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Abstract

Background We investigated anticipatory and consummatory
reward processing in cocaine addiction. In addition, we set out
to assess whether task-monitoring systems were appropriately
recalibrated in light of variable reward schedules. We also
examined neural measures of task-monitoring and reward pro-
cessing as a function of hedonic tone, since anhedonia is a
vulnerability marker for addiction that is obviously germane
in the context of reward processing.

Method High-density event-related potentials were recorded
while participants performed a speeded response task that sys-
tematically varied anticipated probabilities of reward receipt.
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The paradigm dissociated feedback regarding task success (or
failure) from feedback regarding the value of reward (or loss),
so that task-monitoring and reward processing could be exam-
ined in partial isolation. Twenty-three active cocaine abusers
and 23 age-matched healthy controls participated.

Results Cocaine abusers showed amplified anticipatory re-
sponses to reward predictive cues, but crucially, these re-
sponses were not as strongly modulated by reward probability
as in controls. Cocaine users also showed blunted responses to
feedback about task success or failure and did not use this
information to update predictions about reward. In turn, they
showed clearly blunted responses to reward feedback. In con-
trols and users, measures of anhedonia were associated with
reward motivation. In cocaine users, anhedonia was also as-
sociated with diminished monitoring and reward feedback
responses.

Conclusion Findings imply that reward anticipation and mon-
itoring deficiencies in addiction are associated with increased
responsiveness to reward cues but impaired ability to predict
reward in light of task contingencies, compounded by deficits
in responding to actual reward outcomes.

Keywords Reward - Task monitoring - EEG - ERP -
Motivation - Substance abuse - Addiction - Anhedonia

Introduction

In non-clinical populations, reward processing and task-
monitoring systems operate in an interactive fashion
(Sturmer et al. 2011), allowing individuals to evaluate poten-
tial reward outcomes and to monitor and adjust ongoing ac-
tions to maximize reward (Morie et al. 2014c). In substance
abusers, however, the integrity of these systems is impaired
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and may contribute to the risk-taking behaviors and poor
decision-making that typify the actions of this population.

Task monitoring has been shown to be nearly universally
impaired in addiction. Current users of cocaine demonstrate
problems with registering and responding to their own errors
(Franken et al. 2007b; Sokhadze et al. 2008; Morie et al.
2014a) and with controlling their own behaviors (Garavan
and Hester 2007; Garavan et al. 2008; Everitt 2014). These
monitoring deficits likely contribute to persistent use of addic-
tive substances despite obviously adverse outcomes.

Reward processing is typically investigated by examining
the response to reward cues, which is considered the
“anticipatory” reward response, and by examining the
response to receipt of reward, which is considered the
“consummatory” reward response. The enhanced anticipatory
reward response of substance abusers to drug cues is well
established (see meta-analyses by Chase et al. 2011; Kuhn
and Gallinat 2011). However, findings concerning whether
cocaine users experience blunted or heightened anticipatory
and consummatory reward responses to non-drug rewards
have been mixed. Work using a stop task that employed re-
warding feedback revealed that cocaine users, both currently
using and recently abstinent, show blunted sensitivity to re-
ward and to cues predicting reward, going so far as to appear
insensitive to differing reward amounts (Goldstein et al. 2008;
Parvaz et al. 2012). Conversely, imaging research has demon-
strated enhanced activity in the ventral striatum of cocaine
abusers in response to rewarding outcomes (Jia et al. 2011).
In addition, electrophysiological research has shown that gam-
bling addicts demonstrate increased reward-related responses
in a gambling task (Hewig et al. 2010), and research focusing
on the skin conductance response (SCR) has also revealed
dramatically larger responses to reward in a gambling task in
cocaine users compared to controls (Bechara et al. 2002).

A possible explanation for some of the mixed findings may
relate to the fact that reward-seeking behaviors may be driven
by the need to alleviate negative affective states. An absence
of positive affect, so-called anhedonia, is characterized by
blunted subjective enjoyment of everyday situations and in-
puts. In substance abuse, however, anhedonia may be accom-
panied by increased anticipatory reward responses toward
sources of intense reward, such as drugs of abuse. Cocaine
users and thrill seekers demonstrate higher levels of anhedonia
than the general population (Erlenmeyer-Kimling et al. 1993;
Janiri et al. 2005; Franken et al. 2006), and these anhedonic
tendencies may also exist as a vulnerability marker (Dorard
etal. 2008). In addition, work in our laboratory has shown that
cocaine-abusing individuals scoring high on anhedonia show
increased severity of drug use (Morie et al. 2014a). Anhedonia
may raise the threshold for subjective enjoyment of received
reward while also increasing motivation toward possible re-
wards. In cocaine abusers, the presence of anhedonia may
drive them to alleviate it via reward-seeking behaviors, hence
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the increased anticipatory response. However, the presence of
anhedonia itself may lessen the consummatory reward
response.

Anhedonia may contribute to more than just altered pro-
cessing of reward. While work in our laboratory has demon-
strated that anhedonia is not explicitly correlated with cogni-
tive control in cocaine abusers (Morie et al. 2014a), it is pos-
sible that task monitoring in the context of reward may be
specifically affected. The increased preoccupation with
sources of intense reward brought about by the desire to alle-
viate anhedonia may come at the expense of closely monitor-
ing the outcomes of actions taken to obtain rewards or even go
so far as to impair the ability to predict, and update predictions
of, future rewards. This may be a contributor to the loss of
control over drug use seen in addiction.

