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Abstract

Background: The two most commonly used illegal substances by adolescents in the United
States are alcohol and cannabis. Alcohol use disorder (AUD) and cannabis use disorder (CUD)
have been associated with dysfunction in decision-making processes in adolescents. One potential
mechanism for these impairments is thought to be related to abnormalities in reward and
punishment processing. However, very little work has directly examined potential differential
relationships between AUD and CUD symptom severity and neural dysfunction during decision-
making in adolescents.

Methods: In the present study, 154 youths participated in a passive avoidance (PA) learning task
during functional magnetic resonance imaging to investigate the relationship between relative
severity of AUD/CUD and dysfunction in processing reward and punishment feedback.

Results: Increasing AUD ldentification Test (AUDIT) scores were associated with reduced
neural differentiation between reward and punishment feedback within regions of striatum,
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posterior cingulate cortex, and parietal cortex. However, increasing CUD ldentification Test
(CUDIT) scores were not associated with any neural dysfunction during the PA task.

Conclusions: These data expand on an emerging literature that relative severity of AUD is
associated with reduced responsivity to rewards in adolescents and that there are differential
associations between AUD and CUD symptoms and neuro-circuitry dysfunction in the developing
adolescent brain.
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Introduction

The lifetime prevalence rates of alcohol use disorder (AUD) and cannabis use disorder,
(CUD) are 29% and 6%, respectively (1, 2). Epidemiological evidence indicates that the use
of these substances during adolescence is associated with an increased risk of developing
AUD and/or CUD in adulthood (3). Individuals with AUD and/or CUD who initiated use of
these respective substances in adolescence face a more severe disease course and a greater
rate of relapse (4). This may be due in part to the putative adverse neurodevelopmental
effects of these substances on the adolescent brain (5, 6).

Adolescents with SUDs show impairments in decision-making (7). Behavioral work in
adolescents has shown that individuals with co-morbid substance dependence and disruptive
behavior disorders (DBDs) make riskier decisions relative to adolescents with only DBDs
(7). Deficits in decision-making processes in adolescent substance users may reflect
dysfunction in reinforcement processing (8-11). Indeed, one structure that is undergoing
development during adolescence and is implicated in reinforcement processing is the
striatum (12). There are suggestions that both hyper- and hypo- reward/striatal
responsiveness may increase the risk for substance use (13-15). Models suggest that long-
term substance use induces reward circuitry Ayper-responsiveness to substance-associated
cues but reward circuitry Aypo-responsivenessto non-drug cues (e.g., money; 16-18). In line
with this, neuroimaging work with individuals with AUD has shown increased striatal
responsivity to alcohol-related images (19) but reduced striatal responsivity to monetary
rewards (14, 19, 20). Similarly, increased striatal responsivity to cannabis-related images is
seen in long-term cannabis users (21). However, the literature with respect to striatal
responsivity to monetary rewards is mixed. Three studies, including one with adolescent
participants, have indicated cannabis use is associated with reduced striatal or orbitofrontal
cortex responsivity to monetary rewards (22-24). However, others find no such association
(14, 25, 26) including two with adolescent samples (14, 27), while three studies reported
Increased striatal responsivity in cannabis users (26-28). However, only one of these found
increased responsivity to reward (28). The other two, including one with adolescent male
regular cannabis users (27), reported this either during anticipation of non-rewards (27) or in
response to losses (26).

In addition to the inconsistency with respect to reward responsiveness and cannabis abuse,
there are several other gaps in the previous literature. First, most of this literature has used
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the Monetary Incentive Delay (MID) task (14, 26, 27) where participants respond during the
presence of a briefly presented cue in order to win (or avoid losing) money (29). There has
also been some using the balloon analogue risk task (BART; 11) where participants pump a
virtual balloon in order to win increasing amounts of money, but risk popping the balloon
and losing their earnings (30). However, reward responsiveness has not been examined in the
context of instrumental learning in this population (31). Instrumental learning depends on
two interdependent systems: reward responsiveness and reward learning (32). Reward
responsiveness is of particular clinical interest given the role of instrumental learning in the
development of addictive behaviors (33). Specifically, it has been suggested that substance
use initiates instrumental learning; the substance is a strong reward increasing the reward
value of stimuli associated with, and behaviors that elicited, the substance ingestion (33).
Notably, if substance abuse compromises striatal reward responsiveness to non-drug rewards
then behaviors associated with these previously rewarding (non-drug) rewards will be
extinguished leading to an individual who is focused primarily on substance use for their
reward gains. In addition, it is worth noting that instrumental tasks identify regions
implicated in representing the subjective value of reinforcement; in particular, ventromedial
prefrontal and posterior cingulate cortices (vmPFC and PCC; 34, 37). These regions may
also show disrupted activity as a function of AUD/CUD symptom severity (14).

