was
administered via a semi-structured interview with a trained
experimenter. The rest of the questionnaires were self-report
questionnaires and included the Adult Eysenck Personality
Questionnaire (EPQ) [34], the Full Mood and Anxiety Symptom
Questionnaire (MASQ) [35], the Positive and Negative Affect
Schedule (PANAS) [36], the Snaith—Hamilton Pleasure Scale
(SHAPS) [37] and the Oxford Questionnaire on the Emotional
Side-effects of Antidepressants (OQuESA) [38]. For the SHAPS,
in this study, the ratings of strongly agree, agree, disagree and
strongly disagree were converted into a 4-point scale, with
higher scores indicating higher anhedonia.

(d) Emotional Test Battery

The ETB (Plvital, Oxford, UK) comprises several validated, com-
puterized cognitive tasks designed to assess emotional
processing biases and has previously been described in full
[17]. In brief, the Facial Expression Recognition Task (FERT) com-
prises a series of facial expressions associated with six basic
emotions: anger, disgust, fear, happy, sad and surprise at a
range of different intensity levels and participants are required
to identify the emotion of the face. Signal detection theory is
used to provide estimates of target sensitivity (d’) and beta.
The Emotional Categorisation Task (ECAT) comprises a series
of positive and negative self-referent words and participants
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Table 1. Participant characterization. Values are reported as means =+ standard deviation.

HC
n 42
gender (male:female) 13:29
age 30.21 + 8.13
NART 116.31 + 4.82
HAM-D 0.86 + 0.95
EPQ
neuroticism 486 + 3.25
psychoticism 248 + 232
lie 10.00 + 3.84
extraversioh 1471 + 4.27

clinical history of the MDD group
age of onset (years)
number of previous episodes
received previous treatment?
length of current episode (years)

are required to indicate whether they would like or dislike to be
referred to as each word. In the Facial Dot-Probe Task (FDOT),
the attentional vigilance to happy or fearful faces can be deter-
mined from participants’ response latency to indicate the
alignment of a dot probe appearing in the place of one of the
faces. Finally, the Emotional Recall Task (EREC) is a surprise
free recall task during which participants are required to remem-
ber as many of the self-referent words from the ECAT as they can
in 2 min. Further details for each task are provided in the elec-
tronic supplementary material.

(e) Probabilistic instrumental learning task

The probabilistic instrumental learning task was adapted from
that described by Pessiglione and colleagues [39] and has pre-
viously been described in full [30]. In brief, task stimuli consist
of two pairs of symbols with one pair associated with win
outcomes (win £1 or no change) and the other associated with
loss outcomes (lose £1 or no change). Each symbol in the pair
corresponds to reciprocal probabilities (0.7 or 0.3) of the associ-
ated outcomes occurring. Participants were required to choose
between the two symbols in order to maximize their winnings.
Once a choice was made, outcome feedback was provided. In
order to maximize their winnings, participants used the outcome
feedback to gradually learn the symbol-outcome associations
over time, such that they consistently chose the symbol as-
sociated with high-probability win and avoided the symbol
associated with high-probability loss. Note that different symbols
were used at each visit to minimize learning effects confounding
subsequent performance. Further details for this task are pro-
vided in the electronic supplementary material.

(f) Analysis

Reaction times were trimmed at the participant level: reaction
times above 3 standard deviations from the mean or below
200 ms were excluded prior to calculating the mean. Each out-
come measure from each task of the ETB was analysed using a
repeated measures analysis of variance (ANOVA) with group
(MDD or HC) as the between-subject factor and one within-sub-
ject factor depending on the task (e.g. face emotion, word
valence) when assessing differences between groups at baseline.

MDD Sig./p
46
13:33
2952 + 9.01 071
11581 + 434 048
13.09 + 3.03 <0.001
18.98 + 3.32 <0.001
472 + 370 <001
841 + 431 007
754+ 544 <0001
17.85 + 7.91
341 + 658
36 Yes : 10 No
3.80 + 446

Analyses of how measures changed over time included study
visit (baseline, week 2 and week 6) as an additional within-sub-
ject factor. For the probabilistic instrumental learning task,
participants who performed worse than chance and completed
the task with winnings of less than the initial £5 were assumed
not to have understood the task and were excluded (8 HC,
7 MDD). Data were then averaged across the two runs and ana-
lysed as above. Significant visit by group interactions indicated
changes that could not solely be explained by practice effects
suggestive of an effect of bupropion and were followed up
using appropriate post hoc t-tests.