The first goal of the current study was to investigate the
integrity of cocaine users’ reward-processing and task-
monitoring mechanisms, as well as the interaction between
these mechanisms, with a focus on current users of cocaine.
We employed a cued reward paradigm that required speeded
responses, while high-density event-related potentials
(ERPs) were recorded. The paradigm allowed for the possi-
bility to win or lose points that translated to real-world value
(gift cards). Participants received cues that predicted likeli-
hood of reward. After responding, participants received im-
mediate feedback that informed them if they had responded
successfully within an allotted time window, a task that was
titrated online to remain difficult to perform. This first in-
stance of feedback gave no information about reward or loss
amounts, but only about task success or failure. After a
delay, participants then received a second instance of feed-
back informing them of the actual magnitude of their losses
or gains. When performing a task with the goal of receiving
a reward, actions taken to receive the reward must be mon-
itored. The outcomes of these actions must also be moni-
tored and information taken into account along the way in
order to update reward predictions. This design allowed us
to measure reward monitoring capability, while also
allowing us to investigate anticipatory and consummatory
reward response. This paradigm was previously used to ex-
amine the interaction of reward- and task-monitoring pro-
cesses in a cohort of healthy controls (Morie et al. 2014c),
where it was revealed that healthy controls can integrate
information about task performance to re-update reward pre-
dictions within very quick time frames.

Toward the goal of understanding these processes in
cocaine users, the same set of fronto-central ERP compo-
nents that was examined in Morie et al. (2014c) was exam-
ined here for the purposes of group comparisons. For the
measures of anticipatory reward and reward motivation,
we examined the cue-related negativity (CRN), a negativ-
ity that arises 230-250 ms over fronto-central areas after a
cue predicting reward (Yu et al. 2011), and the subsequent
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contingent negative variation, a sustained negativity that
arises at approximately 400 ms which is thought to repre-
sent task preparation and motivation (Leynes et al. 1998).
To examine task-monitoring mechanisms, we focused on
the P2, an early positive potential that arises 200-250 ms
after feedback about task success or failure and is thought
to play a role in cognitive control (Benikos et al. 2013).
The subsequent P300 was also examined, which is associ-
ated with attention to task (Polich and Kok 1995) and with
the processing of reward-related information (Yeung and
Sanfey 2004; Wang et al. 2014) and here is thought to
represent later processing and updated reward predictions.
Finally, to examine consummatory reward responses, we
focused on the feedback-related negativity (FRN) after par-
ticipants received information about reward or loss magni-
tude. The FRN is a negativity that arises between 200 and
250 ms and has been found to represent reward prediction
errors (Baker and Holroyd 2011). The P300 was also ex-
amined after receipt of reward, as the P300 has also been
implicated in the processing of details about received re-
ward (Sato et al. 2005; Wu and Zhou 2009). It is hoped that
pulling apart the reward response into these two stages of
processing (reward monitoring and reward receipt) will
shed light on these two distinct processes and help to re-
solve some of the conflicting findings concerning the re-
sponse to rewards in cocaine abusers.

The second goal of this study was to explore the effect of
anhedonia on the anticipatory and consummatory stages of
reward processing as well as task monitoring in cocaine users.
To this end, we collected information about levels of anhedo-
nia using the Chapman Physical (PAS) and Social (SAS)
Anhedonia Scales (Chapman et al. 1976) as well as the
Snaith Hamilton Pleasure Scale (SHPS) (Franken et al.
2007a).

The central prediction of this work was that drug
abusers would demonstrate increased anticipatory re-
sponses to reward cues (associated with increased ampli-
tudes of the CRN and contingent negative variation
(CNV)), along with blunted consummatory responses to
receipt of salient rewards and losses (associated with de-
creased amplitudes of the FRN and P300 components in
response to reward receipt), and that ERP indices of these
responses would correlate with trait anhedonia. It was also
hypothesized that task monitoring would be generally im-
paired in cocaine users when compared to controls (evi-
denced by decreased amplitudes of the P2 and P300 in
response to task feedback) and that a correlation between
ERP indices of task monitoring and anhedonia would be
present in drug users as they invested more resources in the
processing of reward at the expense of monitoring. Finally,
it was predicted that cocaine users would fail to update
reward prediction based upon task feedback as effectively
as controls.