Second, very little work has directly examined differential relationships between AUD and
CUD symptom severity and neural dysfunction during decision-making. Adolescents and
adults often engage in co-morbid alcohol use and cannabis use (35, 36). Although much of
the literature to date examines AUD and CUD individually (20, 23, 27, 37), there is
emerging data indicating that increasing AUD and CUD symptom severity have differential
associations with neural dysfunctions in adolescents (14, 38-40). One paper to date has
shown that adolescents with co-morbid alcohol and cannabis use show increased striatal
modulation during the balloon analogue risk task (BART) compared to adolescents who use
only alcohol, only cannabis, or no substances (11). However, work from our group has
indicated that AUD severity, but not CUD severity, are associated with reduced striatal
modulation by reward value during the MID task (14).

Third, much of the literature to date on reward processing in SUDs has focused exclusively
on adult populations (e.g., 23, 24, 26, 27, 29). Very little work has been conducted with
adolescents. Yet, the striatum is undergoing considerable development during adolescence
with suggestions, and data from animal and human neuro-imaging work, indicating that
striatal reward responsiveness peaks in mid-adolescence (12, 40, 41; for a meta-analytic
review, see 42). Adolescents are thought to be particularly susceptible to the adverse effects
of substance use partly because of this increased striatal reward responsiveness (5, 6). One
study, utilizing a group-based approach, reported that adolescents with co-morbid alcohol
and cannabis use histories show reduced striatal modulation during the BART (11). In
contrast a second study reported that adolescent tobacco use, but not alcohol or cannabis use,
is associated with reduced striatal response to rewards during a MID task (43). Our own
work utilizing a dimensional approach to AUD/CUD severity, has indicated that AUD
symptom severity, but not CUD symptom severity, is associated with reduced striatal reward
signaling in adolescents during the MID task (14).
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The current study aimed to address these gaps in the literature. It examines differential
associations between AUD and CUD symptomatology and reward versus punishment
responsiveness in the context of an instrumental learning task in adolescent participants. On
the basis of our previous work, we predicted that AUD symptom severity would be inversely
associated with differential responses to reward versus punishment feedback within striatum
and other reward-sensitive structures involved in instrumental learning-based decision-
making (e.g., vmPFC and PCC).

Study participants included 154 youths aged 14-18 from both a residential treatment
program (Boys Town) and the surrounding Omaha community. These participants were
recruited as part of a broader study determining neural correlates of youth with behavioral
and emotional problems, specifically substance use disorders (at least 40% of the
population) and mental health concerns (Attention Deficit/Hyperactivity Disorder [ADHD],
Conduct Disorder [CD], Major Depressive Disorder [MDD] and Generalized Anxiety
Disorder [GADY]); (see 14, 38-40); specifically, of the 141 participants in the current sample,
60 participated in Aloi et al., 2018; 87 in Aloi et al., 2019; 58 in Blair et al., 2019; 66 in
Leiker et al., 2019. Thirteen youths were excluded due to excessive movement (>5mm
maximum displacement) during fMRI scanning (details below). This resulted in a final
sample of 141 youths (101 from the residential treatment program and 40 from the
community); average age=16.6 (SD=1.12), average 1Q=100.1 (5D=10.13), 90 males. See
Supplemental Methods for information on recruitment, consent/assent, and exclusion
criteria.

Passive Avoidance Task.—The Passive Avoidance (PA) task (44-46) is a paradigm
where participants are presented with one of four shapes on each trial. Each trial requires
participants to decide whether or not to respond to a shape. If responded to, two of the
shapes yield a virtual reward (80% probability of winning $1 or $5 and 20% probability of
losing $1 or $5) while the other two yield a virtual punishment (80% probability of losing $1
or $5 and 20% probability of winning $1 or $5). No reinforcement is received if the stimulus
is not responded to. Each trial involves: i) the presentation of a shape (1500ms), a jittered
fixation cross interval (1000-4000ms), reward/punishment feedback (1500ms) and a second
jittered fixation cross interval (1000-4000ms). Shapes were presented in random order and
participants responded via button press. There were 27 trials for each shape, totaling 108
trials. See Figure 1 for more details.

