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Abstract

Background—Chronic methamphetamine use may lead to changes in reward-related function of
the ventral striatum and caudate nucleus. Whether methamphetamine dependent individuals show
heightened reactivity to positively valenced stimuli (i.e., positive reinforcement mechanisms), or
an exaggerated response to negatively valenced stimuli (i.e., driven by negative reinforcement
mechanisms) remains unclear. This study investigated neural functioning of expectancy and
receipt for gains and losses in adults with (METH+) and without (METH-) histories of
methamphetamine dependence.

Methods—Participants (17 METH+; 23 METH-) performed a probabilistic feedback expectancy
task during blood-oxygen level-dependent (BOLD) functional magnetic resonance imaging
(FMRI). Participants were given visual cues probabilistically associated with monetary gain, loss,
or neutral outcomes. General linear models examined the BOLD response to: (1) anticipation of
gains and losses, and (2) gain and loss monetary outcomes.

Results—METH+ had less BOLD response to loss anticipation than METH=- in the ventral
striatum and posterior caudate. METH+ also showed more BOLD response to loss outcomes than
to gain outcomes in the anterior and posterior caudate, whereas METH- did not show differential
responses to the valence of outcomes.

Discussion—METH+ individuals showed attenuated neural response to anticipated gains and
losses, but their response to loss outcomes was greater than to gain outcomes. A decreased
response to loss anticipation, along with a greater response to loss outcomes, suggests an altered
ability to evaluate future risks and benefits based upon prior experience, which may underlie
suboptimal decision-making in METH+ individuals that increases the likelihood of risky behavior.
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Introduction

Stimulant-using individuals often demonstrate dysfunctional decision-making, which may
predate the initiation of use (Leland et al., 2006; Leland and Paulus, 2005; Paulus et al.,
2008). Individuals with a history of methamphetamine use (METH+) in particular appear
more influenced by the immediately preceding choice (Paulus et al., 2002), show a rigid
stimulus-response relationship (Paulus et al., 2003), and are less able to adjust decision-
making to short-term versus long-term gains (Gonzalez et al., 2007). METH+ individuals
have also shown inefficient cortical processing in delay discounting, as seen by a preference
for immediate rewards and no significant changes in cortical activation in association with
decision-making difficulty (Monterosso et al., 2007).

One source of this disadvantageous decision-making may be impaired reward processing.
Regions engaged during reward processing include the ventral striatum, orbitofrontal cortex,
and ventral anterior cingulate (Haber and Knutson, 2010; Wallis and Kennerley, 2011;
Volkow et al., 1996). Under normal conditions, neurons within this network respond to
various reward-related events (Rolls, 2000; Schoenbaum et al., 1998; Schultz, 1998;
Tremblay and Schultz, 1999) and may be modulated by motivation, preference, and
expectancy. Dopamine neurons in particular are activated by the rewarding characteristics of
a wide range of somatosensory, visual, and auditory stimuli, and have been shown to
distinguish between reward and nonreward objects (Romo and Schultz, 1990). Moreover,
dopamine innervation may have persistent effects upon corticostriatal synapses; dopamine
denervations within the striatum have been shown to reduce the number of dendritic spines
(Ingham et al., 1993). In this way, dopaminergic response patterns work in tandem with the
striatum to build appropriate behavioral responses based upon contextual information
(Nakahara et al., 2004; Reynolds et al., 2001; Satoh et al., 2003; Schultz et al., 1993). Of the
brain regions mediating reward, the ventral striatum has been theorized to contribute a
central role to reward processing due to massive projections of midbrain dopaminergic
neurons into this region (Daniel and Pollmann, 2014).

Functional magnetic resonance imaging (fMRI) studies have separated the component
processes involved in reward expectancy (i.e., the incentive salience of a stimulus and
motivator to attain a particular goal) and outcome (i.e., the pleasure or disappointment
experienced by obtaining or not receiving that target). The ventral striatum is preferentially
activated by reward expectation (Knutson et al., 2001; O'Doherty et al., 2002). Its selective
activation during reward anticipation has been observed for primary rewards, such as a sweet
taste (O'Doherty et al., 2002; Berns et al., 2001; McClure et al., 2003), and secondary
rewards, such as money (Knutson et al., 2001; Breiter et al., 2001; Delgado et al., 2000;
Elliott et al., 2003; Thut et al., 1997). In contrast, the anterior caudate, which receives
projections from the prefrontal cortex and midbrain dopaminergic neurons, may be engaged
as part of its role in goal-directed behavior (Balleine and O'Doherty, 2010; Yin and
Knowlton, 2006). However, others have reported activation of the caudate to receipt of
reward as well (Bischoff-Grethe et al., 2015; Delgado et al., 2000). These activation patterns
may be linked to dopamine neurotransmission, as dopamine release in the nucleus
accumbens (part of the ventral striatum) increases local blood oxygen level dependent
(BOLD) signal through agonism of postsynaptic D1 receptors (Knutson and Gibbs, 2007).
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Furthermore, this activation may be lateralized. Dopaminergic transmission in response to
unpredicted rewards has been shown primarily in the right ventral striatum (Martin-Soelch et
al., 2011; Molochnikov and Cohen, 2014). While both the left and right striatum may react
similarly to anticipation and outcomes, a right asymmetry has often been reported in humans
related to motivational value (Jocham et al., 2009; Spreckelmeyer et al., 2009). Furthermore,
this laterality may be related to asymmetries in D2 receptor binding that may be associated
with differences in approach and avoidance behavior (Tomer et al., 2014).