Methods

Participants Twenty-four (mean age=39; 7 female) partici-
pants with no drug use history were recruited using advertise-
ments on Craigslist and through word of mouth. Twenty-three
(mean age=44; 7 female) current cocaine abusers were re-
cruited using Craigslist (N=14) and from the Next STEPs
programs at Waters Place and Port Morris (N=9), which are
outpatient treatment programs located in wellness centers in
the Bronx and affiliated with the Albert Einstein College of
Medicine. All potential participants were given the Structured
Clinical Interview for the DSM-IV as well as screening ques-
tionnaires related to their overall physical and mental health.
Exclusion criteria for cocaine users and controls were as fol-
lows: (1) any DSM 1V, Axis 1 diagnosis (excluding cocaine
dependence in cocaine users); (2) head trauma resulting in loss
of consciousness for longer than 30 min; (3) presence of any
past or current brain pathology; (4) a diagnosis of HIV; and (5)
age above 55 years and below 18 years. Because of the high
rates of comorbidity of alcohol and drug abuse among the
cocaine-using population, cocaine users were not excluded if
they reported periodic use of other drugs or alcohol. However,
cocaine users were excluded if cocaine was not their primary
drug of choice. Years of drug use were recorded during the
screening and the Addiction Severity Index (ASI) interview.
Controls were excluded if they had any major Axis 1 disorder
or alcohol/drug dependence diagnosis, including nicotine de-
pendence, or if any family members had an alcohol/drug de-
pendence diagnosis. Participants were paid for their participa-
tion in the form of one $12 gift card per hour of experiment
time. All participants also received the same amount of extra
money as winnings on the reward task, which was awarded in
extra gift cards. All participants signed an informed consent
document administered by HIPAA-certified staff. A urine
screen was performed on all participants to test for the pres-
ence of metabolites related to cocaine, THC, or opiates.
Groups did not significantly differ in age, sex, or years of
education. All procedures were approved by the Institutional
Review Board of the Albert Einstein College of Medicine.
The study conformed to the principles outlined in the
Declaration of Helsinki.

Clinical measurements A trained researcher administered the
urine screen to cocaine-abusing participants. Two question-
naires were administered in order to obtain a more complete
picture of participants’ addiction history and severity level.
The Addiction Severity Index (ASI) is a structured interview
that addresses medical history, legal history, psychiatric histo-
ry, family history, and social life, as well as alcohol and drug
use (McLellan et al. 1985). The second was the Cocaine
Selective Severity Index (CSSA) assessing withdrawal symp-
toms from cocaine in the previous 24 h, including irritability
and anhedonia (Kampman et al. 1998). All participants also
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filled out the Snaith Hamilton Pleasure Scale (SHPS; Franken
et al. 2007a) as well as the Chapman Physical and Social
Anhedonia Scales, to obtain state and trait measures of anhe-
donia (Chapman et al. 1976).

Electrophysiological recording procedures The recording
and stimulus presentation procedures are identical to those
used in Morie et al. (2014c), and the reader is referred to that
paper for detailed descriptions. In short, participants were
seated in a dimly lit, sound-attenuated, electrically shielded
room during electrophysiological recordings. Participants
completed one mandatory practice block. Twenty experimen-
tal blocks were run, each lasting ~5 min, for a total of 2000
trials (100 trials per block). The task itself took up to 110 min
of continuous recording. Participants took 30-s breaks be-
tween blocks and were permitted to take longer breaks when
needed to reduce fatigue and concentration lapses.

Task design Task design is identical to the task used in Morie
etal. (2014c), and is described in detail in that paper and in the
supplementary materials. Figure 1 illustrates the order of stim-
uli and what one succession of trials consisted of for one of
four possible conditions.

In brief, participants were informed they would be
performing a response time task for which they would receive
reward. Four colored discs served as reward cues that would
indicate one of four probabilities of receiving reward on that
trial, based upon the participant successfully clicking the
mouse in response to a target. Table 1 illustrates the probabil-
ities. Participant performance was titrated online at 70 %.
After the cue, the target would appear, which required a re-
sponse within a specified time window that would lengthen or
shorten depending on participant’s performance. After the par-
ticipant responded, they would receive the first instance of
feedback, which was a tone informing them of task success
or failure. Afterwards, they would then receive the second
instance of feedback, which could be one of a set of five
potential feedback outcomes (small rewards, large rewards,
small losses, large losses, and no change). The probability of
receiving neutral feedback as opposed to an actual reward or
loss depended on the color of the disc at the beginning of each
trial. Participants were rewarded with gift cards for their per-
formance. For a detailed breakdown of the task stimuli, in-
cluding a breakdown of the performance titration method and
reward and loss probabilities and magnitudes associated with
the task, the reader is referred to the supplementary materials.

Electrophysiological data recording Data collection was
identical to procedures used in Morie et al. (2014c), and the
reader is referred to that paper for a more detailed description.
In short, event-related potentials (ERPs) were acquired from a
168-channel montage at a digitization rate of 512 Hz with a
pass-band of 0.05-100 Hz using the BioSemi Amplifier
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System. Data were referenced offline to the average reference.
Epochs of 900 ms, including a 100 ms pre-stimulus baseline,
were analyzed for both feedback conditions (i.e., the tone
indicating task success or failure and the pictorial representa-
tion of the task reward/loss), and epochs of 1100 ms, including
a 100 ms pre-stimulus baseline, were analyzed for the cue
condition (i.e., the colored disc stimuli). Trials with eye move-
ments and blinks were rejected offline based on vertical and
horizontal EOG recordings. An automatic artifact rejection
criterion of +/— 70 1V was used at all other scalp sites.

Behavioral data analysis The ASI was scored using the com-
posite scores manual. Student’s ¢ tests were employed to test
for between-group differences on anhedonia. Reaction times
and accuracy on the reward task were assessed using a repeat-
ed measurement analysis of variance (ANOVA) with group as
between-subject factor and probability condition as within-
subject factor. Correlation coefficients were computed to as-
sess the relationship between ERP components and measures
of anhedonia. For the purposes of correlations, conditions
were collapsed across probability.

