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Dysregulation of D,-Mediated Dopamine Transmission in
Monkeys after Chronic Escalating Methamphetamine
Exposure
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Compulsive drug-seeking and drug-taking are important substance-abuse behaviors that have been linked to alterations in dopaminergic
neurotransmission and to impaired inhibitory control. Evidence supports the notions that abnormal D, receptor-mediated dopamine
transmission and inhibitory control may be heritable risk factors for addictions, and that they also reflect drug-induced neuroadapta-
tions. To provide a mechanistic explanation for the drug-induced emergence of inhibitory-control deficits, this study examined how a
chronic, escalating-dose regimen of methamphetamine administration affected dopaminergic neurochemistry and cognition in mon-
keys. Dopamine D,-like receptor and dopamine transporter (DAT) availability and reversal-learning performance were measured before
and after exposure to methamphetamine (or saline), and brain dopamine levels were assayed at the conclusion of the study. Exposure to
methamphetamine reduced dopamine D,-like receptor and DAT availability and produced transient, selective impairments in the
reversal of a stimulus- outcome association. Furthermore, individual differences in the change in D,-like receptor availability in the
striatum were related to the change in response to positive feedback. These data provide evidence that chronic, escalating-dose metham-
phetamine administration alters the dopamine system in a manner similar to that observed in methamphetamine-dependent humans.
They also implicate alterations in positive-feedback sensitivity associated with D,-like receptor dysfunction as the mechanism by which
inhibitory control deficits emerge in stimulant-dependent individuals. Finally, a significant degree of neurochemical and behavioral
variation in response to methamphetamine was detected, indicating that individual differences affect the degree to which drugs of abuse
alter these processes. Identification of these factors ultimately may assist in the development of individualized treatments for substance
dependence.

Introduction

Difficulties with exerting inhibitory control over prepotent be-
haviors has been proposed as a central feature of substance de-
pendence (Jentsch and Taylor, 1999). Support for this hypothesis
comes from observations that individuals dependent on illicit
substances exhibit inhibitory control deficits (Fortier et al., 2008;
Erscheetal., 2011; Ghahremanietal., 2011), suggesting that these
impairments represent a dimension of behavioral dysfunction
common to many forms of addiction. Although pre-existing in-
hibitory control deficits may be a risk factor for the development
of substance dependence (Dalley et al., 2007; Romer et al., 2009),
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there is evidence that these deficits can result from drug exposure
(Jentsch et al., 2002; Stalnaker et al., 2009; Izquierdo et al., 2010;
Porter et al., 2011). However, the neural adaptations consequent
to drug use that elicit inhibitory control deficits remains an open
research question.

Dysregulation of the dopamine D,-like (D, and D;) receptor
system has emerged as a candidate mechanism underlying diffi-
culties with inhibitory control in addictions (Groman and
Jentsch, 2011; Izquierdo and Jentsch, 2012). Stimulant-dependent
individuals exhibit abnormally low striatal D,-like receptor avail-
ability (Volkow etal., 1993,2001b; Lee et al., 2009), and these deficits
may result from drug exposure itself (Nader et al., 2006). Outside the
context of experience with drugs, pharmacological blockade of D,-
like receptors results in inhibitory control deficits (Lee et al., 2007;
Herold, 2010), and variation in D,-like receptor availability is corre-
lated with individual differences in measures of inhibitory control
(Groman et al., 2011). Therefore, dysfunction of D,-like receptor
transmission may underlie the deficits in inhibitory control that
emerge in drug-dependent individuals.

Some of the alterations in dopaminergic markers observed in
methamphetamine-dependent individuals (McCann et al., 1998;
Lee et al., 2009) can be modeled with high-dose methamphet-
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amine administration (Wagner et al., 1980; Villemagne et al.,
1998). However, much of the long-term impact of realistic pat-
terns of slow, escalating-dose exposure to methamphetamine,
which produces tolerance that protects against drug-induced
neurotoxicity (Segal et al., 2003), on the integrity of the dopa-
mine system remains unknown. Additionally, inconsistent re-
sults have been found regarding the characteristics of cognitive
dysfunction in methamphetamine-dependent persons (Price et
al., 2011), results that may relate to variable drug histories and
individual differences. Finally, measures of inhibitory control
have not been combined with biochemical and neuroimaging
assessments within the same subjects, limiting our understanding
of the complex relationships between these measures.

To bridge these gaps, the current study used positron emission
tomography (PET) to quantify D,-like receptor and dopamine
transporter (DAT) availability in monkeys tested for their abili-
ties to acquire, retain, and reverse visual discriminations before
and after a 31 d escalating dose-regimen of methamphetamine
(or saline). The in vivo phase of this experiment was followed by
ex vivo measurements of dopamine and dopamine-related me-
tabolites in brain regions involved in inhibitory control. Based on
the available evidence, we hypothesized that chronic metham-
phetamine would reduce striatal D,-like receptor and DAT avail-
ability, and dopamine levels, and would produce behavioral
deficits specific to the reversal phase of the discrimination task.

Materials and Methods

Subjects

Fourteen male vervet monkeys [Chlorocebus aethiops sabaeus from the
University of California, Los Angeles (UCLA) Vervet Research Colony],
ranging from 5 to 9 years of age, were included in this study. Monkeys
were individually housed in a climate-controlled vivarium, where they
had unlimited access to water and received twice-daily portions of stan-
dard monkey chow in amounts that exceeded their nutritional needs
(Teklad, Harlan Laboratories). All of the subjects were able to see, hear,
and communicate with other individuals in the room. After behavioral
testing was conducted in the morning, the monkeys received half of their
daily portion of allotted chow (at ~1100 h); their second half was pro-
vided in the afternoon (at ~1500 h). The total amount of chow received
was never reduced during the experiment to increase motivation for task
performance. Two monkeys were excluded from some aspects of the
study for unrelated reasons: one exhibited anxiety that compromised
task performance, and was only used for the imaging and biochemical
assays, and one did not receive a baseline PET scan for D,-like receptor
availability due to technical problems.