While differential reward processing has been reported in abstinent users of nicotine,
cocaine, marijuana, and alcohol compared to non-users (Fedota et al., 2015; Goldman, 2002;
Galen and Henderson, 1999; Rose et al., 2013; Balodis and Potenza, 2015), few studies have
focused on the functional neuroanatomy of reward anticipation and outcome in METH+. In
healthy volunteers, acute amphetamine administration decreases ventral striatal response to
gain anticipation, but increases response to loss anticipation and gain outcomes during a
reward task (Knutson et al., 2004). Prior studies have demonstrated alterations in
frontostriatal regions due to long-term methamphetamine use (London et al., 2015). Acute
administration of substances of abuse, especially stimulants, produces up to five times
greater increase in striatal dopamine than do natural rewards (Chau et al., 2004). Stimulants
initially interact with monoamine transporter proteins; cocaine inhibits all three monoamine
transporters (dopamine, serotonin, and norepinephrine), while amphetamines additionally
increase monoamine release (Koob, 1999; Wise, 1998). Chronic administration of stimulants
increases reward thresholds (Koob, 1999; Koob and Le Moal, 2001) due to their effects on
dopamine receptors. In particular, the striatum has reduced dopamine receptor binding
(Chang et al., 2007; Volkow et al., 2001) and increased gray matter volume (Jernigan et al.,
2005). This receptor decrease (believed to reflect hypodopaminergic function) may in part
account for subsequent cravings and the progression to dependence (Volkow et al., 2002).
Given the role of the striatum in reward anticipation and receipt, one would predict altered
striatal function during reward anticipation and receipt in stimulant-dependent individuals,
but findings have been mixed. Treatment-seeking cocaine dependent individuals showed less
striatal response to reward anticipation (Bustamante et al., 2014), greater response to
rewarding outcomes (Jia et al., 2011), or no discernable differences (Patel et al., 2013),
relative to healthy subjects. During the Balloon Analog Risk Task, a paradigm known to
engage neural substrates for evaluating risk, reward, and decision-making, METH+
individuals showed greater modulation of ventral striatal activity, but less modulation of the
dorsolateral prefrontal cortex, compared to controls in relation to risk and reward, suggesting
impaired processing of anticipated outcomes (Kohno et al., 2014). Furthermore apathy,
which is associated with a loss of motivation,(Levy and Dubois, 2006) and is linked to
frontostriatal pathways common to reward processing (Bonelli and Cummings, 2007), is
elevated in METH+ (Marquine et al., 2014; Cattie et al., 2012; Gonzalez et al., 2005). Thus,
an additional question is whether apathy might play a role in how METH+ individuals
respond to reward expectancy and outcomes.

This study examined BOLD response in methamphetamine dependence using a task that
separates the expectancy and outcome phases for reward and loss. We hypothesized that
recently dependent METH+ individuals would show less ventral striatal activation to reward
expectancy and less caudate activation to rewarding outcomes than METH- volunteers. We
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further hypothesized METH+ would show an attenuated response to punishment expectancy,
in keeping with deficits considering negative consequences during risky decision-making.
Finally, we hypothesized that greater apathy in METH+ would be associated with reduced
response to outcomes for rewards and losses.

Seventeen adults with histories of methamphetamine dependence (METH+) and 25
comparison adults (METH-) were recruited through the Translational Methamphetamine
AIDS Research Center. METH+ met diagnostic (DSM-1V; American Psychiatric
Association, 2000) criteria for lifetime amphetamine dependence including abuse or
dependence in the past 18 months as determined by the Composite International Diagnostic
Interview (CIDI; Kessler and Ustun, 2004). METH- participants did not meet criteria for
lifetime or current methamphetamine abuse or dependence. In terms of non-
methamphetamine related substance use, participants were excluded if they met DSM-1V
criteria for substance (other than alcohol, marijuana and nicotine) abuse in the prior year or
dependence within the preceding five years. Participants who met criteria for lifetime
dependence or abuse of marijuana within the last 12 months were enrolled. Those who met
lifetime criteria for alcohol abuse within the prior 12 months were enrolled, but were
excluded if they met criteria for dependence within the previous 12 months. Nicotine use
was not exclusionary, and participants were told not to alter their typical pattern of daily
usage. They were asked to refrain from smoking during the break in the scanning session.
Breath carbon monoxide levels and the presence of cotinine in urine were assessed on the
day of the scan. Participants also were excluded for: positive urine toxicology screen or
Breathalyzer for illicit drugs (other than marijuana due to its long-lasting detectability) or
recent alcohol use on the day of scan; MRI contraindication; lifetime history of
schizophrenia or other psychotic disorder; previous cerebrovascular events as determined by
comprehensive neurological exam; head injury with loss of consciousness >30 minutes or
neurologic complications; or seizure disorder. Participants were recruited from the San
Diego area via flyers and advertisements at community events and drug dependence
treatment programs. All participants gave written consent prior to enroliment and again prior
to scanning. The University of California, San Diego Human Research Protections Program
approved all procedures.