Electrophysiological data analysis In order to obtain a com-
prehensive understanding of reward processing and task mon-
itoring in drug abuse, we employed three analyses. The goal of
the first analysis was to investigate the effect of drug abuse on
reward anticipation and task preparation, and thus, we focused
our analysis on the responses associated with the presentation
of the colored discs that cued different reward probabilities.
The purpose of the second analysis was to investigate task
performance feedback and its interaction with reward predic-
tion and how this interaction changed in drug abusers. Thus,
we focused the analysis on the responses associated with the
presentation of the feedback tone. The purpose of the final
analysis was to examine the effect of drug abuse on the re-
sponse of the reward system to receipt of reward, and thus, we
focused this analysis on the responses associated with the
feedback stimuli that informed participants of their actual
gains or losses. We chose components of interest based upon
information from our previous research that has examined
reward and task-monitoring mechanisms (Morie et al.
2014c). These components, which were also examined in
Morie et al. (2014c), are shown in Table 1, which displays
the events in this experiment, the components of interest as-
sociated with each one, and the analyses employed for each
component.

All statistical analyses were performed on the mean ampli-
tudes of the components within the time frames specified in
Table 2. To maintain consistency with our previous ERP study
in healthy controls (Morie et al. 2014c) and the extant litera-
ture reporting modulations of cue- and reward-related ERP
components over fronto-central scalp regions, we extracted
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Fig. 1 a Timing of the stimulus A Sequence of Stimuli
presentation in each trial. A cue is
presented, followed by a blank
screen. During the short duration
that the small x is presented, the
participant must make a button
press. After the response, a tone is
played letting them know if they
responded in time. After the tone,
the actual outcome is displayed. b
Succession of events for each of
the four possible outcomes. The
disc cue informs participants of
the probability of being rewarded
or penalized depending upon
performance. Upon a successful
response that falls into the time
window within which the small x
is presented, they will hear a high-
pitched tone informing them and
see one of three outcomes: a small
win, a large win, or a neutral
outcome. Upon a response that
does not fall into the time window
within which the small x is
presented, they will hear a low-
pitched tone informing them and
then see one of three outcomes: a
small loss, a large loss, or a neu-
tral outcome

<500ms>

<Response>

<500ms>

<1000ms>

300 ms Cue

<500 ms>X Response

an activity averaged across electrodes C1, FCz, and C2 for
statistical analysis.

Results

Questionnaire data As reported previously in Morie et al.
(2014a), cocaine users scored significantly higher than con-
trols on both physical (1=5.4 p<.03) and social (r=10.2
p<.002) trait measures of anhedonia. The groups also differed
significantly on the measure of state anhedonia (¢=2.6
p<.01), where once again, cocaine users demonstrated higher

B Stimulus timing and possible outcomes

# -
R A

=

£
No Reward

No Loss ‘

X
XX

levels of anhedonia. The mean score of the cocaine users on
the Cocaine Selective Severity Assessment was 26.30. The
ASI composite scores were as follows: medical =.27; employ-
ment=.71; legal=.09; alcohol =.14; drug=.22; family histo-
ry=.24; and psychiatric=.16. For the mean scores of both
groups on the anhedonia scales, and the details of the correla-
tion between addiction severity and anhedonia, the reader is
referred to Morie et al. (2014a).

Reward

Hit = |‘))<500 ms>
' 300 ms
feedback

stimulus

100 ms
feedback
tone

Miss = |‘}) <500 ms>

Loss

Task performance data There were no differences between
groups (F'144=2.2, p>.5) and cue probability conditions
(F144=1.3, p>.4) and no group x cue probability interaction

Table 1 Percent chance of events

for each of the four experimental Probability Conditions Hit % Miss % Reward % Loss % Neutral %
conditions

Color 1 (very high) 70 30 63 27 10

Color 2 (high) 70 30 42 18 40

Color 3 (low) 70 30 28 12 60

Color 4 (very low) 70 30 7 3 90
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List of events, event-related components, and statistical models applied to examine experimental effects

Table 2

Analysis method (factors)

Component of interest (interpretation)

Events

Late

Early

Late

Early

2 x 4 repeated measures ANOVA
(group x probability condition)

2 x 4 repeated measures ANOVA

(group x probability condition)

CNV, 600-800 ms

CRN, 200-250 ms

Cue presentation

(task preparation/
reward prediction
P3, 300-500 ms

(reward anticipation)

2 x 2 x 4 repeated measures ANOVA
(group x valence x probability condition)
2 x2 x4 x 3 repeated measures ANOVA

(group x valence X probability

2 x 2 x 4 repeated measures ANOVA

P2, 200-250 ms
(monitoring)

Task feedback

(group x valence x probability condition)
2 x2 x4 x 3 repeated measures ANOVA

(updated reward prediction)

P3, 300-500 ms

FRN, 200-250 ms

Reward feedback

(group x valence x probability condition x magnitude)

(reward information processing)

(reward response)

condition x magnitude)

CRN cue-related negativity, CNV contingent negative variation, FRN feedback-related negativity

(F1.44=1.2, p>.3) for task accuracy, as could be expected
since task performance was titrated online for each subject
to 70 %. Similarly, no main or interactive effects (group:
p>.4; cue probability conditions: p>.4; group X cue probabil-
ity conditions: p>.3) were found for RT.

ERPs associated with reward anticipation and task prep-
aration Figure 2 displays the electrophysiological responses
after the presentation of the cue for each probability condition
for both cocaine users and controls. The CRN and the CNV
can be seen, as can the offset response of the 300 ms cue. Our
chosen analysis windows did not overlap this offset response.