All monkeys were maintained in accordance with the Guide for the
Care and Use of Laboratory Animals of the Institute of Laboratory Ani-
mal Resources, National Research Council, Department of Health, Edu-
cation and Welfare Publication No. (NIH) 85-23, revised 1996. Research
protocols were approved by the UCLA Chancellor’s Animal Research
Committee.

Drugs

Met}‘?amphetamine hydrochloride was purchased from Sigma-Aldrich.
Doses of methamphetamine were prepared fresh daily in sterile normal
saline, and the solution was filtered through 22 um Millex syringe filters
(Millipore). All injections were administered intramuscularly at a vol-
ume of 0.1 ml/kg.

Dosing regimen

The dosing regimen was designed to model the escalation in both fre-
quency of intake and cumulative daily dose reported by human users of
methamphetamine (Han etal., 2011). Table 1 provides details of the 31 d
regimen used. The initial dose was administered at 0830 h. During week
2, a second dose was administered at 1630 h. During weeks 3 through 5,
the second dose was administered at 1330 h, and a third was given at
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Table 1. Dose of methamphetamine (mg/kg) given per day and at each injection
during the 31 d dose regimen

Week 1 Day 1 Day 2 Day 3 Day 4 Day 5 Day 6
Injection #1 0.1 0.2 0.3 0.4 0.5
Week 2
Day 7 Day 8 Day9 Day 10 Day 11 Day 12 Day 13

Injection #1 0.25 0.35 0.45 0.55 0.65
Injection #2 0.25 0.35 0.45 0.55 0.65
Week 3

Day 14 Day 15 Day 16 Day 17 Day 18 Day 19 Day 20
Injection #1 0.35 0.45 0.55 0.65
Injection#2  0.45 0.55 0.65 0.75
Injection#3  0.50 0.60 0.70 0.80
Week 4
Day 21 Day 22 Day 23 Day 24 Day 25 Day 26 Day 27
Injection #1 0.6 0.7 0.8 0.9 1.0
Injection #2 0.6 0.7 0.8 0.9 1.0
Injection #3 0.6 0.7 0.8 0.9 1.0
Injection #4 0.6 0.7 0.8 0.9 1.0
Week 5
Day 28 Day 29 Day 30 Day 31
Injection #1 1.0 1.0 1.0
Injection #2 1.0 1.0 1.0
Injection #3 1.0 1.0 1.0
Injection #4 1.0 1.0 1.0

Saline-exposed monkeys received injections of saline using the same regimen.

1630 h. For the last 2 weeks of treatment, the second dose was adminis-
tered at 1100 h, the third at 1330 h, and a fourth at 1600 h.

Discrimination acquisition, retention, and reversal learning
Monkeys were first trained to move from their individual cages into a
transport cart, and were brought to a quiet testing room where the trans-
port cart was aligned with a Wisconsin General Testing Apparatus. The
general procedures used in the current study have been described previ-
ously (Groman et al., 2011).

Monkeys were trained to acquire, retain, and reverse novel visual dis-
criminations. Testing sessions began when the experimenter raised an
opaque screen, allowing the monkey access to three boxes, each fitted
with a novel visual stimulus on top. During each trial, the monkey was
allowed to open a single box. A trial ended after a correct choice of the
rewarded visual stimulus (reward was a small piece of apple, orange,
grape, or raisin), an incorrect choice, or an omission (no response for 2
min), and a 20 s intertrial interval followed. The spatial positions of the
different visual stimuli were varied pseudorandomly across trials.

The first session of a discrimination problem was the acquisition
phase, during which the monkey was presented with three novel stimuli
and had to learn which one was associated with reward on the basis of
trial and error. Once a performance criterion was met (seven correct
choices in 10 consecutive trials), the session ended and the monkey was
returned to its home cage. If the criterion was not met within 80 trials, the
session ended and the same discrimination problem was presented the
following day until the criterion was met. No monkeys required >2 d of
acquisition training.

One day after reaching the acquisition criterion, monkeys were tested
in a retention phase, where the stimulus—reward contingencies remained
unchanged, and again the monkeys were required to meet a performance
criterion (four correct responses in five consecutive trials). Immediately
after reaching this criterion, the reversal phase began, with no explicit
signal of the transition given to the monkey. In the reversal phase, the
stimulus that was rewarded previously was no longer rewarded while one
of the previously nonrewarded stimuli became rewarded. Designation of
the newly rewarded stimulus was counterbalanced across subjects. The
session continued, only for that day, until the monkey met the perfor-
mance criterion (seven correct choices out of 10 consecutive trials) or 70
trials had been completed, whichever occurred first.

The number of trials required to reach criterion and number of correct
responses in the acquisition, retention, and reversal phases were the pri-
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mary dependent measures. For the reversal phase, the number of re-
sponses directed at the previously rewarded stimulus (perseverative
responses) and the number of responses directed at the never rewarded
stimulus (neutral responses) were also recorded. The frequency of each
type of response was also calculated by dividing the number of correct,
perseverative, or neutral responses by the total number of trials com-
pleted in the reversal phase.

Subjects were trained on several novel discrimination problems before
beginning the treatment regimen. The baseline data for 12 of the 14
monkeys used in the current study have been presented in detail previ-
ously (Groman et al., 2011). Assignment of monkeys to the saline group
(N = 7) or the methamphetamine (N = 7) group was balanced on the
basis of average performance in the acquisition, retention, and reversal
phases of the last three visual discrimination problems completed imme-
diately before beginning the dosing regimen.

Drug effects on behavioral performance were determined by compar-
ing data at three time-points, each assessment performed using novel
stimuli and the same performance criteria: (1) performance derived from
the discrimination problem completed immediately before the treat-
ment regimen was started (referred to as the “baseline assessment”); (2)
performance during 3 weeks within the course of the treatment regimen
(referred to as the “3 week assessment”; to limit the anorectic effects of
methamphetamine, this test occurred after at least 36 h had elapsed since
the last methamphetamine or saline administration); and (3) perfor-
mance at 5 d after the last drug administration (referred to as the “5 d
postexposure assessment”).