Participants completed the Wide Range Achievement Test-4 as a measure of premorbid
intelligence and quality of education (WRAT-4; Wilkinson and Robertson, 2006), and a
comprehensive neuropsychological test battery (Heaton et al., 2010) that was summarized as
a Global Deficit Score (GDS; Carey et al., 2004; Heaton et al., 1995; Heaton et al., 1994).
They also completed the Kalichman Sexual Sensation Seeking Scale (Kalichman et al.,
1994); Urgency, Premeditation, Perseverance, and Sensation Seeking Impulsive Behavior
Scale (UPPS; Whiteside and Lynam, 2001); Frontal Systems Behavior Scale (Grace and
Malloy, 2001); Barratt Impulsivity Scale (BIS; Patton et al., 1995); and lowa Gambling Task
(IGT; Bechara, 2007) during a clinical assessment study visit 68.3 + 32.7 (mean + SD) days
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prior to the MRI visit. On the scan day, participants completed the Beck Depression
Inventory (BDI-II; Beck et al., 1996), Profile of Mood State (POMS; Pollock et al., 1979),
and, if current tobacco use was endorsed, the Fagerstréom Test for Nicotine Dependence
(FTND; Heatherton et al., 1991). Components of these behavioral scales were used to define
frontal systems behavior associated with impulsivity/inhibitory control, sensation seeking,
and apathy (Marquine et al., 2014). Two METH- were excluded due to motion artifacts
during fMRI that exceeded 3 mm, leaving a final sample of 23 METH- and 17 METH+.

Behavioral paradigm—During fMRI, participants performed a probabilistic feedback
expectancy task implemented in Presentation software (Neurobehavioral Systems, Albany,
CA), where visual cues were paired with monetary outcomes. Cues were projected onto a
screen, viewed via an angled mirror mounted on the MRI head coil. Participants used a fiber
optic joystick (Current Designs, Philadelphia, PA) to control a gray square cursor. A
joystick, rather than a button press, was chosen because it engages greater movement control
in terms of musculature, which may contribute to the dorsal striatal response during
movements elicited by reward anticipation often reported in animal reward processing
studies (Bischoff-Grethe et al., 2015; Hollerman et al., 1998; Kawagoe et al., 1998). Three
square targets were presented on a black background. For the first trial of each functional
run, participants aligned the cursor to the center target. A target stimulus, represented as one
of three visual cues (see Figure 1), was briefly presented for 750-1250 ms in one of three
locations. The participants had 1000 ms to align the cursor with the previously illuminated
target then hold position for 750-1250 ms, which allowed for better temporal separation of
the anticipation and outcome periods. Next, the target was illuminated to indicate financial
outcome, and the current location was used as the starting point for the next trial. Four trial
types were used: gain trials, in which the stimulus indicated a 50% chance of a gain or
neutral monetary outcome; loss trials, indicating a 50% chance of a loss or neutral monetary
outcome; bivalent trials, indicating a 50% chance of a gain or loss monetary outcome; and
fixation trials, in which no target was illuminated and the participant remained fixated at the
current location. Each run contained 63 trials of approximately 4 seconds duration, and each
trial type occurred 25% of the time. All participants practiced the task outside the scanner to
ensure comprehension of instructions and were informed they would receive additional
compensation based on their performance. The monetary amounts (i.e., 50 cents gain, 25
cents loss) were chosen so that participants earned an additional $25 above the standard
compensation of $75. When monetary rewards are too small, it can lead to poorer
performance than no compensation at all (Gneezy and Rustichini, 2000). In addition,
prospect theory suggests that individuals prefer avoiding losses compared to achieving equal
gains (Kahneman and Tversky, 1979); although our task involves no decision making, it was
important to ensure that monetary gains were salient.

Imaging—Two functional imaging runs were acquired using T2* weighted echo planar
imaging (EPI) on one of two scanning systems: a 3T General Electric Signa HDx
(Milwaukee, WI) (252 volumes, TR=2 s, TE=30 ms, flip angle=90°, FOV 24 cm, 64x64
matrix, 3.55%3.55 mm in-plane resolution, 40 3.0 mm [2.6 mm + 0.3 mm gap] ascending
interleaved axial slices), or, due to scanner upgrade, a 3T General Electric Discovery MR750
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(Milwaukee, WI) (identical parameters as above except 3.75x3.75 mm in-plane resolution,
40 3.0 mm ascending interleaved axial slices). The gradients system and application were
not changed during the upgrade, and all post processing and analysis steps were consistent
across datasets. High-resolution T1-weighted FSPGR anatomical images (MR750: flip
angle=8°, 256x256 matrix, 172 1 mm sagittal slices, TR=8.1s, TE=3.17 ms, 1x1mm in-
plane resolution; Signa HDx: same as above except TR=7.77 s, TE=2.97 ms, and 0.97x0.97
mm in-plane resolution) were acquired to permit activation localization and spatial
normalization. EPI-based field maps corrected susceptibility-induced geometric distortions.
There were no differences in METH status or other demographic factors based on scanning
system employed (see Table 1).