A repeated measure ANOVA with factors of group and
probability was performed on the cue-related negativity
(CRN). The RM-ANOVA revealed a main effect of group
(F1, 44=5.5, p<.01), along with an interaction of probability
and group (£}, 44=5.9 p<.01). Cocaine users displayed more
negative-going waveforms than controls, and between-group
comparisons revealed group differences in all probability con-
ditions (all p<.01). Pairwise comparisons to follow up the
significant interaction revealed significant differences in con-
trols between the very high and very low conditions
(t,,=2.29, p<.04) and between the very high and low condi-
tions (f,,=2.1, p<.05). On the other hand, the probability
effect in cocaine users was driven entirely by the difference
between the very high and very low probability conditions
(=32, p<.02).

For the subsequent response, the contingent negative vari-
ation (CNV), which reflects preparatory behavior, we again
found a main effect of group (£, 44=6.0, p<.01) with an
interaction of probability and group (/' 44=3.1, p<.03).
Cocaine users displayed a more negative-going CNV than
controls, and once again, between-group comparisons on all
probabilities revealed group differences in all probability con-
ditions (all p<.01). Pairwise comparisons in both groups to
follow up the significant interaction revealed significant dif-
ferences in only the controls between the very high and very
low conditions (£,,=2.31, p<.04) and between the high and
very low conditions (t,,=2.25, p<.04), where the CNV was
more negative in the very high and high conditions. Cocaine
users, however, showed no significant dissociation of the
CNV across probabilities (all p>.4).

ERPs associated with task monitoring Figure 3 displays the
electrophysiological responses for the condition in which the
participant heard the tone letting them know whether they had
performed the task successfully or not and displays the activ-
ity in the success or failure condition for each probability
separately. Two separate between-group analyses were per-
formed on the components that arose as a result of this
feedback.

A 2x2x4 RM-ANOVA on the feedback P2 revealed a
main effect of valence (i.e., whether the tone indicated a win
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8 Cue-related Reward Anticipation
ERP Waveforms

1 FCz C2

Chance towin [ i
Controls Op-s
Chance to win
Very High ——— ‘ _ i
i S ——————— e, _l_l—u—l—l—h}_lm’ 1 i 1 " 1 " 1 " 1 " J 1 1 1 " 1 " 1 Py 1 L J
thh 4 0 200 400 600 865 000
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Low —_——
Very Low — —

Fig. 2 Electrophysiological responses for the conditions in which the participant heard the tone letting them know they responded in time or not,
separate for each probability and each group. The small gray rectangles indicate the time window in which statistical analyses were performed

Tone related activity: Task Success or Failure
ERP Waveforms

Hit

C1 _ FCz Q2
P300

Chance to win
Controls

Very High ———
High

Low

Very Low

Addicts
Very High — —
High : :
Low —_—
Very Low — —

200 400 600

Fig. 3 Electrophysiological activity over the scalp for each group, for them know they responded in time or not. The small gray rectangles
each probability condition, and each valence condition at specific time indicate the time window in which statistical analyses were performed
points after the instance in which the participant heard the tone letting
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or a loss, I 44=8.5, p=.006), a main effect of group (/
44=17.1, p<.01), and an interaction of valence and group (F
44=5.2, p=.027). There was no effect of probability. The P2
was larger in controls than in cocaine users, with an even
larger difference between groups in the loss condition, and
the interaction was driven by this effect (p<.05). Post hoc
between-group analyses revealed this as well, with between-
group ¢ tests revealing that loss conditions were significantly
different between groups for all probabilities, with larger P2
amplitudes in controls driving this interaction (all p values
<.05) while win conditions were marginally different between
groups for all probabilities, with larger P2 amplitudes in con-
trols (»p<.09).

Analysis of the later positive component, the P300, re-
vealed a main effect of probability (F,, 44=2.8, p<.05), a
main effect of group (F, 44=6.7 p<.01), an interaction of
group and probability (F;, 44=3.8, p<.02), and an interaction
of valence and probability (F, 44=3.7, p<.02). There was no
three-way interaction. ¢ tests between groups revealed signif-
icant between-group differences for all probability conditions
in both wins and loss outcomes (all p values <.05) except for
the high condition during a win, which was marginally differ-
ent between groups (p=.053). Controls demonstrated in-
creased amplitudes of the P300 compared to cocaine users.
Follow-up analyses, and our work previously, revealed that
controls demonstrated different amplitudes of the P300 de-
pending upon probability (high or low) and context (either a
loss or a win). Cocaine users, on the other hand, appeared to
be insensitive to probability.

ERPs associated with reward receipt Figure 4 demonstrates
the electrophysiological responses for the condition in which
the participant received feedback telling them the actual re-
ward outcome.