3. Results

(a) Participant characterization

There were no significant differences between the MDD and
HC groups with regards to gender, age or NART-derived
verbal IQ. As would be expected, the MDD group had signifi-
cantly higher HAM-D and EPQ neuroticism scores and
significantly lower EPQ extroversion scores at baseline than
the HC group (table 1). The majority of MDD patients dis-
played mild to moderate depression at baseline (figure 1).

(b) Mood at baseline and change over time
Independent samples t-tests found the MDD group to be sig-
nificantly different from the HC group (p < 0.001) for all
remaining questionnaire measures at baseline. Paired f-tests
found the MDD group to significantly improve on all ques-
tionnaire measures apart from the MASQ anxious arousal
sub-scale with bupropion treatment (table 2).

(c) Emotional Test Battery

(i) Facial Expression Recognition Task

Baseline differences between the MDD and HC groups. For per-
centage accuracy or d’, there was no significant main effect
of group (Fy g5 =0.43, p=0.51; F1 g5 = 1.15, p = 0.29) or face
emotion by group interaction (Fs45=0.47, p=0.80;
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Figure 1. Number of MDD patients scoring within each category of symptom
severity of the HAM-D. (Online version in colour.)

F5,425 = 0.25, p = 0.94). There was a significant face emotion
by group interaction for both percentage misclassification
(F5,425 = 3.16, p <0.01) and beta measure of response bias
(Fs,420 = 3.23, p < 0.01). Post hoc independent-samples t-tests
found that the MDD group misclassified significantly more
other face emotions as sad compared with the HC group
(tss = 2.32, p < 0.05). Note that increased sad per cent mis-
classification refers to increased percentage misclassification
of other face emotions as sad and not increased percentage
misclassification of sad faces as other face emotions. This
was reflected in significantly reduced beta compared with
the HC group (tgs=3.32, p <0.05), indicating increased
response bias towards sad faces (figure 2). No significant
differences were found for any other face emotion. For reac-
tion time, there was a significant main effect of group
(F1,83 = 5.15, p < 0.05), with the MDD group responding sig-
nificantly more slowly than the HC group across all face
emotions.

Effect of bupropion. There was no significant face emotion by
visit by group interaction for percentage accuracy (Fi9750 =
0.76, p = 0.67) or d’ (F19,730 = 1.40, p = 0.18). There was a sig-
nificant visit by group percentage
misclassification (F156 = 3.12, p < 0.05). Post hoc analyses

interaction for

found a marginally significant visit by group interaction for
percentage misclassification of other face emotions as sad
(F2,156 = 2.87, p=10.06), with only the bupropion-treated
MDD group displaying a significant decrease in the percen-
tage misclassification of other face emotions as sad between
baseline and week 2 (ty3 =2.72, p <0.05) or baseline and
week 6 (tzg =2.21, p < 0.05), such that the group difference
at baseline (tgs = —2.47, p < 0.05) was no longer significant
at week 2 (tgy = —1.54, p = 0.13) or week 6 (t,o = —0.77, p =
0.45) (figure 2a). A similar pattern of results was observed
for beta for sad faces, with a trend towards significance for a
visit by group interaction (Fy156 =2.47, p=0.09) and only
the bupropion-treated MDD group displaying a significant
increase in beta for sad faces between baseline and week 2
(ts1 = —2.85, p < 0.01) or baseline and week 6 (fz9 = —2.05,
p < 0.05), such that the group difference at baseline (g5 =
2.32, p <0.05) was no longer significant at week 2 (fg; =
1.58, p = 0.12) or week 6 (79 = 0.62, p = 0.54) (figure 2b). No
significant differences were found for any other face emotion.

(i) Emotional Categorisation Task

A large proportion of individuals had near 100% accuracy for
the ECAT, therefore in order to generate more normally dis-
tributed data, an arcsine transformation was first applied to
the ECAT percentage data prior to analysis.

Baseline differences between the MDD and HC groups. For
percentage accuracy, there was a significant word valence
by group interaction (F;g5=4.12, p <0.05), driven by
reduced accuracy for positive versus negative self-referent
word classification in the MDD group. The post hoc tests for
each emotion separately, however, were not significant (posi-
tive: tgs =146, p=0.15 negative: tgs= —0.33, p=0.75)
(figure 3). For reaction time, there was a significant main
effect of group (Fy,5 = 6.25, p < 0.05), with the MDD group
responding significantly more slowly than the HC group
for both negative and positive self-referent words.