Data Analysis

Behavior analysis—The joystick was sampled at 60 Hz and filtered offline with a 10 Hz
Butterworth low pass filter (Butterworth, 1930) to remove jitter. Movement onset and offset
were determined with a three-step algorithm (Teasdale et al., 1993). Behavioral responses
were analyzed using a linear mixed effects (LME) model from the R (R Development Core
Team, 2012) nlme package (Pinheiro et al., 2013). Subject was a random effect, and group
(METH-, METH+) and anticipation (gain, loss, and bivalent) were the between subjects
factors. Three separate performance measures were examined: response time, defined as the
time from when the target was extinguished to onset of joystick movement and reflecting
how quickly the participant initiated a response; movement duration, defined as the onset of
joystick movement to the time of maximum displacement and reflecting how fast the
participant moved the joystick to capture the target; and error commission, defined as trials
for which the participant moved before the target was extinguished, moved to the wrong
target, or failed to capture the target during the allotted time.

Statistical analyses—Functional images were preprocessed and analyzed using Analysis
of Functional Neurolmages (AFNI; Cox, 1996), FSL (Smith et al., 2004), and R statistical
packages. EPIs were slice-time and motion-corrected, and aligned to high-resolution
anatomical images (Saad et al., 2009). Outlier volumes, identified with AFNI’s 3dToutcount,
which were more than 5 times greater than the mean were censored. T1-weighted images
were skull-stripped and registered to the MNI-152 atlas using affine transform followed by
nonlinear refinement (Andersson et al., 2010; Jenkinson and Smith, 2001). Functional data
were aligned to standard space, resampled to 3 mm isotropic voxels, and smoothed with a
4.2 mm FWHM Gaussian kernel.

Statistical analyses used two general linear models (GLM) using AFNI’s SPMG basis
function within 3dDeconvolve. The first GLM modeled gain, loss, and, bivalent anticipation,
and the second modeled gain, neutral, and loss outcomes, with six motion parameters
included as covariates of no interest in each model. The fixation trial periods were not
explicitly modeled and served as an implicit baseline. Following deconvolution, beta values
were converted to percent signal change. The mean percent signal change within each region
of interest (ROI) for each event was subjected to LME in R. Striatal ROIs (i.e., the putamen,
caudate, and nucleus accumbens in their entirety) were initially extracted from the Harvard-
Oxford atlas (Desikan et al., 2006) and were manually edited to define based upon
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functional distinctions (Martinez et al., 2003). The ventral striatum consisted of the nucleus
accumbens, rostroventral caudate, and rostroventral putamen (Fudge et al., 2004; Haber et
al., 2006). The caudate nucleus was divided into anterior and posterior regions at the anterior
commissure (Figure 2).

Studies using multisite imaging data have reported that inter-participant variance was 7 to 44
times greater than that generated by site variance (Gountouna et al., 2010; Suckling et al.,
2008; Brown et al., 2011; Costafreda et al., 2007), even when group membership was
confounded by site (Sutton et al., 2008). This suggests that, despite using two different
systems, scanner variance is unlikely to contribute to any task or group-related effects we
may observe. As each participant was only scanned once in our study, we cannot separately
estimate the effects due to participant or scanner. We therefore included subject, nested
within scanner, as a random effect in our linear mixed effect models.

For each linear mixed effects analysis, group (METH-, METH+) was treated as a between-
subject factor, and hemisphere (left, right) was treated as a within-subject factor due to
potential laterality of the striatal response. The first analysis put anticipation (gain or loss) as
the within subjects factor, and a separate analysis used outcome (gain or loss) as the within
subject factor. Age may influence response to financial outcomes (Samanez-Larkin et al.,
2007) and was therefore included as a covariate. Because there were three ROIs (anterior
caudate, posterior caudate, and ventral striatum), Bonferroni correction (alpha=0.05,
p=0.0167) was used to mitigate the effects of multiple comparisons. Secondary voxelwise
analyses examined group x anticipation and group x outcome. To guard against false
positives in voxelwise analyses, Monte-Carlo simulations using 3dClustSim indicated an a
priorivoxel-wise p < 0.05 in a cluster of 1701 pl (63 connected voxels), resulting in an a
posteriori cluster-wise p < 0.05.