After completion of the dose regimen, two additional behavioral as-
sessments were conducted, but the performance criterion was increased
(nine correct choices in 10 completed trials for the acquisition, retention,
and reversal phases) to augment the cognitive demands of the task. Spe-
cifically, the additional acquisition and retention training was expected
to increase the likelihood of perseverative responding; these two “high-
difficulty” sessions were conducted at 8 d and 2 weeks after cessation of
drug administration (referred to as the “8 d postexposure assessment”
and the “2 week postexposure assessment,” respectively).

MRI scanning procedures

One week after the acquisition of baseline PET scans, structural magnetic
resonance (MR) images were acquired on a 1.5 T Siemens scanner to
allow for anatomically based demarcation of regions of interest (ROIs)
using procedures identical to those previously described (Groman et al.,
2011). A second MR image was acquired ~3"2 weeks after completion of
the dosing regimen; however, only the first MR image was used in the
current study for coregistration purposes.

PET scanning procedures

PET scanning was performed using ['®F]fallypride and [''CJWIN-
35,428 as radioligands for measurements of dopamine D,-like receptors
and DAT availability, respectively. Three PET scanning sessions were
conducted: (1) ~2 weeks before initiating drug administration (referred
to as the “baseline scan”); (2) ~2 weeks after cessation of drug adminis-
tration, to examine the immediate effects of methamphetamine (referred
to as the “2 week postexposure scan”); and (3) 7 weeks after cessation of
drug administration to examine the stability of neural changes and the
potential for recovery (referred to as the “7 week postexposure scan”). All
scans were conducted using a MicroPET Model P4 scanner (Concorde
Instruments), with procedures previously described (Groman et al.,
2011).

Monkeys received an intramuscular injection of ketamine hydrochlo-
ride (10 mg/kg) and glycopyrrolate (0.01 mg/kg). After monkeys were
sedated, an endotracheal tube was placed to provide inhalation of 2-3%
isoflurane (in 100% O,). Vital signs (heart rate, respiratory rate, oxygen
saturation, and temperature) were monitored and recorded every 15 min
throughout the scan. A tail-vein catheter was placed, and the monkey was
positioned on the scanning bed such that the imaging planes were parallel
to the orbitomeatal line and the top of the head was at the front of the
field of view. A 20 min ®®Ge transmission scan was acquired before
administration of the radioligand for attenuation correction. All subjects
received a bolus injection [ ''C]JWIN-35,428 (1.0 mCi/kg), followed by a
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5 ml saline flush, and data were acquired for 90 min. When radioactivity
had fallen to baseline levels (~3 h after [ '*C]WIN-35,428 administra-
tion), a bolus injection of [ '*F]fallypride was delivered (0.3 mCi/kg),
followed by a 5 ml saline flush. Dynamic data were acquired in list mode
for 180 min. After the scan, gas anesthesia was removed and the animals
were allowed to recover overnight before being returned to their home
cages.

Quantification of dopamine and dopamine metabolites
Approximately 2—6 months after completing the dose regimen, monkeys
were chemically restrained with ketamine hydrochloride (10 mg/kg,
im.) and heavily sedated with sodium pentobarbital (30 mg/kg, i.v.).
Following loss of the corneal reflex, they were transcardially perfused
with ice-cold saline for 10 min; their brains were then removed and
regionally dissected on a cold platform. The tissue was immediately fro-
zen on dry ice and stored at —80°C until assayed. Tissue was processed by
HPLC, as previously described (Jentsch et al., 1997).

Based on previous studies, we hypothesized that dopamine and
dopamine-related metabolites (HVA, homovanilic acid; DOPAC, 3,4-
dihydroxyphenylacetic acid; 3-MT, 3-methoxytyramine) would be most
affected by exposure to methamphetamine within the striatum (Melega
etal., 2008). Therefore, we restricted our analyses to dopamine turnover
ratios [tissue content of each metabolite (in ng/mg protein)/tissue con-
tent of parent amine (ng/mg protein)] within the following brain re-
gions: caudate nucleus, putamen, nucleus accumbens core and shell. In
regions where dopamine turnover differed between methamphetamine-
and saline-exposed monkeys, we conducted additional separate analyses
on levels of dopamine and the related metabolite to further explore ob-
served differences.

Data processing

Feedback-sensitivity measures. Feedback sensitivity was determined by
examining the choice behavior of subjects on a trial-by-trial basis during
the acquisition and reversal phases of the discrimination sessions. First,
trials were categorized on the basis of whether the subjects received pos-
itive or negative feedback on the preceding trial (i.e., rewarded or not).
Following a positive-feedback trial, in which a correct response was
made, the subsequent response was classified either as another correct
response or an incorrect response. For the reversal-phase data, we further
classified an incorrect response as a response directed at the previously
rewarded stimulus, or a response to the stimulus that was never re-
warded. Following negative feedback, when an incorrect response was
made, the subsequent response was classified either as the same incorrect
response or a response directed at one of the other two stimuli, regardless
of whether the response was correct or incorrect. The total number of
these individual types of responses made after positive or negative feed-
back was determined, and the frequency of being made was calculated by
dividing these totals by the total number of positive or negative events,
respectively, for the acquisition and reversal phase of each discrimination
session.

