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A Thalamocorticostriatal Dopamine Network for
Psychostimulant-Enhanced Human Cognitive
Flexibility
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Background: Everyday life demands continuous flexibility in thought and behavior. We examined whether individual differences in
dopamine function are related to variability in the effects of amphetamine on one aspect of flexibility: task switching.

Methods: Forty healthy human participants performed a task-switching paradigm following placebo and oral amphetamine
administration. ['®Flfallypride was used to measure D2/D3 baseline receptor availability and amphetamine-stimulated dopamine release.

Results: The majority of the participants showed amphetamine-induced benefits through reductions in switch costs. However, such
benefits were variable. Individuals with higher baseline thalamic and cortical receptor availability and striatal dopamine release showed
greater reductions in switch costs following amphetamine than individuals with lower levels. The relationship between dopamine
receptors and stimulant-enhanced flexibility was partially mediated by striatal dopamine release.

Conclusions: These data indicate that the impact of the psychostimulant on cognitive flexibility is influenced by the status of
dopamine within a thalamocorticostriatal network. Beyond demonstrating a link between this dopaminergic network and the
enhancement in task switching, these neural measures accounted for unique variance in predicting the psychostimulant-induced
cognitive enhancement. These results suggest that there may be measurable aspects of variability in the dopamine system that

predispose certain individuals to benefit from and hence use psychostimulants for cognitive enhancement.

Key Words: Amphetamine, cognitive control, dopamine, flexibility,
parietal cortex, PET, prefrontal cortex, striatum, thalamus

everyday life to adjust behavior according to the changing

demands of the environment. These skills have been
associated with corticostriatal brain regions (1-8) modulated by
the biogenic amines dopamine (DA), serotonin, and norepinephr-
ine (9,10). The ability to switch tasks represents an important
component of cognitive flexibility because it is essential for
adaptively adjusting behavior in response to changing internal or
external needs. This ability can be quantified as the additional
amount of time it takes to switch to a new task relative to
repeating the same task (“switch cost”) (11). Deficits in this ability
arise in a number of neuropsychiatric disorders including

C ognitive flexibility refers to the broad set of skills used in
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attention-deficit/hyperactivity disorder (12) and Parkinson’s dis-
ease (13), as well as in normal aging (14).

Task switching has both theoretically (15) and empirically
been associated with the neuromodulator DA. Although manip-
ulations of the DA system affect switch costs (12,13,16-18),
responses to such manipulations are variable across participants.
Understanding such variability is critical for evaluating the utility
of agents aimed at modulating the DA system in a given
individual. This issue takes on particular importance for psychos-
timulants given their widespread licit and illicit usage for
promoting attention and alertness (19).

Genetic studies suggest that heritable individual variability in
the function or expression of DA signaling pathway components,
including catechol-O-methyltransferase, the DA transporter, and
D2 receptors may contribute to individual differences in switch
costs (20-23). However, to date these genetic studies have not
directly measured DA functioning; thus, the relationship between
variability in DA and individual differences in behavior are
inferred rather than empirically observed. Indeed, knowledge of
the cognitive correlates of individual differences in DA function-
ing of specific brain regions is largely absent from the human
literature because cognitive genetic association studies are
typically unable to provide information about regional specificity,
and most DA positron emission tomography (PET) imaging
studies use low-affinity radioligands (e.g., [''Clraclopride) that
are only suitable for assessing binding potential in the striatum.

In this study, we examined individual differences in psycho-
stimulant enhancement of cognitive flexibility, specifically focusing
on task switching (11), by combining pharmacologic manipulation
of the DA system with PET imaging of DA D2/D3 receptors in
healthy young adults. Given previous studies suggesting that the
ability of DA agonists to enhance task-switching behavior may
depend on interindividual variation in DA networks (20), we
examined whether measures of receptor availability and
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psychostimulant-induced DA release predict individual differences in
the cognitive benefits of amphetamine (d-AMPH) administration.

Methods and Materials

Participants

Forty neurologically and psychiatrically healthy right-handed
adult human participants (mean age = 22.4, range 18-33; 21
men, 19 women) with estimated IQ greater than 80 and no
history of substance abuse were studied as part of an ongoing
investigation of individual differences in striatal and extrastriatal
DA release. All participants provided written informed consent
approved by the Vanderbilt University Institutional Review Board.
Female participants were studied during the early follicular phase
of their menstrual cycle. Full screening and study eligibility details
are provided in Supplement 1.