The association between apathy and brain activation for gain anticipation, loss anticipation,
gain outcomes, and loss outcomes were explored separately within each group and
condition. A regression model, with apathy score as the independent variable, bilateral (i.e.,
signal averaged across hemispheres) and asymmetrical (i.e., left minus right hemisphere
average signals) activation as the dependent variables, and age as a covariate, was used to
determine if any detected relationships were bilateral or lateralized. Similarly, to assess
whether methamphetamine use history influenced findings, we fitted a multiple linear
regression model with the log transforms of age (as older age might be associated with
reduced reward sensitivity), days since last use, age of first use, and methamphetamine
density (i.e., total quantity used /total days used) as predictors of the bilateral and
asymmetric activation in each ROI. Finally, we explored the associations of conditions
highly comorbid with amphetamine dependence: antisocial personality disorder (ASPD),
attention-deficit/hyperactivity disorder (ADHD), nicotine dependence (using FTND), and
impulsivity, as these conditions have been known to influence the striatum’s response to
rewards (Glenn and Yang, 2012; Plichta and Scheres, 2014; Sweitzer et al., 2016; Perry and
Carroll, 2008; Taylor et al., 2016; Verdejo-Garcia et al., 2008). These variables were
explored in relation to bilateral and asymmetrical striatal activation to anticipation and
outcomes using logistic regression or Pearson’s correlations, respectively. As these were
exploratory analyses, no correction for multiple comparisons was performed.
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Results

Demographics

Groups were similar in age, gender, handedness, and ethnicity (see Table 1). METH+
participants reported a history of prior treatment. More METH+ participants had a lifetime
diagnosis of ASPD or ADHD, and were more likely to use tobacco than METH-. METH+
were less educated and tended to score lower on WRAT-4 Reading (see Table 2), but
neurocognitive functions (i.e., GDS or impairment status) were not different between
groups. Both groups did not differ on Sensation Seeking, but METH+ had higher
Impulsivity/Disinhibition and Apathy scores, and exhibited riskier decision-making on the
IGT than METH-. At the scan, METH+ reported more depressed mood on the BDI-II than
METH-.

Task Behavior

A group (METH+, METH-) x anticipation (gain, loss, bivalent) LME analysis of selection
time revealed no differences between groups (0=0.6), no effect of anticipation (p=0.2), and
no interaction (p=0.8). A similar analysis for movement duration found no effect of group
(p=0.6) or group x anticipation interaction (p=0.1), but a main effect of anticipation
(F(2,73)=4.3, p=0.02). Tukey Honest Significant Difference post hoc comparisons showed
that movement duration was slower for bivalent anticipation than gain or loss anticipation
(all p5<0.03). Error commission (i.e., initiating a motor response before the target
extinguished) did not show an effect of group (p=0.6) or a group x anticipation interaction
(p=0.4), but participants were far more likely (F(2,76)=224.2, p<0.001) to commit errors on
trials with bivalent anticipation than loss (z=10.2, p<0.001) or gain (z=11.8, p<0.001)
anticipation, suggesting that larger differences between potential outcomes was more salient
than smaller ones.

Region of interest analyses

Effects of anticipation—Mean BOLD activation is reported in Table 3. As predicted, a
group X anticipation interaction was seen in the ventral striatum (F(1,109)=7.2, p=0.01,
g=0.8) and posterior caudate (F(1,114)=7.1, p=0.01, g=0.8). In both regions, METH+
responded less than METH- to loss anticipation (ventral striatum: z=3.4, p=0.004; posterior
caudate: z=3.2, p=0.007), and only METH+ tended to have more BOLD response to gain
than loss anticipation in the ventral striatum (z=2.5, p=0.05) (see Figure 3). A main effect of
group was found for the ventral striatum (F(1,37)=4.7, p=0.04, g=0.7) and the anterior
(F(1,38)=9.1, p<0.001, g=0.9) and posterior (F(1,38)=4.2, p=0.05, g=0.6) caudate, but post
hoc analyses were not significant (ps > 0.1); therefore this finding will not be interpreted. No
main effect of anticipation or hemisphere was detected (all ps > 0.2).

Effects of outcome—Mean BOLD activation is reported in Table 4. As expected, a group
X outcome interaction was seen within the anterior (F(1,114)=8.4, p<0.001, g=0.9) and
posterior (F(1,114)=12.7, p<0.001, g=1.1) segments of the caudate (see Figure 4). Post hoc
analyses showed that METH+ had more BOLD response to loss than gain outcomes
(anterior caudate: z=2.8, p=0.03; posterior caudate: z=2.9, p=0.02). No main effect of group,
outcome, or hemisphere were found (all ps > 0.2).
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Whole-Brain Voxelwise Analyses

Effects of anticipation—A secondary voxelwise analysis revealed several clusters with a
significant group x anticipation interaction, including the left medial frontal gyrus and
inferior parietal lobule (see Table 5). Regions exhibiting a main effect of group included the
left posterior insula, the right anterior insula, and a cluster that included the right postcentral
gyrus and extended into the inferior parietal lobule. Finally, a main effect of anticipation was
seen in the left medial frontal and inferior frontal gyri and the right precentral gyrus.