Effect of bupropion. A significant visit by group interaction
was found for percentage accuracy in positive self-referent
word classification (F,156 = 3.94, p < 0.05). It appeared that
while the HC group displayed a decrease in the percentage
accuracy for positive self-referent words, the bupropion-trea-
ted MDD group displayed an increase in the percentage
accuracy for positive self-referent words across the three
visits; however, post hoc paired t-tests only found the decrease
in percentage accuracy for positive self-referent words in the
HC group between baseline and week 6 to be significant
(tz0 = 2.64, p < 0.05) (figure 3).

(iii) Facial Dot-Probe Task

Baseline differences between the MDD and HC groups. A signifi-
cant main effect of group was found for reaction time only
(F1,85 = 8.95, p < 0.01), with the MDD group responding sig-
nificantly more slowly than the HC group across all of the
task conditions.

Effect of bupropion. There was also a significant visit by
group interaction for reaction time (Fp156=12.55, p <
0.001), with the bupropion-treated MDD group displaying a
greater reduction in reaction time than the HC group between
baseline and week 2, likely as a result of their higher reaction
time at baseline.

(iv) Emotional Recall Task

Baseline differences between the MDD and HC groups. There was
no significant main effect of group or word valence by group
interaction for either correctly (F; g6 = 0.08, p=0.77; F1 g, =
1.07, p=0.31) or falsely (F18,=1.09, p=0.30; Fyg5=1.52,
p = 0.22) recalled self-referent words.

Effect of bupropion. As illustrated in figure 4, the bupro-
pion-treated MDD group displayed a decrease in the
number of negative self-referent words falsely recalled
between baseline and week 2 that was not observed in the
HC group. A visit by group interaction was not found with
three levels of visit (baseline, week 2 and week 6) (Fp 155 =
2.75, p=0.07) but was found with two levels of visit (base-
line and week 2) (F1 81 = 5.73, p < 0.05) that remained when
considering just negative falsely recalled self-referent words
(F181=4.60, p<0.05) and was confirmed by post hoc
paired t-tests (tsp = 2.12, p < 0.05). There was no difference
between the HC and MDD groups in the number of self-refer-
ent words correctly recalled across the three visits.
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Figure 2. FERT (a) percentage misclassification of other face emotions as sad and (b) beta for sad faces for the HC and MDD groups across the three visits. Values
are reported as means =+ standard error of the mean. Asterisks denote the degree of significance obtained for planned comparisons (*p << 0.05; **p < 0.01).
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Figure 3. ECAT arcsine percentage accuracy for positive self-referent words for the HC and MDD groups across the three visits. Values are reported as means +

standard error of the mean. (Online version in colour.)

(v) Probabilistic instrumental learning task

Baseline differences between the MDD and HC groups. Indepen-
dent samples t-tests did not find a significant difference
between the MDD and HC groups at baseline for the total
monetary amount at the end of the task (t; = —0.42, p=
0.67), amount won (t;4=0.69, p=0.49) or amount lost
(tze= —1.26, p=0.21). In order to provide more temporal
information about reward learning differences between the
MDD and HC groups, learning curves were produced for
each group depicting trial-by-trial the proportion of partici-
pants who chose the correct symbol in the win condition,
associated with high-probability win (figure 5a,b). Both
groups learnt to choose the high-probability win by about
trial 10. To assess reward sensitivity after learning, the pro-
portion of participants choosing the correct symbol in
the win condition was averaged over the last 20 trials of the
task [40] and the MDD group was found to be significantly

less likely to choose the correct symbol in the win condition
compared with the HC group (t35=2.03, p=0.05),
suggesting possible insensitivity to high-probability win.
There were no baseline group differences in the likelihood
of avoiding the incorrect symbol in the loss condition.

Effect of bupropion. There was no significant visit by group
interaction for the total monetary amount at the end of the
task (F10s8 = 0.07, p=0.93), amount won (F,19s = 0.51, p =
0.60) or amount lost (Fp10s=1.24, p=0.29). Regarding
reward sensitivity after learning, a visit by group interaction
was found for the win condition (F,7¢ = 20.15, p < 0.001).
Post hoc t-tests found only the bupropion-treated MDD
group to display a significant reduction in the likelihood of
choosing the correct symbol in the win condition between
baseline and week 2 (t;9=4.70, p <0.001), such that the
group difference observed at baseline was even greater at
week 2 (t33 =9.67, p < 0.001). The bupropion-treated MDD
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Figure 4. EREC number of negative self-referent words falsely recalled for the
HC and MDD groups across the three visits. Values are reported as means +
standard error of the mean. Asterisk denotes the degree of significance
obtained for planned comparisons (*p << 0.05). (Online version in colour.)

group then displayed a significant increase in the likelihood
of choosing the correct symbol in the win condition between
week 2 and week 6 (t19 = —11.20, p < 0.001), such that the
group difference observed at baseline and week 2 was no
longer significant (t33 =0.51, p=0.61) (figure 5c). No
relationships were found between the likelihood of choosing
the correct symbol in the win condition and anhedonia. There
were no group differences in the change in the likelihood of
avoiding the incorrect symbol in the loss condition.