Substance Use Disorder Assessments.

Participants completed both the AUD Identification Test (AUDIT) and CUD Identification
Test (CUDIT; 47-49). These scales assess overall symptom severity of AUD and CUD,
respectively, including overall quantity/frequency of use, abuse symptoms, and dependence
symptoms. They show high validity, as higher scores on these scales are associated with a
high likelihood of an AUD and/or CUD diagnosis, respectively (47, 49). Cigarette smoking
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status was determined via the Monitoring the Future Survey (50). Although participants
were subject to random drug testing as part of the treatment program, they were not drug
tested on the day of scanning.

Functional MRI Parameters and Analysis

Whole-brain BOLD functional MRI data were acquired via a 3T MAGNETOM Skyra
magnetic resonance imaging scanner (Siemens Medical Solutions; see supplemental
materials for further details on MRI parameters and fMRI preprocessing). Data were
analyzed with a random-effects general linear model using Analysis of Functional
Neurolmages (AFNI; 51). Four indicator regressors were generated: one for approached
stimuli, one for avoided stimuli, one for reward feedback, and one for punishment feedback.
Conditions were modeled with a gamma-variate hemodynamic response function to account
for the slow hemodynamic response. GLM fitting was performed with the four regressors
listed, six motion regressors, and a regressor modeling baseline drift (-polort 4). This
produced a p-coefficient and an associated #statistic for each voxel and regressor.

Statistical Analyses

To reduce skewness and kurtosis, a Rankit Transformation was applied to participants'
AUDIT scores (52). The CUDIT score distribution did not show significant skewness or
kurtosis, so a Rankit-Transformation was not applied to the CUDIT scores. The Rankit-
Transformed AUDIT scores and the raw CUDIT scores were then z-scored, and these values
were used as continuous covariates in all analyses.

To examine relationships between AUDIT/CUDIT scores and psychiatric diagnoses,
correlations were performed between AUDIT/CUDIT scores and (i) psychiatric diagnosis
status for the four main co-morbid conditions in our sample: ADHD, CD, MDD, and GAD;
(ii) prescribed use of stimulant, antidepressant, or antipsychotic medication; and (iii) sex.
For these analysis, presence of diagnosis/prescribed use of a drug class was coded as 1,
absence of diagnosis/prescribed use coded as 0. The association between AUDIT/CUDIT
scores and smoking status was also determined (smoking scores ranged from 0-4 ; for this
analysis, the range of options was coded from 0 (“Never”) to 4 (“Regularly now™) based on
the Monitoring the Future survey (50). Steiger z-tests were performed to compare the
relative strength of the correlations between AUDIT scores and psychiatric diagnoses,
prescribed medication use, and smoking versus correlations between CUDIT scores and
these variables. Two-sample t-tests were conducted to test for differences between AUDIT/
CUDIT scores and sex.

To examine relationships between AUDIT/CUDIT scores and behavioral data on the PA
task, a one-way (Error Type: Commission Error, Omission Error) repeated measures
ANCOVA was conducted; rankit-transformed, z-scored AUDIT scores and z-scored CUDIT
scores were used as continuous covariates. Commission Errors occurred when participants
responded to stimuli that were probabilistically associated with punishment. Omission
Errors occurred when participants did not respond to stimuli that were probabilistically
associated with reward.
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Correlational analyses were conducted to determine potential associations of AUDIT/
CUDIT scores and movement variables (number of censored TR’s, average motion per TR,
or maximum displacement during the task). These analyses are reported in the supplemental
material.

To examine associations between AUDIT/CUDIT scores and dysfunctions within brain
regions involved in reward and punishment feedback processing, we ran a one-way
(Feedback: Reward, Punishment) ANCOVA on the BOLD response data with AUDIT
scores, CUDIT scores, and the AUDIT-by-CUDIT interaction as continuous covariates in the
same model. Follow-up partial correlations and Steiger-Z tests were performed within SPSS
22.0 (IBM Corp., Armonk, NY) and using freely available online tools (53). In order to
facilitate future meta-analytic work, effect sizes for all clusters are reported. All clusters
reported exceeded the cluster-wise threshold of A=16 voxels at an initial threshold of p=.001
[corrected cluster-wise p<.05]. Details regarding multiple comparison correction procedures
may be found in the supplemental material.