A typical FRN was identified in both cocaine users
and controls, peaking between 200 and 250 ms. The
effects observed from the between-group RM-ANOVA
were a main effect of valence (/) 44=6.5, p<.02), a
main effect of magnitude (F, 44=7.3 p=.002), a main
effect of group (F), 44=6.6, p=.01), an interaction of
valence and group (F), 44=11.3 p=.002), and an inter-
action of magnitude and group (F 44=4.3, p=.04).
There was no effect of probability or any interactions
with it. Looking between groups, the main group differ-
ence appeared to be driven by smaller amplitudes of the
FRN in the addicted group in the case of a reward
(p<.04) while the interaction came about due to a lack
of a group difference in the case of a large or small loss
(p>.5). Examining within groups, controls displayed
larger amplitudes of high magnitude wins and losses
compared to the no-change outcome (p<.02), smaller
amplitudes of low magnitude wins and losses compared
to high magnitude wins and losses (p<.02), and larger
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amplitudes of low magnitude wins and losses compared
to the no-change outcome. Cocaine users, however, ap-
peared less sensitive than controls to magnitude of re-
ward. The difference in responses to low magnitude
wins and losses was marginally different in cocaine
users (p<.05) as were the responses to the large win
vs the no-change outcome (p<.05).

A second between-group RM-ANOVA with the same fac-
tors was performed on the later positive potential that arose at
centro-parietal locations. There was a main effect of magni-
tude (F, 44=06.4, p<.01), and while there was no main effect
of group or valence, there was a group by valence interaction
(F1,44=4.2, p<.04). As before, there was no effect of proba-
bility or any interactions with it (all p values >.3). Looking
between groups, cocaine users showed a smaller P300 than
controls during reward outcomes (p values <.03) and during
the large magnitude loss condition (p<.03), underlying the
interaction between valence and group. When examining
within groups, in controls, pairwise comparisons of the mag-
nitude factor to follow up the significant finding revealed sig-
nificant differences between the no-change outcome and the
large win/loss outcomes (p<.02), but showed no difference
between the small and large win/loss outcomes (p=.32).
Cocaine users, however, appeared to be insensitive to any
effects of magnitude (p>.1).

Correlations between ERPs and anhedonia As it is possible
that preoccupation with reward, driven by anhedonia, would
bias cocaine users toward salient rewards at the expense of
resources put toward task monitoring, an important aspect of
this research was to investigate the relationship between an-
hedonia and the response to salient reward as well as anhedo-
nia’s relationship to indices of task monitoring and reward
anticipation (Fig. 5).

In controls, only physical anhedonia correlated with the
amplitude of the electrophysiological responses to the cue,
correlating negatively with both the CRN (r44=—.449,
p<.04) and the CNV (ry4=—444, p<.04). The correlation
was negative, as the CRN and CNV are both negative ampli-
tude components—thus, the more robust the components, the
more anhedonic controls were. Social anhedonia did not cor-
relate with any ERP measures.

In cocaine users, however, total trait anhedonia correlated
with not only the early electrophysiological response to the
cue, the CRN (r44=—53, p<.01), but also to the amplitude of
the P2 (r44=-.47, p<.03) that arose in response to the tone
that let participants know they succeeded. Turning to reward
feedback, total trait anhedonia correlated with the FRN
(r44=.42, p<.04) in response to reward when the participant
won. In the case of the P2 and FRN, increased anhedonia was
associated with less robust amplitude. However, the ASI score
did not correlate with any ERP measures, nor did social anhe-
donia alone correlate with any ERP measures.
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Feedback related activity: Reward Receipt or Loss
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Fig. 4 Electrophysiological responses for the conditions in which the
participants received feedback telling them of actual rewards or losses
for each group. Magnitude information in the loss and win outcomes is

For both groups, there were no correlations found between
any ERP measures and scores on the state measure of anhe-
donia, the SHPS, or between scores on the measure of with-
drawal, the Cocaine Selective Severity Index (CSSA). There
were no correlations between the CSSA and any measure of
trait anhedonia.

Discussion

There were two goals for this work. The first was to exam-
ine the integrity of the reward processing and task-
monitoring systems, and their interaction, in cocaine abusers.
The second was to determine whether levels of anhedonia
were associated with a deficit in any of these factors in this
population. Our central thesis was that increased anhedonia
would lead to a desire to alleviate this negative state,
resulting in increased reward anticipation and motivation
toward reward along with decreased consummatory reward
responses, and that preoccupation with reward would bias
cocaine users away from adequately monitoring their own
behaviors or updating reward predictions.

plotted separately, and the information is collapsed across probability.
The small gray rectangles indicate the time window in which statistical
analyses were performed

Reward anticipation and task preparation

It is well established that substance abusers show increased
drive toward drug-related cues (Carter and Tiffany 1999;
Kuhn and Gallinat 2011), but it is an open question wheth-
er this same increased reward anticipation occurs in re-
sponse to non-drug-related cues. Here, cocaine users
showed more robust cue-related negativities (CRNs) and
considerably increased amplitudes of the contingent nega-
tive variation (CNV) when presented with stimuli that pre-
dicted reward, regardless of the probability that reward
would in fact be forthcoming. The group difference be-
tween users and controls was striking. This enhanced
CNV in cocaine abusers is evidence that cocaine abusers
do indeed show increased motivation toward reward, even
when that reward is not drug-related. The larger amplitude
of the CNV suggests more preparatory behavior as they
want the reward more. The points they received went to-
ward gift cards that could only be redeemed at local de-
partment stores, and thus, their reward was several steps
removed from anything that could be used to purchase
drugs. As such, we think it extremely unlikely that the goal
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Correlations between ERP amplitude and Anhedonia Score
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<« Fig. 5 a Scatter plots illustrating correlations between anhedonia and
ERP components of interest in the control group. Correlations were
found between anhedonia and the CRN as well as CNV amplitudes. b
Scatter plots illustrating significant correlations between anhedonia and
ERP components of interest in the cocaine using group. Correlations were
found between anhedonia and the CRN, between anhedonia and the P2 in
the case of task success, and between anhedonia and the FRN in the case
of a reward

to purchase drugs was the reason for the increased motiva-
tion observed here.