Reconstruction of PET images. Three-dimensional sinogram files were
created by binning the data into 18 frames (four 60 s frames, three 120 s
frames, six 300 s frames, and five 600 s frames) for [ ''CJWIN-35,428
sinograms, and 33 frames (six 30 s frames, seven 60 s frames, five 120 s
frames, four 300 s frames, nine 600 s frames, one 1200 s frame and one
1800 s frame) for [ '®F]fallypride sinograms. We applied a previously
validated algorithm to the transmission scan list-mode data to generate
attenuation maps (Vandervoort and Sossi, 2008). This algorithm uses an
analytical scatter correction, based upon the Klein—Nishina formula, for
singles-mode transmission data. Following construction of the attenua-
tion maps, emission list-mode files were reconstructed using OSEM
(Ordered-Subsets Expectation Maximization) algorithm, and corrected
for normalization, dead time, scatter, and attenuation using software
provided by the scanner manufacturer (microPET Manager version
2.4.1.1, Siemens). The resultant images had voxel dimensions of 0.949
mm X 0.949 mm X 1.212 mm and matrix dimensions of 128 X 128 X 63.

PET data processing. Using FSL View (FMRIB’s Software Library v4.0),
the following ROIs were drawn on the structural MR image of each
subject by a single experimenter blind to the subject’s identity: the cau-
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date nucleus, putamen, ventral striatum, ven- A
tral mesencephalon, and cerebellum.
Reconstructed PET images were corrected
for motion using the realignment function
within Statistical Parametric Mapping 5 (Insti-
tute of Neurology, University College London,
London, England). Each subject’s MR image
was then coregistered to the PET image using
the Automated Image Registration program
(AIR version 5; Woods et al., 1993), and the
resultant transformation was applied to the T

D,-like Receptor Availability

Groman et al. @ Methamphetamine Alters Dopaminergic Systems

ROIs. ROIs in the native PET space were then
used to extract activity from the PET images,
and imported into the PMOD Kkinetic analysis
program. Time-activity curves were fit using
the Multilinear Reference Tissue Model
(MRTM; Ichise et al., 2003) to provide an esti-
mate of k2’, the rate constant of tracer transfer
from the reference region (cerebellum) to
plasma. The k2" estimates of the high-activity
areas in the caudate nucleus and putamen were
averaged, and time-activity curves were refit

D,-like Receptor Availability
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with MRTM2 using the average fixed k2’ value
applied to all brain regions and a fixed starting
point of 27.5 min. Binding potentials from the
left and right brain structures were averaged to
create single measurements for each ROI.

Figure1.

2-Weeks Post
Exposure

T T T

7-Weeks Post
Exposure

2-Weeks Post
Exposure

7-Weeks Post
Exposure

Baseline

D,-like receptor availability in the caudate nucleus (A), putamen (B), ventral striatum (€), and ventral mesencephalon
(D) in saline-exposed (open circles) and methamphetamine-exposed (closed circles) monkeys at baseline, 2 weeks post-drug

exposure, and 7 weeks post-drug exposure. * indicates a significant change from baseline; # indicates a significant change from 2

Statistical analyses

Initial inspection of the PET and behavioral
measures revealed significant violations of
sphericity and non-normal data distributions that violated the general
assumptions of general linear models. These violations prevented the use
of statistical models, such as a repeated-measures ANOVA or an analysis
of covariance for these data, which require sphericity and normally dis-
tributed data. All analyses were conducted using generalized estimating
equations, a quasi-likelihood-based, population-averaged model that al-
lows for variance of the dependent variable to be a specified function of
the mean (to account for non-normal distribution) and for correlated
datasets and nonlinear relationships between its mean and the set of
linear predictors (Ballinger, 2004). Where applicable, longitudinal data
(i.e., PET and behavioral data) were entered into the model as repeated
measures, and experimental group was included as a between-subjects
factor. For the PET data, measurements calculated for a given ROI at the
3 scans were entered as repeated measures, with experimental group as a
between-subjects factor. The covariance structure was determined on the
basis of goodness-of-fit estimates (Quasi Likelihood under Indepen-
dence Model Criterion), and probability distribution and link functions
chosen on the basis of known properties of the type of variable or through
exploratory analysis of descriptive qualities of data distributions. PET
data were analyzed using an unstructured working correlation matrix
and an inverse Gaussian distribution with the identity link function.
Behavioral data were analyzed using an unstructured working correla-
tion matrix and a negative binomial distribution with a log link function.
Finally, for the ex vivo data, dopamine turnover was analyzed using an
unstructured working correlation matrix and normal distribution with
the identity link function. Dopamine and HVA levels were analyzed us-
ing an unstructured correlation matrix and a gamma distribution with
the identity link function. Significant interactions were explored using
post hoc, pairwise comparisons with a Bonferroni adjustment to correct
for multiple comparisons. Because saline-exposed monkeys exhibited
changes in the behavioral and neurochemical measures over time, pair-
wise comparisons were conducted considering the baseline measures for
each subject, rather than using simple between-groups contrasts at each
time point. Spearman’s rank correlation coefficient (Spearman’s p) was
used to assess the statistical dependence of PET and behavioral measures.
The number of days since completion of the treatment regimen was
included as a covariate in the postmortem analyses.

weeks post-drug exposure. ***p << 0.001, *p << 0.001. SED, SE of the mean of differences.

Results

D,-like receptor availability

The effects of methamphetamine on D,-like receptor avail-
ability revealed no significant group differences (saline vs
methamphetamine) before treatment in any of the brain re-
gions examined (all p values >0.35). However, drug exposure
significantly affected D,-like receptor availability in the cau-
date nucleus (group: Wald x> with 1 df = 0.030, p = 0.86;
scan: Wald x? with 2 df = 31.59, p < 0.001; group by scan:
Wald x> with 2 df = 48.91, p < 0.001; Fig. 1A), putamen
(group: Wald x* with 1 df = 0.001, p = 0.98; scan: Wald
with 2 df = 37.96, p < 0.001; group by scan: Wald x? with 2
df = 54.94, p < 0.001; Fig. 1B), and ventral striatum (group:
Wald x*with 1 df = 0.012, p = 0.91; scan: Wald x* with 2 df =
9.20, p = 0.01; group by scan: Wald x> with 2 df = 24.95, p <
0.001; Fig 1C), but not in the ventral mesencephalon (group:
Wald x? with 1 df = 0.58, p = 0.45; scan: Wald x> with 2 df =
10.29, p = 0.006; group by scan: Wald x> with 2 df = 1.91,p =
0.38; Fig. 1D). Post hoc analyses confirmed that D,-like recep-
tor availability had decreased from baseline levels in only the
caudate nucleus and putamen at the 2 week post-treatment
scan in methamphetamine-exposed monkeys (all p values
<0.001); however, no significant pairwise comparisons were
detected in the ventral striatum (all p values >0.11). The re-
ductions in D,-like receptor availability in both the caudate
nucleus and putamen were still present at the 7 week postex-
posure scan (all p values <0.001), despite a significant increase
between the 2 week and 7 week postexposure scans in both
regions (all p values <0.001). The saline-exposed group exhib-
ited an unexpected increase in D,-like receptor availability in
the caudate and putamen at the 2 week postexposure scan
(p < 0.001), an effect that remained at the 7 week postexpo-
sure scan (p < 0.001); these effects could reflect the low-level
stress associated with daily saline injections.
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(all p values >0.90). However, no signifi-
cant changes from baseline in DAT avail-
ability were detected in saline-exposed
monkeys at the 7 week postexposure scan
in any of the brain regions (all p values
>0.90).