Task Switching

All participants completed a classic task-switching paradigm
(24) (Figure S1 in Supplement 1). The task included predictable
switches on every other trial (see Methods in Supplement 1 for
more details). There were 352 trials per session. Switch costs were
calculated as the difference between the average reaction time
on switch trials (magnitude to odd-even; odd-even to magni-
tude) and the average reaction time on repetition trials (odd-even to
odd-even; magnitude to magnitude) collapsing across two response-
to-stimulus intervals (see Results in Supplement 1 for details).

Participants completed one round of the switch task (352
trials) on placebo and a second round (352 trials) on a .43 mg/kg
oral dose of d-AMPH. Participants performed the task approxi-
mately 90 minutes after ingesting the drug and before entering
the PET scanner. This time delay was selected as the likely peak
time for observing behavioral effects of the drug. We selected d-
AMPH as the pharmacologic agent because of its widespread use
(both licit and illicit) as a cognitive enhancer and its ability to
stimulate DA release in a manner that reliably displaces our
radiotracer, ['®FIfallypride. It is this latter property that allows us
to measure individual differences in DA responses to d-AMPH in
both striatal and extrastriatal regions (25). The sessions were
separated by an average of 18.5 days (SD = 19.8, range = 1-85).
Number of days between sessions was uncorrelated with
changes from placebo to d-AMPH for both mean reaction time,
r=.08, p = .61, and switch cost, r = .05, p = .77. Basic speed of
processing and motor measures were also collected during both
the placebo and d-AMPH sessions and included digit symbol
coding, symbol search, finger tapping, and toe tapping to ensure
that observations were specific to task switching and did not
reflect simple psychomotor processing speed. A subset of 10 of
these participants completed two rounds of the task (separated
by the same number of days as their original two sessions)
several years later to estimate the effect of task repetition in the
absence of a drug (see Results in Supplement 1). This follow-up
was conducted 4-5 years after the tasks were completed the first
time, so it is unlikely that any initial exposure to the task carried
over across this interval. An additional, separate sample of 10
healthy young adults (aged 21-30) performed the task twice but
did not receive d-AMPH or undergo PET imaging (see Results in
Supplement 1).

PET Acquisition and Preprocessing
All PET images were acquired using ['®Flfallypride. Unlike
other D2/D3 ligands, ['®Flfallypride allows stable estimates of D2/
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D3 binding in both striatal and extrastriatal regions (26,27) with
high test-retest reliability (see Methods in Supplement 1 for
more details). Protocols for PET image acquisition and analysis
were derived from a larger ongoing study and have been
previously published (26,28,29).

Participants received two PET scans using ['®Flfallypride. The
first scan was a baseline placebo scan; the second scan was
performed while the participant received a d-AMPH challenge.
PET imaging was performed on a GE Discovery LS scanner (GE,
Milwaukee, Wisconsin) located at Vanderbilt University Medical
Center that was upgraded to a Discovery STE system (GE) during
the course of the study (10 participants on LS, 30 participants on
STE). All participants received their baseline and d-AMPH scans
on the same scanner. Prior analyses with the same data set reveal
no significant differences between scanners (28). Nevertheless,
scanner was included here as a covariate in all analyses.
Following reconstruction both scanners had similar in-plane
and through-plane resolution. ['®Flfallypride was produced in
the radiochemistry laboratory attached to the PET unit, following
synthesis and quality control procedures described in U.S. Food
and Drug Administration Investigational New Drug application
(30). Scans were timed to start 3 hours after .43 mg/kg oral d-
AMPH administration, which was timed to coincide with the
period of peak plasma d-AMPH. 3-D emission acquisition scans
were performed following a 5.0 mCi slow bolus injection of
["®Fifallypride (specific activity >3,000 Ci/mmol). Serial scans
were started simultaneously with the bolus injection of ['®F]fall-
ypride and were obtained for approximately 3.5 hours, with two
15-minute breaks for participant comfort. Computed tomography
transmission scans were collected for attenuation correction
before each of the three emission scans.