Effects of outcome—Only the left precentral and lingual gyri demonstrated a group x
outcome interaction (see Table 6). A main effect of group was found within the bilateral
lentiform nucleus extending into the thalamus, as well as the left middle and medial frontal
gyri. Only one cluster within the left precentral gyrus demonstrated a main effect of
outcome.

Relationships to Other Measures

Effects of apathy—In METH+, lower responses to gain anticipation in the bilateral
ventral striatum (8=-13.1, t(13)=-3.1, p=0.008) and anterior caudate (8=-13.7, t(13)=-2.4,
p=0.01) predicted higher apathy scores. In METH-, lower BOLD responses in the ventral
striatum and anterior caudate to loss anticipation (ventral striatum: g=—4.1, t(17)=-2.2,
p=0.04; anterior caudate: f=-5.0, t(19)=-2.3, p=0.03) and to gain outcomes (ventral
striatum: =-5.0, t(18)=-3.9, p=0.001; anterior caudate: £=-6.4, t(19)=-3.3, p=0.004)
predicted higher apathy scores, suggesting a relationship between even mild levels of apathy
and reduced motivation.

Effects of impulsivity—In METH-, higher scores on the IGT, which reflect “safer”
decision-making, predicted a lower response to gain anticipation in the anterior caudate,
with the right responding less than the left (5=-39.2, t(19)=-2.4, p=0.03). METH- with
higher BIS total scores had higher BOLD responses to gain outcomes in the ventral striatum,
with the left responding more than the right (£=6.24, t(18)=3.4, p=0.003), and higher BOLD
responses to loss outcomes in the anterior (8=7.6, t(19)=2.4, p=0.03) and posterior caudate
(5=7.22,1(19)=2.1, p=0.05). In METH+, lower IGT scores, reflecting riskier decision-
making, predicted a higher response to loss outcomes in the ventral striatum, with the left
responding more than the right (8=-19.8, t(12)=-2.4, p=0.02). METH+ with higher total
BIS scores had lower responses to loss outcomes in the ventral striatum (8=—11.56, t(12)=
-2.7, p=0.02). Together, these findings suggest that METH+ may ignore negative
experiences when making decisions.

Effects of methamphetamine use history—Longer abstinence (range 9 to 539 days)
was associated with less response to gain outcomes in the bilateral posterior (8= -0.33,
p=0.04) and anterior caudate (f= —0.37, p=0.05), and later age of first methamphetamine use
was linked to more response to loss anticipation (8= 1.21, p=0.01). Methamphetamine use
density was not related to either anticipation or outcome related responses, suggesting that
findings may be related to trait effects of meth use history rather than neurotoxic effect of
methamphetamine exposure.
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Effects of age—Older METH+ individuals responded less to loss anticipation in the
anterior caudate, with the left hemisphere responding less than the right (8= -0.05, p=0.03),
and more bilateral posterior caudate response to gain outcomes (8= 0.07, p=0.02). Age was
not linked to duration of abstinence in METH+, suggesting age-related changes in reward
processing are independent of use intensity.

Effects of tobacco use and mental health—Current and lifetime ASPD and ADHD
diagnoses were not linked to bilateral or asymmetric striatal brain response to anticipation or
outcomes for METH+. Within METH+, higher Fagerstrom total scores tended to be
associated with a greater left-right difference in the posterior caudate for gain anticipation
(r(17)=0.49, p=0.05). Within METH-, higher breath carbon monoxide levels at the time of
scan was associated with a greater left-right difference in the anterior caudate for gain
anticipation (r(23)=0.44, p=0.04). There was no association between breath carbon
monoxide levels and BOLD response in METH+, suggesting findings were not associated
with either acute or chronic tobacco use.

Discussion

This study yielded three main results. First, the METH+ group exhibited less response to
loss anticipation in the ventral striatum than controls. Second, METH+ exhibited more
response to loss outcomes than to gain outcomes in the caudate. Finally, greater apathy in
METH+ was associated with less anterior caudate and ventral striatal response to gain
anticipation. These findings are consistent with our hypotheses and suggest differences in
the neural substrates involved in the processing of anticipation and receipt of potential
rewards and losses in methamphetamine dependent individuals. An altered ability to
evaluate future risks and benefits may underlie the altered decision-making seen in these
individuals, and increase the likelihood of future risky behavior.