-O- Saline (N=7)
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Group assignment on the basis of baseline
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the two groups: the average number of tri-
als required to reach criterion in the ac-
quisition, retention, and reversal phase of
the last three visual discrimination ses-
sions was not significantly different be-
tween groups (all p values >0.30).
Analysis of behavior before, during,
and after drug administration revealed no
significant differences between groups for
the number of trials required to reach cri-
terion in the acquisition phase (group:

SED
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Figure 2.

DAT availability

Similar to findings on D,-like receptor availability, no significant
group differences (saline vs methamphetamine) in DAT avail-
ability were detected before treatment in any of the brain regions
examined (all p values >0.30). However, drug exposure altered
DAT availability in the caudate nucleus (group: Wald x> with 1
df = 4.54, p = 0.03; scan: Wald x> with 2 df = 56.75, p < 0.001;
group by scan: Wald y* with 2 df = 20.67; p < 0.001; Fig. 2A),
putamen (group: Wald x> with 1 df = 8.16, p = 0.004; scan: Wald
x> with 2 df = 52.38, p < 0.001; group by scan: Wald x> with 2
df = 91.37, p < 0.001; Fig 2B), ventral striatum (group: Wald x>
with 1 df = 3.62, p = 0.06; scan: Wald x> with 2 df = 44.07, p <
0.001; group by scan: Wald y* with 2 df = 17.68, p < 0.001; Fig.
2C), and ventral mesencephalon (group: Wald x> with 1 df =
1.57, p = 0.21; scan: Wald x> with 2 df = 24.29, p < 0.001; group
by scan: Wald x> with 2 df = 9.62, p = 0.008; Fig. 2D). Post hoc
analyses revealed that methamphetamine-exposed monkeys ex-
hibited significant reductions in DAT availability at the 2 week
postexposure scan in the caudate nucleus, putamen, and ventral
striatum (all p values <0.001), but not in the ventral mesenceph-
alon (p = 0.10). The reduction in DAT availability in
methamphetamine-exposed monkeys, relative to baseline, per-
sisted at the 7 week postexposure time-point in the caudate nu-
cleus and putamen (all p values <0.001), although there was a
significant increase in DAT availability at the 7 week postexpo-
sure scan relative to the 2 week postexposure scan (all p values
<0.001). Reductions in DAT availability in the ventral striatum
of methamphetamine-exposed monkeys were still present at the
7 week postexposure scan (p < 0.001), with no significant recov-
ery occurring between the 2 week and 7 week postexposure scan
(p = 0.38). An unexpected reduction in DAT availability, com-
pared with baseline, at the 2 week postexposure scan was found in
saline-exposed monkeys in the ventral striatum (p = 0.03), but
not in the caudate nucleus, putamen, or ventral mesencephalon

2-Weeks Post

DAT availability in the caudate nucleus (4), putamen (B), ventral striatum (C), and ventral mesencephalon (D) in
saline-exposed (open circles) and methamphetamine-exposed (closed circles) monkeys at baseline, 2 weeks post-drug exposure,
and 7 weeks post-drug exposure. * indicates a significant change from baseline; # indicates a significant change from 2 weeks
post-drug exposure. *p < 0.05, **p << 0.01, ***p < 0.001, **p < 0.001. SED, SE of the mean of differences.

Wald x* with 1 df = 1.38, p = 0.24; dis-
crimination session: Wald x? with 2 df =
2.70, p = 0.26; group by discrimination
session: Wald x* with 2 df = 0.14, p =
0.93; Fig. 3A) or in the retention phase
(group: Wald x* with 1 df = 0.35, p =
0.56; discrimination session: Wald x*
with 2 df = 0.80, p = 0.67; group by dis-
crimination session: Wald y? with 2 df = 0.17, p = 0.92; Fig. 3B).
However, trials required to reach criterion in the reversal phase
significantly diverged between groups across subsequent behav-
ioral assessment points (group: Wald x> with 1 df = 0.00, p =
0.99; discrimination session: Wald x> with 2 df = 13.79, p =
0.001; group by discrimination session: Wald x* with 2 df =
67.56, p < 0.001; Fig. 3C). Post hoc analyses confirmed that this
was due to an increase in the number of trials required to reach
criterion in methamphetamine-exposed monkeys between baseline
and the 3 week assessment (p < 0.001); however, no other pairwise
comparisons were significant (all p values >0.81), indicating that
this behavioral effect was transient. Table 2 presents the number of
trials required to reach criterion for each subject during the reversal
phase of each discrimination session completed.

7-Weeks Post
Exposure

Relating changes in D,-like receptor availability

with behavior

We previously reported that individual differences in D,-like re-
ceptor availability within the dorsal striatum were correlated with
reversal-learning performance and sensitivity to positive but not
negative feedback (Groman et al., 2011). Therefore, it was hypothe-
sized that the change in D,-like receptor availability within the dorsal
striatum across scans would be correlated with the change in
positive-feedback sensitivity, regardless of drug exposure.