Each participant’s serial PET scans were first corrected for
motion across scanning periods and then coregistered to the
participant’s structural T1-weighted magnetic resonance (MR)
image (see Supplement 1 for MR imaging details). Regional D2/
D3 binding potential, nondisplaceable (BPyp) was calculated on a
voxelwise basis using the full reference region method (31), with
cerebellum chosen as the reference region because of its relative
lack of D2/D3 receptors (32). Using the full reference region
method, we have shown near-perfect correlation (r = .99) with
modeled estimates using a metabolite-corrected plasma input
function (33). Although this approach is slower computationally
than the simplified (three-parameter) tissue reference method, it
robustly estimates the key variable of interest (binding potential),
and we have observed excellent convergence of modeled fits in
regions with both high and low DA D2/D3 receptor levels.
Voxelwise kinetic modeling was executed using Interactive Data
Language. Individual voxelwise images of percent-change in
['®FIfallypride binding from placebo to d-AMPH (representing
percent-change in DA release) were created by subtracting each
participant’s d-AMPH scan from their placebo scan and dividing
the resulting imaging by the placebo scan.

Individual Difference Analyses

Before the group analyses, a composite PET binding potential/
T1-weighted MR image was created for each participant and
warped to Montreal Neurological Institute space. The transforma-
tion matrix from this warping was then applied to the binding
potential maps to bring all participants’ data into a common
space. Individual difference analyses of the PET data were
performed in SPM8 (http://www.fil.ion.ucl.ac.uk/spm/) by sepa-
rately regressing participants’ switch cost scores against their D2/
D3 binding (placebo) and d-AMPH-induced DA release (percent-
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Figure 1. The behavioral measure of inflexibility (switch cost) was
reduced with an oral dose of amphetamine (d-AMPH) for most partici-
pants. Gray line is unity line (placebo switch cost = d-AMPH switch cost).
N = 40.

change) images. In all cases, age, sex, and scanner were included
as covariates. Statistical parametric maps were thresholded at a
height of t > 3; cluster threshold was set to 30 contiguous
voxels. Only voxels within clusters surviving a cluster extent
correction for multiple comparisons (prpr < .05) at this threshold
are reported. The topologic false discovery rate default in SPM8
was used here, but the results are unchanged if the correction is
changed to family-wise error rate.

Structural Equation Modeling

A structural equation model was used to illustrate the
relationships between DA binding potential and release across
a thalamic, cortical, and striatal network and their influence on
d-AMPH-induced cognitive flexibility. For the latent variable, one
of three paths to the manifest variables was fixed to an
unstandardized coefficient of 1 during model fitting.
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Results

Behavioral Results

The majority of participants showed a behavioral benefit of
d-AMPH. In addition to an overall decrease in mean reaction time
under d-AMPH (744 msec, SD = 157) compared with placebo
(837 msec, SD = 196), mean switch costs were also reduced
under d-AMPH (210 msec, SD = 101) compared with placebo
(299 msec, SD = 115). The average reduction in switch cost from
placebo to d-AMPH (placebo - d-AMPH = 89 msec, SD = 89)
was significant across the sample, t(39) = 6.32, p < .0001. For
comparison of switch costs under placebo and d-AMPH, see
Figure 1. Additionally, the magnitude of the d-AMPH increase
in cognitive flexibility was predicted by baseline switch costs,
r = .53, p <.001, such that individuals with larger switch costs
under placebo showed greater behavior change.

Neuroimaging Results

The behavioral increase in flexibility (i.e., average reduction in
switch cost from placebo to d-AMPH) was also associated with
baseline DA D2/D3 receptor availability (as indexed by ['®Flfally-
pride binding potential, nondisplaceable: BPyp) in the lateral
prefrontal cortex, left thalamus, and right inferior parietal lobule
(p < .05 whole-brain corrected). In each region, higher levels of
BPnp were associated with larger d-AMPH-associated cognitive
benefits (see Figure 2; Table S1 in Supplement 1). Increases in
flexibility were also associated with DA release in the striatum
(p < .05 whole-brain corrected) as indexed by the change in
['®FIfallypride BPyp following d-AMPH. Higher levels of DA release
in anteromedial aspects of the caudate head were associated with
larger cognitive benefits (Figure 3; Table S1 in Supplement 1).
Although this cluster appears to extend into the white matter
immediately anterior to the caudate, note that the spatial resolu-
tion of the PET data is much lower than the MR imaging template
used as the underlay in the figures. No regions showed effects in