METH+ had an attenuated response in the ventral striatum to loss anticipation. The ventral
striatum has long been noted for its role in the expectancy of potential rewards, as
demonstrated in both animals (Schultz, 2006) and humans (Knutson et al., 2001; Breiter et
al., 2001). However, this region has also been shown to be responsive to potential loss
(Cooper et al., 2009; Salamone, 1994; Jensen et al., 2003), suggesting a broader role in
motivation and decision-making by way of its connections with the ventromedial prefrontal
cortex, anterior cingulate, and other areas associated with decision-making (Haber et al.,
2006). Importantly, studies of decision-making have shown that METH+ individuals tend to
make poor choices despite negative consequences (Gowin et al., 2013; Gowin et al., 2014;
Hoffman et al., 2006). Our findings suggest a reduced sensitivity to loss anticipation that
may contribute to this behavior. Although we did not detect group differences for outcomes
in the ventral striatum, we detected differences for each group’s relationships for risky
decision-making and impulsivity with the BOLD response to loss outcomes in the ventral
striatum. While METH- with higher impulsivity showed greater BOLD response to loss
outcomes, METH+ with higher impulsivity showed reduced BOLD response, suggesting an
impaired ability to interpret negative experiences.
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In addition to reduced striatal response to the potential for future loss, the caudate showed
strong response to loss outcomes in METH+. Greater sensitivity to loss outcomes, coupled
with less sensitivity to anticipation, suggests an impaired ability to form action-outcome
associations, particularly when the action may lead to a negative consequence. That is,
although METH+ may experience negative outcomes intensely, they may be less able to
apply that experience to future behavior. Future studies could test this interpretation, using
probabilistic association learning tasks that include both positive and negative reinforcement
(Mattfeld et al., 2011) and examine the learning curves.

Although we hypothesized that METH+ would show an attenuated response to gain
anticipation compared to METH- in the ventral striatum, we did not detect significant group
differences. Rather, we found that METH+ showed attenuated loss anticipation compared to
METH-, and that the METH+, but not METH- showed differences in their response to gain
anticipation vs. loss anticipation. There are ongoing questions in the field as to whether the
ventral striatum codes for valence (i.e., gains vs. losses) or salience (i.e., regardless of
valence). An increasing number of neuroimaging studies suggest that the ventral striatum
may respond to the hedonic salience or arousal, rather than valence alone (Field et al., 2015;
Jensen et al., 2007; Zink et al., 2006). This is also supported in the animal literature, where
striatal neurons that code positive value were found near neurons coding negative value
(Reynolds and Berridge, 2002; Faure et al., 2010). Thus, it is possible that loss anticipation
was as arousing as gain anticipation. This is reflected by the fact that the METH+
differentiated gain and loss anticipation, whereas the METH- group did not. This is also
supported by prospect theory, which suggests that avoiding a loss may be more relevant than
obtaining a gain (Kahneman and Tversky, 1979). Alternatively, a lack of robust differences
could potentially be due to variability across individuals in their neural response to gain
anticipation.

Consistent with other studies (Cattie et al., 2012; Marquine et al., 2014), METH+ reported
overall higher apathy levels than METH-. Elevated apathy in METH+ has been associated
with declines in everyday functioning (Cattie et al., 2012), supporting the possibility of
impaired striatal function. While mild apathy can be present in otherwise healthy
individuals, severe apathy has been linked to striatal (Mendez et al., 1989; Bhatia and
Marsden, 1994) and prefrontal cortex (Levy and Dubois, 2006) dysfunction. In our study,
METH+ with lower BOLD responses to gain anticipation had higher levels of apathy,
suggesting apathy may have had an effect on reward motivation. Given the role of dopamine
in mediating motivation and reward sensitivity (Schultz, 2006) and the effects of
methamphetamine use on dopamine binding (Chang et al., 2007; Volkow et al., 2001),
elevated apathy may in part reflect poor dopaminergic signaling. This has implications for
goal-directed behavior, as impairments in associating context with the value of a given
behavior might not only impair one’s desire to complete the action, but also the ability to
evaluate the consequences of the action.

Other than length of abstinence and onset age, substance use patterns and comorbid
diagnoses were not associated with anticipation or outcome. Abstinence duration has been
associated with increased availability of dopaminergic transporters in the striatum (Volkow
et al., 2001), suggesting at least partial recovery of function and also greater ability to
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remain abstinent over more days and presumably more relapse opportunities. It’s possible
that this improvement may lead to more responsiveness to positive outcomes within the
caudate. Although the research on age and methamphetamine use in humans is sparse,
animal studies suggest it may cause greater neuronal damage in older animals than younger
ones (Bowyer et al., 1993). Our data suggest that older METH+ had lower BOLD responses
to loss anticipation in the anterior caudate and higher BOLD responses to gain outcomes in
the posterior caudate that was independent of use duration. Future studies should examine
whether METH use in older individuals might impair reward processing and decision
making than in younger individuals.

Our findings differed from prior studies of reward in those with histories of cocaine use,
which reported altered striatal response to gain but not loss, anticipation (Bustamante et al.,
2014), or outcome (Jia et al., 2011). Although methamphetamine is similar to cocaine in
inhibiting the reuptake of dopamine by dopaminergic transporters (Koob et al., 1998), it is
unique in that it promotes the release of dopamine via reverse transport (Sulzer et al., 2005),
is more widely distributed in both cortical and subcortical areas, and takes longer to clear
from gray matter (Fowler et al., 2008). Repeated exposure to methamphetamine has been
shown to cause neurodegeneration of striatal axon terminals (Ares-Santos et al., 2013);
elevated levels of dopamine and other neurotransmitters due to methamphetamine use may
ultimately lead to oxidative stress and long lasting damage in brain tissue (Molz et al., 2007).
These differences in the mechanisms of action and recovery may partly explain the effects
seen with methamphetamine relative to cocaine use.