There were a number of potential confounds that could have contributed to the current
results; e.g., medication usage, co-morbid psychiatric conditions, placement and sex
differences. Briefly, we identified nine potential confounds and for each potential confound
we conducted an additional analysis that repeated the main analysis controlling for that
specific confound. We chose to run separate models for each confounding variable because
of both power concerns with an 11 regressor model, inter-confound suppressor effects and
our interest in determining the extent of influence of each individual confound.

Clinical Data

Of the final sample of 141 adolescents, 100 youths endorsed past-year use of either alcohol
and/or cannabis. All adolescents had been abstinent from any substance use for at least 4
weeks prior to scanning. AUDIT scores ranged from 0-34 [M=3.56, SD=5.82] and CUDIT
scores ranged from 0-32 [M=8.47, SD=9.33]. Seventy youths met the clinical cutoffs on the
AUDIT and/or CUDIT suggestive of adolescent AUD (AUDIT=4) or CUD (CUDIT=8;
47-49). Forty-three participants had an AUDIT score=4 and 62 participants had a CUDIT
score=8. In line with prior work indicating high rates of poly-substance use in adolescents
(35), 35 participants had both an AUDIT score=4 and CUDIT score=8. For details, see
supplemental materials.

Correlation analyses revealed a significant positive relationship between AUDIT and CUDIT
scores [r=0.59, p<.001]; see Table 1. Both AUDIT and CUDIT scores were significantly
positively associated with presence of MDD, GAD, and CD diagnoses; use of antidepressant
medications; and level of smoking [/'s=0.17-0.63, all p’s<.05]; see Table 1. Only CUDIT
scores were significantly positively associated with ADHD diagnosis status. In all cases,
except ADHD status and sex, follow up Steiger’s z tests showed no significantly stronger
associations between AUDIT/CUDIT scores and any of these indices (Steiger z’s=
-0.57-1.50, p’s>.05). There was a stronger relationship between CUDIT scores and ADHD
status than AUDIT scores and ADHD status (Steiger’s z=2.16, p<.05). There were no
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significant relationships between age, 1Q, stimulant use, or antipsychotic use and AUDIT
scores or CUDIT scores (see Table 1).

A two-sample t-test revealed that females had significantly greater AUDIT scores than males
[4139)=2.40, p<.05]. The average AUDIT score for females was 5.10 (SD=7.57) and the
average AUDIT score for males was 2.69 (SD=4.36). There was no significant difference
between females and males on CUDIT scores [£139)=0.26, p>.05]. The average CUDIT
score for females was 8.20 (SD=9.32) and the average CUDIT score for males was 8.62
(SD=9.38).

Behavioral Data

The one-way ANCOVA conducted on the error data revealed a main effect of error type
[A1,137)=34.95, p<.001]; participants made more commission [Mcomission=19.28,
SD=12.41] than omission errors [Mgmission=11.72, SD=9.27]. However, participants’
AUDIT and CUDIT scores were not associated with error rates.

fMRI Results

We hypothesized that increasing scores on the AUDIT would be associated with reduced
responsiveness to reward relative to punishment feedback. Main effects of feedback are
reported in the Supplemental Material. Our main analysis revealed the following interaction
effects:

AUDIT-by-Feedback Interaction: There was a significant AUDIT-by-Feedback
interaction within regions including caudate, putamen, PCC, and superior parietal lobule
(Figure 2, Table 2). In all brain regions there was a significant negative relationship between
AUDIT scores and differential BOLD responsiveness to reward relative to punishment
feedback. Within the caudate/putamen and sPL clusters this manifested as significant
negative relationships between AUDIT scores and reward responsiveness [/,=-0.19 & =
-0.18, p<.05 respectively]. However, within the more posterior putamen, PCC and occipital
cortex clusters this manifested as significant positive relationships between AUDIT scores
and punishment responsiveness [/,’s=0.19-0.29, p’s<.05].

No regions showed either a CUDIT-by-Feedback interaction or AUDIT-by-CUDIT-by-
Feedback Interaction that survived correction for multiple comparisons.

Potential Confounds: There were a number of potential confounds in our sample,
including medication usage, co-morbid psychiatric conditions, placement, and sex
differences. Briefly, we conducted an additional analysis for each of nine potential
confounds that repeated the main analysis controlling for that specific confound. The striatal
and parietal cortex findings remained significant in each of these analyses (for fuller
descriptions of the results, see the supplemental material).