4. Discussion

The present study aimed to investigate the early and sus-
tained effects of bupropion on behavioural measures of
emotional and reward processing in individuals suffering
from depression in a repeated measures study design with
an additional group of HCs not receiving any intervention.
At baseline, the MDD group displayed the expected negative
biases in emotional processing and impaired reward proces-
sing, as well as an overall non-valence-specific slowing of
reaction times across all tasks compared with the HC
group. Bupropion was found to reduce such negative biases
in emotional processing early in treatment, including a sig-
nificant decrease in the percentage misclassification of other
face emotions as sad and the number of negative self-referent
words falsely recalled between baseline and week 2. Conver-
sely, bupropion was found to exacerbate impaired reward
processing, with a significant decrease in the likelihood of
choosing high-probability wins between baseline and
week 2 prior to normalization to HC levels after the full six
week treatment.

(a) Emotional processing

At baseline, the MDD group was found to display signifi-
cantly increased misclassification of other face emotions as
sad, reflected in decreased beta or increased response bias
for sad faces, compared to the HC group. This is consistent
with previous research that suggests depressed patients dis-
play negative biases in emotional processing [3-6],

including increased perception of ambiguous face emotions
as negative [7,8]. The MDD group also displayed an overall
non-valence-specific slowing of reaction times across all
tasks at baseline, consistent with psychomotor slowing that
is also observed in depression.

Bupropion was found to significantly decrease the mis-
classification of other face emotions as sad or response bias
for sad faces, as well as reduce the number of negative self-
referent words falsely recalled between baseline and
week 2. These results replicate those found in our previous
study where an acute dose of bupropion was found to
decrease the misclassification of other face emotions as sad
and decrease negative self-referent recognition memory com-
pared with placebo in healthy volunteers [30]. Therefore,
bupropion may act to remediate the negative biases in
emotional processing early in treatment, similarly to other
antidepressants [6,11-13].

This provides further support for the hypothesis that anti-
depressants may act to restore the balance between positive
and negative emotional processing early in treatment prior
to mood improvement and may be related to the extent of
later clinical improvement [41]. The similarity in effects on
emotional processing across antidepressants acting on a
range of neurotransmitters, including serotonin, noradrena-
line and dopamine, and across healthy control and patient
participant groups validates the use of this translational
model both to help understand the effects of established
treatments but also for the initial screening of the therapeutic
potential of novel treatments for depression.

(b) Reward processing
At baseline, the MDD group also displayed expected abnor-
mal response selection during the probabilistic instrumental
learning task. In such tasks, HCs typically develop a
reward response bias, learning to choose the stimulus associ-
ated with high-probability win and avoid the stimulus
associated with high-probability loss in order to maximize
payoffs. MDD patients fail to develop a reward response
bias, resulting in reduced likelihood of choosing the stimulus
associated with high-probability win [19-21]. The MDD
group was found to be significantly less likely to choose the
correct symbol in the win condition associated with high-
probability win compared with the HC group at baseline in
the present study, again consistent with previous research.
Building on pre-clinical evidence for a role of dopamine in
reward [25,26], it has been suggested that such impaired
reward processing involves changes in the dopamine
system and may be particularly affected by drugs with an
effect on this system. It has previously been found that
administration of L-DOPA, the metabolic precursor of dopa-
mine, significantly increases the likelihood of choosing the
stimulus associated with high-probability win and sub-
sequently the amount of money won during a probabilistic
instrumental learning task, compared with the dopaminergic
receptor antagonist haloperidol, although not compared with
placebo [39]. Given that bupropion is one of the few anti-
depressants with an effect on dopamine function and has
previously been shown to increase reward-related neural
activity [42], it could be expected that treatment with the
drug would remediate the impaired reward processing
observed in the MDD group, acting to reduce the insensitiv-
ity to high-probability wins. Instead, bupropion was found to

0€00£L0T :€LE g 208 Y "suvi] “fiyd  BiobuiysijgndAraposieforgiss H



—~
S)
=

95

90 *l\

85

75
70
65
60

(¢)