p < 0.001 0.005 (0101 0165

Figure 2. Increases in cognitive flexibility (reductions in switch cost) were associated with dopamine (DA) D2/D3 binding potential in the (A) lateral frontal cortex,
(B) thalamus, and (C) parietal cortex. Scatterplot y axis is size of switch cost reduction from placebo to amphetamine in milliseconds
(d-AMPH SC A). Scatterplot is displayed only as a sample depiction of effects to illustrate the absence of outliers. N = 40. BPyp, binding potential,

nondisplaceable; R, right.
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Figure 3. Increases in cognitive flexibility (reductions in switch cost) were associated with dopamine (DA) release in the caudate. Scatterplot y axis is size
of switch cost reduction from placebo to amphetamine in milliseconds (d-AMPH SC A). Scatterplot is displayed only as a sample depiction of effects to

illustrate the absence of outliers. N = 40.

the opposite direction (i.e, negative correlation between BPyp
and cognitive benefit) at the whole-brain threshold. There were
also no regions that were significantly associated with switch
cost at baseline (placebo) at the cluster-corrected whole-brain
threshold.

The associations between DA receptors and release in these
regions and increased flexibility were specific and not simply a
general cognitive or motor benefit. The relationships with base-
line BPyp and d-AMPH-induced release in these regions remained
significantly associated with the d-AMPH behavioral benefit after
controlling for performance on digit symbol coding, symbol
search, finger tapping, or toe tapping tasks. The d-AMPH
improvement in performance was significant for digit symbol
coding, t(38) = 3.06, p < .005, and symbol search, t(39) = 8.20,
p < .001, but nonsignificant for finger tapping, t(39) = 1.68, p =
.10, and toe tapping, t(39) = 1.53, p = .13. Importantly, these
basic measures of motor change post d-AMPH were not
associated with changes in switch costs (all r] <.19, p > .26).
Follow-up analyses also revealed that motor change measures
were not significantly associated with prefrontal cortical BPyp (all
|r| < .29, p > .08), parietal cortical BPyp (all |r| < .26, p > .12),
thalamic BPyp (all |r| < .26, p > .13), or caudate DA release (all
|r| < .15, p > 36). Follow-up quadratic (inverted-U) effects were
tested with data extracted from regions of interest in the lateral
prefrontal cortex, parietal cortex, thalamus, and caudate. These
measures of DA receptors (cortex, thalamus) and release (caudate)
for each regions of interest were average BPyp values across each
cluster identified in the whole-brain analyses examining individual

differences in the drug effect. All relationships were linear, with no
evidence of an additional inverted-U relationship between the
neural measures and behavior change in any of these regions.
Stepwise regression analyses examined whether the neural
measures explained additional variance in predicting behavioral
benefits of d-AMPH over baseline performance levels alone
(Table 1). As reported earlier, in the first step placebo switch
costs (i.e., baseline performance) explained a significant amount
of variance in the d-AMPH behavioral benefit. For step two, a
composite of thalamic-cortical BPyp was created by averaging
the z-scored measures of BPyp across the thalamus, lateral frontal
cortex, and parietal cortex (BPyp measures in these three regions
were highly correlated consistent with past analyses (26); all
rs > .58, p < .0001). In step two, significantly more variance in
behavior change was explained by the addition of thalamic-
cortical BPyp (R? change = .29), F(1,34) = 23.59, p < .0001. In step
three, significantly more variance was explained by adding
caudate DA release to the model from step two (R* change =
.06), F(1,33) = 5.31, p < .05. Importantly, the behavioral measure
of the drug benefit used in this regression model is based on a
subtraction from the baseline behavioral measure. Thus, the
evidence that the size of the d-AMPH-induced reduction in
switch cost is partially explained by the baseline switch cost is
not surprising. However, this analysis demonstrates that the
subcortical and cortical PET measures explain variance above
and beyond that provided by baseline behavioral performance
alone. Note that we use the term “thalamic-cortical” to refer to
this correlated network of thalamic and cortical regions where