Discussion

The goal of the current study was to investigate whether severity of AUD (and/or CUD) was
related to dysfunction in differential reward versus punishment feedback responsiveness

Biol Psychiatry Cogn Neurosci Neuroimaging. Author manuscript; available in PMC 2021 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Aloi et al. Page 8

during an instrumental learning decision-making task. In line with our hypotheses,
increasing AUDIT scores were inversely associated with responsiveness to reward relative to
punishment processing within regions of striatum, PCC, and parietal cortex.

Previous work has indicated that long-term substance use leads to hypo-responsiveness to
non-drug reward related cues (16, 54). Consistent with this, the current study indicates that,
in adolescents, increasing AUD symptom severity is associated with decreasing differential
responsiveness to reward relative to punishment within striatum, PCC, parietal and occipital
cortices. Most previous studies reporting either reduced striatal or PCC responsivity to
monetary rewards in individuals with AUD has used the MID task (10, 14, 19, 20). In this
task, participants receive reward but they do not need to learn which actions engender
reward. As such, the current study extends this previous work indicating dysfunctional
reinforcement processing is seen as a function of AUD symptom severity during reward-
related /nstrumental learning. These findings may have important clinical implications.
Alcohol substance abuse may compromise differential reward-punishment responsiveness to
non-drug rewards, increasing the probability that instrumental behavior in non-drug reward
contexts will be compromised and perhaps extinguished. This may increase the individual’s
focus on behaviors associated with substance use when instrumentally choosing actions to
gain reward.

The striatum and PCC are implicated in the representation of subjective value (34) while the
PCC and parietal cortex are hypothesized to orchestrate attention to reinforcement-related
external stimuli that is then additionally represented in occipital cortex (55). As such, these
findings could suggest that increasing AUD symptom severity is associated with both a
reduction in the value of received rewards via striatal/PCC dysfunction and a relative failure
to attend to stimulus features associated with reward receipt via PCC/parietal cortex
dysfunction. However, the interpretation is complicated by two features of the results. First,
while the changes in differential reward vs. punishment responsiveness within the caudate/
putamen and sPL clusters manifested as significant negative relationships between AUDIT
scores and reward responsiveness, those within the more posterior putamen, PCC and
occipital cortex clusters manifested as significant positive relationships between AUDIT
scores and punishment responsiveness. Second, participants with the highest AUDIT scores
not only failed to show appropriately increased responding to reward relative to punishment
within these regions, many also showed greater responses to punishment than reward (i.e.,
they were not just showing a deficient response to reward but an elevated response to
punishment). In short, the results indicate that during instrumental learning, increased AUD
symptom severity is positively associated with compromised reward responsiveness within
caudate/putamen and sPL but heightened punishment responsiveness within more posterior
putamen, PCC and occipital cortex. This latter component of the results was not predicted a
priori. As such, we are cautious about interpreting further. However, the issue is worthy of
future investigation — particularly as heightened punishment processing might have further
implications regarding the extinction of behaviors associated with non-drug cues.

CUD severity, unlike AUD severity, was not associated with differential responsiveness to
reward relative to punishment. This is consistent with our earlier work with the MID task on
a partially overlapping sample (14). It is also in line with previous work that has not reported
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reduced reward responsiveness in individuals with CUD (25, 43)- though two studies have
reported reduced reward responsiveness in individuals with CUD histories, see (22, 23).
Potential reasons for the differential associations between CUD and AUD severity and
reward responsiveness are interesting to consider.

It is argued that individuals with SUDs show reduced reward responsiveness to non-drug
cues because long-term substance use is associated with repeated stimulation of dopamine
receptors in the ventral striatum (following drug usage) resulting in receptor downregulation
and thus reduced dopaminergic neurotransmission within this region (18). Interestingly,
molecular data indicates different mechanisms of striatal impact for alcohol and cannabis.
Short-term alcohol use induces striatal activity through the inhibition of GABAergic neurons
in the ventral tegmental area while short-term cannabis use induces striatal activity through
activation of striatal cannabinoid receptors (56, 57). Moreover, human positron emission
tomography studies suggest differences in level of synaptic dopamine following alcohol
versus cannabis ingestion. While both short-term alcohol use and short-term cannabis use
induce increases in synaptic dopamine in the ventral striatum, the increase following alcohol
appears larger (58, 59). As such, the differential associations between CUD and AUD
severity and reward versus punishment responsiveness may reflect differences between
cannabis and alcohol in molecular mechanism of impact and/or the strength of the induced
increase in synaptic dopamine in the ventral striatum (though note this molecular hypothesis
does not account for indications of heightened punishment responsiveness in some regions
as a function of AUD severity; see above).