To test this hypothesis, the relationship between difference
scores for D,-like receptor availability in the dorsal striatum (2
weeks postexposure scan, baseline) and feedback-sensitivity
measures gathered before and after treatment during the re-
versal phases (5 d postexposure assessment, baseline) were exam-
ined. Consistent with previous results, changes in D,-like
receptor availability (in any of the brain regions examined) were
not correlated with the change in negative-feedback sensitivity in
the reversal phases (all p values >0.23). However, the change in
the frequency with which a monkey persisted with a correct response
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following positive feedback was positively correlated with the change
in D,-like receptor availability in the caudate nucleus (Spearman’s
p = 0.587, p = 0.04; Fig. 4A). To examine whether this relationship
was present in methamphetamine- and saline-exposed groups,
the correlation coefficients for methamphetamine- and
saline-exposure groups were compared using the Fisher trans-
formation. The correlation coefficients did not differ statistically
between the groups (methamphetamine-exposed monkeys: Spear-
man’s p = 0.571; saline-exposed monkeys: Spearman’s p = 0.60; z =
—0.06, p = 0.95), indicating that the change in D,-like receptor was
positively correlated with change in behavior, regardless of group.
To examine the persistence of this relationship, the same anal-
ysis was conducted using difference scores, from baseline, for the
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Table 2. The number of trials required to reach criterion performance in reversal by
individual subjects across each ascertainment

Sweek  5d 1 week 3 weeks
Baseline assessment postexposure postexposure postexposure

Subject Exposure group

A9727 Saline 50 | 70 32 59
B9721 Saline 20 13 13 50 42
H0271 Saline 30 37 16 27 16
10221  Saline 55 34 38 47 43
L0441 Saline 24 17 8 18 21
N0406 Saline 9 10 21 70 22
(9726 Methamphetamine 22 24 17 44 70
D9802 Methamphetamine 49 70 33 70 70
£0241 Methamphetamine 12 48 n 26 19
60261 Methamphetamine 23 32 27 53 29
J0247  Methamphetamine 17 46 38 27 35
K0488 Methamphetamine 10 14 37 31 32
M0457 Methamphetamine 16 24 25 70 27
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§ O Saline (N=5) .
§ % @® Methamphetamine (N=7)
« 3 (o]
é’g 0.2 .. o
Es /°
o g
g o 0.0 b
3.E o
.
28
£ 8 .02 [ )
88 .
s 8
g [ J
o .04 T T T T J
-30 -20 -10 0 10 20 30
B 0.4+
g O Saline (N=6) (o]
§ % @® Methamphetamine (N=7)
o 3
2% o2 o
S o
£ o o
é‘ ; 0.0 e 0O [ ]
SE
¢3 o
23 o
202
82 *
.
£
8 .04 T T T T J
-30 -20 -10 0 10 20 30
Difference in D ,-like receptor availability in the caudate nucleus
Figure 4.  The relationship between changes in D,-like receptor availability in the caudate

nucleus and in the ability of monkeys to persist with a correct response following positive
feedback in saline-exposed monkeys (open circles) and methamphetamine-exposed monkeys
(closed circles). A, Compares the change from baseline in D,-like receptor at the 1 week post-
exposure scan to change from baseline in positive-feedback sensitivity at the 5 d postexposure
assessment. B, Compares the change from baseline in D,-like receptor at the 7 week postexpo-
sure scan to change from baseline in positive-feedback sensitivity at the 3 week postexposure
assessment.

7 week postexposure D,-like receptor availability measurements
and the last behavioral assessment conducted. The change in the
frequency with which a monkey persisted with a correct response
following positive feedback was positively correlated with the
change in D,-like receptor availability in the caudate nucleus
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Table 3. Mean levels of dopamine utilization, dopamine and respective metabolites (DOPAC and HVA) measured ex vivo in the caudate, putamen, nucleus accumbens core,

and nucleus accumbens shell of saline- and methamphetamine-exposed monkeys

Caudate Putamen Nucleus accumbens core Nucleus accumbens shell

SAL MA SAL MA SAL MA SAL MA
DOPAC/DA 0.08 = 0.01 0.11 = 0.02 0.07 = 0.01 0.12 = 0.02** 0.14 = 0.01 0.19 £ 0.02** 0.22 +0.02 0.25 +0.02
HVA/DA 0.82 = 0.09 1.46 = 0.23* 0.99 = 0.15 1.54 = 0.17* 1.44 = 0.17 2.29 * 0.34* 1.56 = 0.18 1.83 +0.24
DA 87.69 + 20.98 41.66 = 8.86 110.15 = 18.09 59.34 =+ 4.30** 77.02 =10 42,37 + 2.87*** 64.79 + 13.1 46.65 * 6.35
DOPAC 6.77 = 411 485 +3.15 7.22 = 1.80 721122 11.41 = 2.1 829 £ 0.76 14.24 = 542 11.92 +3.94
HVA 72.09 * 16.28 60.71 = 16.04*** 103.20 = 16.25 91.34 + 11.86 110.39 * 18.08 97.28 = 14.63 99.88 + 30.2 85.56 + 33.1

Mean levels are ng/mg tissue = SEM. Dopamine utilization, the ratio of levels of the metabolite to levels of dopamine; DA, dopamine; SAL, saline; MA, methamphetamine. Significant group differences are highlighted in bold.

*p < 0.05; **p < 0.01; ***p < 0.001.

(Spearman’s p = 0.60; p = 0.03; Fig. 4B), and the correlation
coefficientsdid notdifferbetweenthegroups (methamphetamine-
exposed monkeys: Spearman’s p = 0.54; saline-exposed mon-
keys: Spearman’s p = 0.54).