However, despite neurophysiological responses that sug-
gested increased motivation, cocaine users failed to take into
account the information about cued probability and reward
likelihood at this stage. If one considers the two extreme cases,
the lowest probability cue initiated trials where reward was
only to be had on 7 % of trials, whereas the highest probability
condition resulted in reward on 63 % of trials, a ninefold
differential. Controls showed clear sensitivity to both large
and modest probability differences, with significant modula-
tions of the CRN evident between very high and very low and
very high and low reward contingencies, in line with previous
observations in healthy populations (Yu et al. 2011). In con-
trast, the CRN in cocaine users was only sensitive to differ-
ences between very high and very low probability conditions.
More dramatically, there were no detectible probability effects
on the preparatory sustained potential that preceded the onset
of the task stimulus (i.e., the CNV) in cocaine users, in con-
trast to the robust systematic effects of probability we saw in
controls, the latter findings also consistent with prior findings
in healthy populations (Goldstein et al. 2006). Despite their
increased motivation to perform the task in order to achieve
reward, and an expressed understanding of the different con-
tingencies, cocaine users appeared to be considerably less
sensitive to the meaning of the cues as they worked toward
reward. The implications of this finding, and indeed any find-
ings that involve differences in the control group that were not
then found in the cocaine using group, should take into ac-
count the possibility that response variability may have been
higher in the clinical group. That said, this may indicate, as
hypothesized, a preoccupation with reward at the expense of
more directed efforts at accurate reward predictions.

Anhedonia may help explain this preoccupation. Trait
physical anhedonia was correlated with ERP activity related
to reward motivation, specifically with the CRN in both
groups and with the CNV in controls. To our knowledge, this
is only the third study to explicitly link anhedonia to reward
motivation in healthy controls, and the first to find such a
relationship in cocaine users. Trait physical anhedonia was
associated with volume of the caudate and with pre-frontal
activity during processing of reward information (Harvey
etal. 2007). In addition, previous work has identified an effect
of increased physical anhedonia in healthy controls on ap-
proach behaviors and in their ability to sustain reward

predictions when those healthy individuals were grouped into
high and low anhedonia groups (Padrao et al. 2012).
However, amplitude of the CRN in cocaine users was corre-
lated with anhedonia, suggesting that anhedonia may in fact
be associated with increased early processing stages of reward
motivation.

Task monitoring and reward interactions

The early response to task feedback was represented by the P2
component, a positive-going potential that arises 200-250 ms
after participants receive information about whether or not
they have successfully responded within the allotted time win-
dow. Controls showed a stronger positivity for both successful
and unsuccessful responses, with a larger difference seen be-
tween users and controls in the case of unsuccessful re-
sponses. This finding likely relates to the difficulties with task
monitoring that are commonly observed in cocaine users
(Goldstein et al. 2009) and is also consistent with the literature
on impairment in monitoring and executive functioning in
cocaine users (Li et al. 2006; Sokhadze et al. 2008). The dif-
ficulty cocaine users encountered was once again found to be
related to anhedonia, as the amplitude of the P2 was negative-
ly correlated with physical anhedonia. It is possible that this
relationship came about due to preoccupation with reward at
the expense of monitoring.

Similarly, controls also showed more robust P300 ampli-
tudes for both successful and unsuccessful responses. There
was no correlation with anhedonia for the P300 for either
group. The main finding of interest for this component was
the lack of any effect of probability on the amplitude of the
P300 for cocaine users. It is apparent that cocaine users failed
to update predictions based upon task feedback in the way that
controls did. Considering that probability information was not
taken into account during the preparatory process, either it is
possible that this reflects a complete lack of reward prediction
in cocaine users or a failure to re-evaluate predictions based
upon new information. This is reflective of the body of work
on reversal learning in cocaine addiction. Rats (Schoenbaum
et al. 2004), monkeys (Jentsch et al. 2002), and humans
(Bechara et al. 2001; Fillmore and Rush 2006) who were
administered or used substances have all demonstrated an im-
paired ability to alter their responding based upon changes in
the feedback they received. Further, animal models of stimu-
lant use have demonstrated a failure in these animals to mod-
ify behavior in the face of reward devaluation when adminis-
tered amphetamines (Nelson and Killcross 2006). This work,
coupled with the findings presented here, suggests that co-
caine use is associated with an impaired ability to use new
information to modify expected reward outcomes and may
help explain why cocaine users continue to perseverate in their
drug use despite increasingly negative consequences.
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However, it has been demonstrated that task-monitoring
deficits outside the context of reward appear to be normalized
in abstinent cocaine users (Bell et al. 2014; Morie et al.
2014b). Future work should investigate the interaction of
these processes in abstinent populations to see if that normal-
ization remains in the context of reward.