The results of this study must be viewed in light of several limitations. First, we did not
conduct urine or breathalyzer testing for alcohol or cannabis use at the time of scanning.
However, all but one participant with a significant alcohol and/or cannabis use history were
residents of a highly supervised residential treatment facility and were subject to random
drug testing as part of treatment for at least four weeks prior to scanning. Exclusion of this
participant elicited highly similar results. Second, this study was cross-sectional. As such,
the relationships reported in the present study might reflect the effects of alcohol use on the
developing brain orpre-existing risk factors for alcohol use disorder. Notably, though, the
dominant view is that /ncreased reward responsiveness increases the risk for use of
substances generally (15). Notwithstanding any concerns regarding this dominant view (13)
- no case has been made that reduced reward responsiveness is a selective risk for AUD but
not CUD severity. Third, there was a high degree of psychiatric co-morbidity in the
psychiatric sample. It could be argued that the current findings are reflective of psychiatric
co-morbidities of AUD rather than AUD/CUD itself. Prior work has often excluded
participants with psychiatric conditions (20, 37, 60). However, this approach is problematic
as these samples are clinically atypical. AUD and CUD are associated with a number of co-
morbid psychiatric conditions (16, 35, 61). Approximately half of individuals with a SUD
present with one or more co-morbid psychiatric conditions (62) and the majority of
adolescents whose SUD is significant enough to warrant treatment have at least one
psychiatric co-morbidity (63). Notably, though, our supplemental analyses showed that
including MDD, GAD, CD, or ADHD diagnosis as covariates did not significantly alter the
main results. As such, the current findings likely reflect severity of AUD rather than any
psychiatric co-morbidity. On a related note, AUD and CUD were highly co-morbid in our
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sample, of the 43 adolescents with an AUDIT=4 only 8 did not had a CUDIT<8. This
reflects adolescent substance use where epidemiological data indicate that co-use is
extremely common (64). Importantly, this makes interpretation of group-based studies
complex (unless a clinically atypical adolescent single drug use using group is identified).
However, our dimensional analysis approach enables differentiation. Fourth, there was no
association between AUD symptom severity and behavioral impairment in instrumental
learning on the task. An absence of group differences in behavior but differences in neural
reward responsiveness has been previous reported (11, 14). Given the clinical relevance of
instrumental learning to AUD, it will be important to determine if/under what circumstances
dysfunctional differential reinforcement processing at the neural level is accompanied by
behavioral impairments in learning. Relatedly, the PA task, as currently analyzed, does not
differentiate between reward responsivity and the ability to learn from rewarding (or
punishing) experiences. Future computational modelling work will be necessary to
disentangle these possibilities.

In summary, we found that AUDIT scores were negatively related to reward versus
punishment responsiveness within regions of striatum, parietal cortex, occipital cortex, and
PCC during a passive avoidance learning task. However, we did not find evidence of a
relationship between CUDIT scores and striatal reward responsiveness. These data replicate
prior work from our group indicating that AUD symptom severity is associated with striatal
dysfunction during reward receipt and extend this finding to indicate that similar striatal
dysfunction also exists during reward receipt in an instrumental learning task.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Schematic representation of the Passive Avoidance (PA) task.
In the PA task, participants are presented with one of four objects to which they decide to

respond or not to respond. Reinforcement was provided in a probabilistic manner and the
selection of two of the four objects would result in a net profit over the course of the task
while selection of the other two objects would result in a net loss. Column A depicts a
participant choosing to respond and receiving rewarding feedback. Column B depicts a
participant choosing to respond and receiving punishing feedback. Column C depicts a
participant choosing not to respond and receiving no feedback. -# indicates the participant
has chosen to respond.
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Differential BOLD Response:
Reward vs. Punishment Feedback

AUDIT Scores (Rankit Transformed, Z-scored)

Figure 2. AUDIT-by-Feedback interaction
within the (A) putamen, (B) caudate, (C) superior parietal lobule, and (D) posterior cingulate

cortex. In all cases, increasing AUDIT scores were associated with decreasing differential
responses to rewarding feedback relative to punishing feedback.
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