Relating changes in DAT availability with behavior

To examine the specificity of the above-mentioned relationships,
the same analyses were conducted with the change in DAT avail-
ability (2 week postexposure scan, baseline) and the change in
positive-feedback sensitivity in the reversal phases (5 d postexpo-
sure assessment, baseline). The change in DAT availability within
the putamen was negatively correlated with change in the fre-
quency of monkeys choosing the never-rewarded stimulus fol-
lowing positive feedback (Spearman’s p = —0.65; p = 0.02). No
other significant correlations were detected (all p values >0.05).

Quantification of dopamine and dopamine metabolites

Table 3 outlines the results from the ex vivo tissue analysis of the
four striatal regions examined in this study. Dopamine turnover
with levels of HVA and DOPAC, but not 3-MT, was higher in
methamphetamine-exposed monkeys, compared with saline-
exposed monkeys, in the caudate nucleus (HVA/dopamine:
Wald x? with 1 df = 9.05, p = 0.003; DOPAC/dopamine: Wald
x> with 1 df = 3.16, p = 0.08), putamen (HVA/dopamine: Wald
x* with 1 df = 10.81, p = 0.001; DOPAC/dopamine: Wald X
with 1 df = 6.42, p = 0.01), and nucleus accumbens core (HVA/
dopamine: Wald x> with 1 df = 9.51, p = 0.002; DOPAC/dopa-
mine: Wald y?* with 1 df = 10.98, p = 0.001). Further analyses
indicated that these effects were the result of lowered dopamine
levels in methamphetamine-exposed, compared with saline-
exposed, monkeys within the putamen (mean * SEM saline:
110 = 17 ng/mg, methamphetamine: 59 = 4.16 ng/mg; Wald x>
with 1 df = 9.75, p = 0.002) and nucleus accumbens core
(mean * SEM saline: 77 * 9.8 ng/mg, methamphetamine: 42 =
2.87 ng/mg; Wald x* with 1 df = 14.81, p < 0.001), rather than
differences in DOPAC or HVA levels (all p values >0.14). Dopa-
mine or HVA levels in the caudate did not differ significantly
between methamphetamine- and saline-exposed monkeys (all p
values >0.39).

Discussion

The findings reported here provide direct evidence that exposure
to an escalating dose regimen of methamphetamine administra-
tion produces changes to the dopamine system that mirror those
that have been previously observed in human methamphetamine
abusers (Volkow et al., 2001b; Lee et al., 2009). By combining a
chronic, escalating dose regimen that models human metham-
phetamine abuse more closely than the acute, large-dose regi-
mens previously used, with a longitudinal study design, we
provide evidence that a 31 d escalation of methamphetamine
administration significantly reduces striatal D,-like receptor,

DAT availability, and dopamine tone. The persistence of these
effects following 7 weeks of abstinence indicates that though
some recovery occurs, as in humans (Volkow et al., 2001a), it is
limited and proceeds slowly. Furthermore, methamphetamine
administration produced transient behavioral deficits that were
linked to the observed changes in the dopaminergic system.

Escalation of methamphetamine administration results in
diminished striatal D,-like receptor availability, DAT
availability, and dopamine levels

In line with the current results, previous evidence indicates dysfunc-
tion of the dopamine system is a neurochemical consequence of
methamphetamine exposure. High doses of methamphetamine
rapidly reduce striatal DAT density/availability and dopamine tone
in rodents and primates (Fleckenstein et al., 1997; Melega et al.,
1998), paralleling the abnormalities found in humans who abuse
methamphetamine. However, inconsistent results have been found
with respect to the D,-like receptor system. Although research par-
ticipants who abuse methamphetamine exhibit abnormally low D,-
like receptor availability, when compared with controls (Volkow et
al., 2001a,b; Lee et al., 2009), there are discrepancies in the literature
as to whether this effect is a consequence of methamphetamine
(Schmidt et al., 1985; Melega et al., 2008). The data presented here
suggest that methamphetamine-induced reductions in D,-like re-
ceptors emerge during the course of extended exposure, and that
these reductions persist beyond the duration of acute, high-dose
administration of the drug (McCabe et al., 1987).

The mechanism by which methamphetamine alters the dopa-
mine system is not fully understood; however, there is evidence that
the effects depend on basal dopamine tone (Thomas et al., 2008).
Auto-oxidation of dopamine results in the production of reactive
oxygen and nitrogen species, and free-radical formation is elevated
following methamphetamine administration (Riddle et al., 2006);
preventing this oxidation blocks methamphetamine-induced re-
ductions in DAT and tissue-dopamine content (Imam et al., 1999;
Fukami et al., 2004; Hashimoto et al., 2004). It is not known, how-
ever, whether free-radical formation contributes to the molecular
changes elicited by slow, escalating dose administration reported
here.

Striatal D,-like receptor availability increased in several of the
saline-exposed monkeys. Previous studies have reported greater
D,-like receptor levels in rodents exposed to chronic mild stress
(Lucas et al., 2007; Yaroslavsky and Tejani-Butt, 2010), but this
effect may be a consequence of multiple, daily control injections,
or it could be due to the simple passage of time in the study. In
either case, these results emphasize the importance of a true con-
trol group.