Reward receipt

Upon receiving feedback of successful reward, controls
showed more robust FRNs than cocaine users. Both groups
demonstrated sensitivity to reward and loss magnitude in
the time window of the FRN. The smaller response in
cocaine users to reward outcomes is somewhat surprising
considering the enhanced motivation that cocaine users
displayed in response to reward cues. However, it becomes
clearer when considering the body of work that demon-
strates reward dysfunction in addiction along with the as-
sociation that was observed between FRN amplitude and
anhedonia. The more anhedonia an individual indicated via
their score on the Chapman Physical Anhedonia Scale, the
smaller their FRN was in response to reward. This is dif-
ferent from what was observed in Padrao et al. (2012), who
observed intact responses to reward feedback in more an-
hedonic participants. The obvious difference between their
work and the present findings is the difference in samples,
with their focus on anhedonia in a non-using healthy pop-
ulation versus our investigation of cocaine users. This im-
plies that anhedonia is indeed associated with a blunted
response to salient reward in cocaine addiction. However,
this finding was not observed in controls and was not ob-
served in the FRN when the cocaine-using participants re-
ceived feedback telling them they had lost points. It ap-
pears that general anhedonia is associated only with re-
sponse to salient reward feedback in cocaine use, but not
to salient losses. This lends evidence to the proposal that an
impaired ability to process rewards may lead to a negative
anhedonic state.

Controls did demonstrate larger P300 amplitudes than
cocaine users across all outcomes and demonstrated a
sensitivity to magnitude information that cocaine users
did not. This parallels the findings of Goldstein and
colleagues, who found that cocaine users were insensi-
tive to magnitude of reward. Our findings, however,
isolated this lack of sensitivity to the P300 component,
which most likely reflects later processing of reward
meaning (Sato et al. 2005). Considering the magnitude
effects observed in the FRN in cocaine users, this group
clearly processes reward magnitude information at some
level but fails to process it to the same extent that
controls do. Anhedonia was not associated with the
P300 in either group.
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Study limitations

An issue raised by one of the reviewers of this manuscript
pertained to the possibility that pre-chosen analysis windows,
selected based on the prior literature with an eye to measuring
two different ERP processes (see e.g., the CRN and CNV
windows in Fig. 2), could well end up measuring the same
sustained process rather than two independent processes. If
one observes the between-group differences at electrode site
C1 in Fig. 2, it could certainly be argued that the first window
(i.e., the CRN) captures the early phase of a sustained
negative-going shift that is then simply re-measured during
the CNV window. While this is an important general caveat
and should lead to appropriate caution in the interpretation of
these two time windows, we do not believe that this is what is
occurring here. If one observes the waveforms in the neigh-
boring electrode sites, one sees that there is little or no early
negativity (CRN) at FCz, whereas the second late negative
phase (CNV) is clearly present. Put another way, the early
and late negative phases have different topographic distribu-
tions, and therefore, they cannot represent the same process.

Examination of drug-abusing populations always raises the
uncertainty that the effects observed are due to acute effects of
the drug or due to sudden abstinence from the drug. While
participants were asked to refrain from drug use for 24 h, and a
goal of this work was to examine the neurocognitive profiles
of cocaine users without requiring them to alter their normal
usage patterns, it is possible that the effects observed could be
due to acute withdrawal, especially in those who did not show
cocaine-positive urines. However, it should be noted that the
24-h period of abstinence we asked participants to undergo
was not onerous considering the typical “binge” use pattern of
cocaine (Gawin 1989; Simon et al. 2002), and the average
thrice weekly use pattern of our particular cohort.

Another difficulty that arises when investigating drug use is
the tendency of drug users to abuse more than one substance. It is
difficult to generalize the findings here only to cocaine, despite
this substance being the drug of choice for every participant, as
all but three participants also used nicotine. It is especially worth-
while to consider that nicotine use could have an effect on the
findings here. However, a strength of this study is that this pop-
ulation more accurately reflects general drug using populations,
making our findings very relevant to treatment providers who
seek to treat individuals who may report drugs of choice but
actually abuse many different substances.

In addition, though groups were the same size, due to the
fact that cocaine users are a clinical population, increased
variability may explain some of the failure to find patterns in
cocaine users that were found in controls, such as the failure to
find probability or magnitude differences in later stages of
processing. In addition, the limitations that were present in
Morie et al. (2014a, b, ¢) are also present in this work, as the
tasks were identical. Finally, while an effort was made to
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recruit female participants, only seven of our participants were
female. This limits the generalizability of our findings.

Conclusions

The major goals of this project were to examine reward and
monitoring processes in cocaine users and controls and to
determine if there was any association of anhedonia with these
processes. Our findings imply that cocaine users show in-
creased motivation toward reward when given reward cues,
but fail to make accurate reward predictions or update predic-
tions based on task feedback. Further, cocaine users demon-
strate blunted reward responses to rewarding feedback, de-
spite their increased motivation. Anhedonia is indeed associ-
ated with anticipatory reward in cocaine users, along with
indices of task monitoring and with reward response. This
work lends further support to the idea that cocaine use is
associated with a dysregulation between wanting rewards
and liking rewards, as has been suggested in the incentive
sensitization theory of drug use (Robinson and Berridge
2001), and implies that anhedonia may be a factor involved
with this dysregulation. Finally, these data point to deficits in
the ability to properly monitor actions taken to receive reward
or update reward predictions in cocaine addicts, which may
well contribute to the difficulty they encounter when trying to
stop using. This lends evidence to the idea that treatment in the
future should be focused upon improving self-monitoring ca-
pabilities and inhibiting craving, as with cognitive behavioral
therapy, and also suggests a need for reward supplementation,
such as contingency management.
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