This study has several limitations. First, the cognitive assessment visit occurred on average 2
months prior to the scan visit, which may affect interpretation based on temporal stability of
the measures. While the GDS and some of the frontal systems behavior measures have good
temporal stability for time periods less than 3 months (Cysique et al., 2011; Woods et al.,
2006; Beck et al., 1995), the POMS vigor subscale and the motivation-related questions
from the BDI-I1 used to determine apathy have less stability over time. Overall, the METH+
participants met criteria for depression at both visits, and the Frontal Systems Behavior
Scale has been reported to be stable (Velligan et al., 2002), supporting chronically elevated
apathy in METH+. Therefore, the apathy composite measure combined stable measures
from the cognitive assessment visit with the more state-based measures (i.e., POMS, BDI-II)
from the imaging visit. Future studies should conduct the cognitive assessment closer to the
imaging visit. Second, most METH+ reported current tobacco use, whereas few METH-
did. It is possible that effects may be at least partly attributed to tobacco, although post hoc
analyses found little evidence of its influence on our findings. Third, in several ROIs, the
METH+ percent signal change was below zero, which can be difficult to interpret. Negative
BOLD signal could be related to decreased cerebral blood flow, in turn caused by
suppression of neural activity (Shmuel et al., 2006; Devor et al., 2007). As separate GLMS
for anticipation and outcome were conducted, it’s possible the “negative” activation was due
to other non-modeled events contained within the implicit baseline. Alternatively, other
studies have reported negative BOLD signal in the striatum in response to aversive stimuli,
and which may be due to endogenous dopamine transmission (Shih et al., 2009). An open
question is whether D2 receptor availability in the METH+ group played a role in the
observed negative BOLD signal. Fourth, nearly all participants were men, so results may not
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generalize to women. Finally, a potential limitation was the use of separate scanners during
data collection. In running our ROI analyses, we failed to find statistical differences whether
we nested subject within scanner and used this term as a random effect in the model, used
scanner as a covariate, or did not include scanner at all. As noted in the methods, a number
of publications in the literature (Gountouna et al., 2010; Suckling et al., 2008; Brown et al.,
2011; Costafreda et al., 2007) suggest that multisubject variance far outweighs multisite
variance, although multisite variance is certainly a concern (Friedman et al., 2008).
However, the study by Friedman et al. (2008) was focused on intersite variance across 10
magnets that differed by field strength, manufacturer, head coil and/or acquisition sequence.
Our study used the same field strength, manufacturer, head coils, and sequences for data
collection, save for a need to make a modest change to slice thickness on the MR750 due to
its incompatibility with thinner EPI slices at the time of data collection. Friedman et al.
(2008) also studied the same participants at each site, thereby vastly reducing intersubject
variability. Importantly, our methods followed the guidelines described by Glover et al.
(2012), which suggest that scanner effects be included in the group level model, and that a
mixed effects approach should be used.

This study demonstrated that METH+ have attenuated neural response to potential gains and
losses in areas associated with reward processing. However, these individuals also showed
greater brain response to loss outcomes than gain outcomes within the caudate. Thus, METH
individuals do not process the expectation of negative events as much but — instead — process
the occurrence of these events more intensely. These results are consistent with an impaired
ability to evaluate future risks and benefits that may increase the likelihood of future risky
behavior.
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Positive Trial

:> Win 50 cents or
o nothing

Negative Trial

Lose 25 cents % ' |
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Target Movement Hold Feedback
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_ 1 | | |
:> Win 50 cents or 500 ms 750-1250 ms 1000 ms 750-1250 ms 500 ms

lose 25 cents

Figure 1.
Examples of the trial types and the timeline for a typical trial. The participant is presented

with one of three probabilistic cues; upon extinguishing, the subject uses the fiber optic
joystick to move to the target’s location and hold during the delay period. Probabilistic
feedback based upon the presented cue is provided for each trial as either a blue filled target
indicating a win of 50 cents, a yellow filled target indicating a loss of 25 cents, or a white
target indicating neither losses nor gains for that trial.
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Figure 2.
Striatal subregion masks used in the analysis. A) The coronal plane anterior to the plane of

the anterior commissure is shown, containing the ventral striatum (yellow) and the anterior
caudate (red). B) The sagittal plane showing the division between the anterior caudate (red)
and the posterior caudate (blue), as defined by the anterior commissure.
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Figure 3.
Bar plots of percent signal change mean = SEM demonstrating a group X anticipation

interaction within the A) ventral striatum and B) posterior caudate. METH+ (n=17) are
participants with a history of methamphetamine dependence; METH- (n=23) are healthy
comparison participants. *p<0.05; **p<0.01.
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Page 23

Outcome

PlLoss

Gain

Bar plots of percent signal change mean + SEM demonstrating a group x outcome
interaction within the A) anterior caudate and B) posterior caudate. METH+ (n=17) are
participants with a history of methamphetamine dependence; METH- (n=23) are healthy

comparison participants. *p<0.05.
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