55 = HC baseline
50 = HC week 2

45 HC week 6
40

% correct symbol choice for the win condition

13 5 7 9|11 13 15 17 19 21 23 25 27 29

trial

—
S
~

95
90

for the win condition

85
80 |
75 /
70
65
60
55
50
45
40

mean % correct symbol choice

= MDD baseline
= MDD week 2

% correct symbol choice for the win condition

MDD week 6

1 3 5 7 9 11 13 1517 19 21 23 25 27 29

trial

85

-o— HC
== MDD

baseline week 2 week 6

visit
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exacerbate impaired reward processing, with a significant
decrease in the likelihood of choosing the correct symbol in
the win condition associated with high-probability win
between baseline and week 2. While this seems paradoxical,
our previous study also found an acute dose of bupropion to
have the same detrimental effects on reward processing com-
pared with placebo in healthy volunteers [30]. It was
suggested that bupropion may act to exacerbate impaired
reward processing early in treatment, with the beneficial
effects occurring later in treatment. Indeed, bupropion was
found to normalize reward processing to HC levels following
the full six week treatment. These are similar effects to those
of both SSRIs [28,43] and amisulpride. While amisulpride is
an antagonist at the presynaptic D, receptor, acting to
increase levels of dopamine in the synapse and increase
reward-related neural activity, it has also been found to
have no positive behavioural effects on reward learning
[44]. It may be that acute administration of medication
acting on dopamine function normalizes neural dysfunction
but more chronic exposure is required for the positive behav-
ioural effects on reward learning to occur [45,46].

A potential mechanism for the exacerbation of impaired
reward learning may involve presynaptic autoreceptors that
are activated with acute inhibition of dopamine reuptake
leading to a paradoxical decrease in levels of dopamine in
the synapse, but are desensitized with repeated treatment
[47]. Alternatively, inhibition of dopamine reuptake may

decrease the sensitivity of the dopamine reward system.
Dopamine neurons exhibit either tonic or phasic firing. It
has been suggested that the phasic firing of dopamine neur-
ons may encode the difference between the actual occurrence
of a reward and the predicted occurrence of a reward, known
as the reward prediction error (RPE), providing a neural
mechanism for instrumental learning [25]. If an unexpected
reward occurs (positive surprise), the phasic firing of dopa-
mine neurons increases to encode a positive RPE and the
predicted occurrence of that reward is updated [25]. Inhi-
bition of dopamine reuptake may act to increase tonic
levels of dopamine, which in turn would decrease the
phasic firing of dopamine neurons and the sensitivity of the
dopamine reward system [48]. Such reduced sensitivity of
the dopamine reward system may disrupt RPEs and sub-
sequent instrumental learning. Psychologically, this may
have the effect of reducing reward discriminability such
that both outcomes in the win condition seem of similar
magnitude [49].

In summary, bupropion appears to have distinct temporal
effects on emotional and reward processing, acting to remedi-
ate negative biases in emotional processing but exacerbate
impaired reward processing early in treatment, with the ben-
eficial effects of bupropion on reward processing only
occurring later in treatment. Therefore, despite the hypothesis
that bupropion may be better suited to treat anhedonia, the
timing of effects on reward processing suggests that
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anhedonia may also initially worsen prior to clinical improve-
ment and needs to be further explored in more fine-grained
clinical studies.

It is important to highlight a limitation of this study. Ide-
ally, the study would have employed a double-blind design
involving a separate control group of MDD patients receiving
placebo for six weeks. However, we judged six weeks of no
treatment in an acutely depressed group to be ethically and
medically challenging outside of a randomized controlled
trial for a novel compound. Instead, an open-label, repeated
measures design was used and a separate group of HCs
were recruited who did not receive bupropion, placebo or
any other intervention to allow for comparison at baseline
and to control for practice effects, similarly to other studies
with the same ethical considerations, for example [50,51].
This does introduce a confound between treatment and
group such that changes over time may be the result of
regression to the mean of a spurious initial difference
between groups rather than effects of bupropion treatment.
However, the correspondence in effects using repeated
measures in depressed patients here to a between-groups
comparison with placebo in healthy volunteers provides reas-
surance that these effects are related to bupropion treatment
and not simply an effect of expectation, changes in
depression or repeat testing.

5. Conclusion

Overall, despite its alternative mechanism of action involving
noradrenaline and dopamine, bupropion appears to have a
similar profile of effects on emotional and reward processing
to other antidepressants. Bupropion was found to remediate
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