Effects on inhibitory control
Methamphetamine exposure resulted in behavioral deficits that
were restricted to the reversal phase of the task: when the contin-
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gencies of the task reversed, methamphetamine-treated monkeys
required significantly more trials to reach the performance crite-
rion. Similar deficits have been found in human methamphet-
amine users (Ghahremani et al., 2011) and in rats exposed to
multiple, high doses of methamphetamine (Izquierdo et al.,
2010). This impairment was most robust during the assessment
conducted 3 weeks into the dosing regimen because metham-
phetamine impaired inhibitory control processes in all monkeys.
The lack of group differences in the ability of monkeys to acquire
a novel stimulus—reward association suggests that methamphet-
amine exposure impairs the ability to recruit the additional cog-
nitive resources that are required when contingencies change.
Unlike previously reported long-lasting effects of cocaine (Jen-
tsch et al., 2002), the methamphetamine-induced reversal im-
pairment was transient, present only during early withdrawal
from methamphetamine. This discrepancy may be due to the
extensive pretraining the current subjects received on the task, as
the circuitry underlying reversal learning is known to change as a
function of experience (Boulougouris and Robbins, 2009; Rygula
et al., 2010). Thus, the relatively higher degree of training con-
ducted in this study may have resulted in task performance being
governed by an increasingly distributed and/or robust array of
neural systems, which in turn may have obscured our ability to
detect enduring changes in inhibitory control processes that have
been found in cocaine-exposed animals with limited reversal-
learning training (Jentsch et al., 2002; Schoenbaum et al., 2004).
Two additional weeks of methamphetamine exposure did not
alter reversal-learning performance consistently in all subjects.
The reason for the differences in behavioral response to metham-
phetamine is unknown. However, within methamphetamine-
dependent populations there is a high degree of variability in
cognitive control capabilities, even when accounting for lifetime
methamphetamine use (Cherner et al., 2010). The heterogeneity
of the behavioral impact of methamphetamine in the current
set of data, in combination with results from studies of
methamphetamine-dependent individuals, suggests that pre-
existing factors mediate the biobehavioral effects of metham-
phetamine. Although these factors have yet to be identified,
variation in striatal dopamine tone, before drug use, represents
one potential candidate. Greater amphetamine-induced dopa-
mine release is associated with the degree of self-reported impul-
siveness (Buckholtz et al., 2010), which itselfis a risk factor for the
development of addictions (Auger et al., 2010; Ersche et al,,
2010). Because the effects of methamphetamine on the dopamine
system depend on basal dopaminergic tone (Thomas et al., 2008),
individual variability in levels of dopamine may mediate the cog-
nitive response to methamphetamine. Further evidence is needed
to determine the validity of this hypothesis and to identify other
potential factors that can account for the individual variability in
long-term behavioral response to methamphetamine.

Deviations in D,-like receptor availability correlate with
changes in positive-feedback sensitivity

The change in D,-like receptor availability in the dorsal striatum,
but not DAT availability, correlated with the change in positive-
feedback sensitivity. These data, taken with previous evidence
(Groman et al., 2011), indicate that the D,-like receptor system
plays a specific role in modulating sensitivity to positive feedback.
The correlations were detected only in the reversal phase, most
likely due to the heightened demands this phase of the task places
on subjects to rapidly incorporate feedback into subsequent
responses. The relationship between D,-like receptor avail-
ability and positive-feedback sensitivity was exhibited by both

Groman et al. @ Methamphetamine Alters Dopaminergic Systems

methamphetamine- and saline-exposed groups, indicating that re-
gardless of the influences acting on D,-like receptor function, regu-
lation of D,-like receptor availability is associated with changes in
positive-feedback sensitivity.

Individual differences in the biobehavioral response to
methamphetamine and implications for addictions
Methamphetamine treatment reduced DAT availability in all
monkeys; however, the same was not true regarding the D,-like
receptor system. Methamphetamine treatment caused large re-
ductions in D,-like receptor availability for some monkeys
(~30-40%), but had little or no effect in others. In the current
study, methamphetamine was administered via an experimenter,
rather than by the subject. Although the administration model
used in the current study does not capture individual choices in
drug use, it does allow for precise control over the dose and
timing of drug administration. Even with these controls in place,
the results of the current study indicate that there is a substantial
degree of variability in the biobehavioral response to methamphet-
amine. Therefore, biological or environmental factors, outside the
patterns or amount of drug intake, affect the biobehavioral effects of
drug experience.

Dysfunction of the D,-like receptor has been proposed to be a
common biochemical correlate of addiction (Volkow et al., 1993,
2001b; Lee et al., 2009; Johnson and Kenny, 2010), and improv-
ing function at these receptors is a treatment strategy of interest
(Kosten et al., 2002; Thanos et al., 2004, 2008). Further, deficits in
behavioral flexibility are believed to be a core phenotype of ad-
diction (Jentsch and Taylor, 1999) and to be correlated with the
retention of cocaine-dependent individuals in a treatment program
(Aharonovich etal., 2006), which itself is one of the best predictors of
sobriety (Zhang et al., 2003). Indeed, administration of the D,-like
receptor agonist pramipexole alleviates impairments of reversal
learning in stimulant-dependent individuals (Ersche et al., 2011),
indicating that enhancing D,-like receptor function can improve
inhibitory control and may, by proxy, improve abstinence rates.

However, D,-agonist-based treatments have been unsuccess-
ful in improving abstinence rates among stimulant-dependent
individuals (Handelsman et al., 1997). This failure may be due to
the high degree of symptom heterogeneity that exists within ad-
dictions, particularly related to inhibitory control. Although
some drug-dependent individuals have profound cognitive-
control impairments, others perform at levels comparable to that
of healthy control subjects (Ersche et al., 2008). Here, we also
found heterogeneity in the behavioral impact of methamphet-
amine. Therefore, D,-like receptor agonists may have the greatest
therapeutic benefit in individuals whose primary behavioral def-
icit is inhibitory control.

Conclusions

By combining neuroimaging and behavioral techniques, the current
study provides a mechanistic understanding of the emergence of
inhibitory-control deficits in drug-dependent populations. Though
recent reviews of the literature have called into question the behav-
ioral and neural toxicity associated with methamphetamine (Hart et
al., 2012), the current results provide unambiguous data indicating
that a realistic model of methamphetamine experience triggers alter-
ations in dopaminergic transmission that likely culminate in the
inhibitory-control deficits associated with the persistent use of stim-
ulants (Ersche et al., 2008; Ghahremani et al., 2011). Specifically, we
propose that dysfunction of the D,-like receptor results in reduc-
tions in sensitivity to positive feedback, which behaviorally manifests
as the habitual and compulsive phenotype exhibited by drug-
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dependent individuals. These data provide insight into the neural
and behavioral consequences of methamphetamine abuse and have
broad implications for understanding the biobehavioral interactions
that underlie addictions.
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