Table 1. Behavioral and Neural Predictors of Amphetamine-Induced Cognitive Flexibility

d-AMPH Switch Cost Reduction

Step 1 Step 2 Step 3

Placebo Switch Cost? 52 (.14); 3.64° .30 (.12); 2.51¢ 26 (.12); 2.29°
Thalamic-Cortical DA BPyp? — 76 (.16); 4.86° .54 (.18); 3.10¢
Caudate DA Release® — — .30 (.13); 2.30°
Age? -.07 (.15); .49 17 (13); 1.31 .09 (.12); .74
Sex? -.03 (.14); -.21 -13 (11); -1.12 —-11 (11); -1.02
Scanner? .05 (.15); .34 .25 (.12); 1.97 .21 (.12); 1.80
R? 29° 58° 64°
Adjusted R? 21° 520 57°
Observations 40 40 40

BPnp, binding potential, nondisplaceable; d-AMPH, amphetamine; DA, dopamine.

“Coefficient (SEM); t statistic.
bp < 001.

‘p < .05.

dp < 01.
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receptor availability is associated with the effect of d-AMPH. We
are not using the term to refer to the glutamatergic thalamo-
cortical projections from thalamus to cortex.

In the full model (step three) thalamic-cortical BPyp and
caudate DA release were significant predictors of increased
flexibility (Table 1), suggesting that they each contribute at least
some unique variance. A structural equation model was used to
formalize both the relationships between these regions and their
unique effects on behavior change. A model in which thalamic-
cortical BPyp (represented as a single latent variable indexed by
thalamic, frontal, and parietal BPyp) and caudate DA release are
significantly correlated but also uniquely predict psycho-
stimulant-enhanced cognitive flexibility provided a good fit to
the data (x24 = 4.69, p = .32; confirmatory fit index = .99, root
mean square error of approximation = .066). The model is
displayed in Figure 4 with path coefficients. All paths in the
model are significant at p < .05. Although both thalamic-cortical
BPnp and striatal DA release are significantly associated with
behavior change, the model also demonstrates a partial media-
tion effect such that the influence of thalamic-cortical BPyp on
stimulant-enhanced flexibility is partially mediated by the impact
of thalamic-cortical BPyp on DA release in the striatum (Sobel
test = 2.20, p < .05).

Discussion

This study indicates that the psychostimulant d-AMPH gen-
erally enhances task switching in healthy young adults, with
improvements exceeding those that can be explained by simple
motor effects alone. The overall enhancement in task switching is
consistent with both theoretical accounts of a role for DA in
allowing switching of behavioral outputs (15) and prior evidence
that levodopa and methylphenidate reduce switch costs (12,13)
in patient populations. However, to our knowledge, this is the
first study to demonstrate the beneficial effect of d-AMPH on
switch costs in healthy human participants. As expected, there
were significant individual differences in the degree to which d-
AMPH reduced switch costs. Critically, the extent to which
participants showed improvement in cognitive flexibility follow-
ing d-AMPH was associated with individual differences in a
dopaminergic network of cortical and subcortical brain regions.

Improvements in performance from placebo to d-AMPH were
predicted by D2/D3 receptor availability in the lateral frontal and
parietal cortices and thalamus. The localization of these relation-
ships in lateral frontal and parietal regions is consistent with
lesion studies and functional and structural imaging literature on
task switching (3-5,7,8,22). The evidence that individuals with a
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Figure 4. Structural equation model of
the thalamocorticostriatal network effects
on psychostimulant-enhanced cognitive
flexibility. Path coefficients are standar-
dized regression betas. The path between
the thalamic-cortical latent variable and
the thalamus manifest variable was fixed
to an unstandardized coefficient of 1
during estimation. All paths are significant
at p < .05. “”

-0

Lowercase encircled “e
indicates residual error variance terms.
d-AMPH SC A = switch cost reduction
from placebo to amphetamine (expressed
as an increase in flexibility). BPyp, binding
potential, nondisplaceable.

Flexibility S%"e ]

d-AMPH SC A

greater number of available (unoccupied) D2/D3 receptors show
larger benefits of d-AMPH for task switching suggests that having
more sites for DA to act in the thalamus and cortex aids in its
enhancement of cognitive function.

The effects of cortical D2 engagement may be understood
within existing models of prefrontal DA action (34). According to
this model, D1 and D2 receptors alter the response properties of
prefrontal neurons, such that D1 receptors enhance the main-
tenance of information in working memory buffers by suppres-
sing the ability of distracters to engage local circuitry, whereas D2
receptors lower the barriers for new or different information to
gain access to these buffers, promoting flexibility. Updating has
been shown to be linked more strongly to D2 receptor stimula-
tion than D1 receptor stimulation (35,36). In the context of task
switching, enhancing D2 signaling may improve task switching
by facilitating the accessibility of new information to working
memory, thus preventing unnecessarily long maintenance of the
prior task rule.

It is likely that any enhanced signaling here is occurring within
an optimal range because excessive D2 signaling will degrade
attentional performance by promoting distractibility (36,37). It
should also be noted that d-AMPH will have an impact on D1
receptors. The D2-sensitive ligand used in our study does not
provide evidence about the relative D1 and D2 dominance in the
cortex. Although there is strong pharmacologic and genetic
evidence for a selective relationship between D2 receptor
function and flexibility (20), we did not measure D1 receptors
here, and, at present, data linking PET measures to these specific
state conditions is lacking.

Critically, a positive relationship was also found between DA
release in the caudate and the psychostimulant enhancement of
task switching. It has been suggested that striatal DA may play a
more central role than cortical DA in flexibility (38). Striatal DA
has been shown to influence the neural efficiency of other
dorsolateral striatal and prefrontal cortical regions, which directly
influence switching behavior. Striatal DA may also serve a gating
function on cortical connections (39,40), which may aid in the
continuous alternation of responses required by the task.

Although we found specific associations between DA recep-
tors and release and the cognitive benefit of d-AMPH, it is
important to acknowledge that the effects of these stimulants are
not limited to the DA system. d-AMPH and methylphenidate also
act on the norepinephrine transporter. Thus, this behavioral
benefit is also likely to be partially dependent on other neuro-
chemical systems (10,41). Nevertheless, a significant portion of
the variance in behavior change was accounted for by individual
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differences in DA binding potential and release (adjusted R?
range was .20-.38 across individual regions). We did not assess
other neurochemical systems here, so it is not possible to
examine potential relationships between behavior change and
variability in the norepinephrine system or directly compare the
size of the effects between neuromodulators.

Although previous studies have examined relationships
between DA drug effects on other flexibility measures (e.g.
reversal learning) and striatal DA function (42,43), the goal of
the whole-brain approach in this study was to better characterize
the role of a broader DA network. A structural equation model
was used to test the hypothesized associations between these
cortical and subcortical effects and their relationship with
psychostimulant-enhanced flexibility. The model supports the
hypothesis that these regions compose a unified network but
also make independent contributions to behavior change. The set
of regions in this network is remarkably consistent with docu-
mented thalamocorticostriatal circuits (44,45). Although thalamic
activation has been reported in studies of task switching (1,2,8), it
is rarely discussed. The results of our study support an important
role for the thalamus in this dopaminergic network (44,46-48). In
previous discussions of the role of corticostriatal circuits in
switching, there is an implicit assumption that the loops proceed
through thalamic relays. However, the observation that D2/D3
binding potential in the thalamus influences the results suggests
that there could be a more explicit influence of the thalamus
that extends beyond an automatic relay. As such, we adopt the
term “thalamocorticostriatal” in describing this network. Of
course, a complete circuit model of these thalamic, cortical, and
striatal regions necessarily includes gamma-aminobutyric acid-
ergic and glutamatergic pathways that we did not measure here.
Our use of the “network” terminology refers to the correlated DA
receptor and release effects in thalamic, cortical, and striatal
regions.

The results also demonstrate a partial mediation effect such
that the thalamic and cortical receptor influence on stimulant-
enhanced flexibility is partially mediated by striatal DA release.
The relationship between thalamic and cortical binding potential
and striatal DA release is specified directionally for two reasons.
First, the measure of DA release that we use in this study is
d-AMPH induced and depends on baseline levels of DA receptors.
Second, directionality is anatomically predicted by well-known
dorsolateral prefrontal loops that include direct pathways from
the prefrontal cortex to the striatum. Although we model
directionality, more generally, it is possible that this relationship
could be bidirectional. Although previous studies and theory
have emphasized the opponent roles of the striatum and
prefrontal cortex for supporting flexibility and stability, respec-
tively (36), our results suggest that both striatal and cortical
regions may be serving complementary functions.

Some limitations in the study should be noted. The order of
administration of placebo and drug was not counterbalanced.
Although two sets of additional behavioral data suggest that the
drug effects are larger than the task repetition effects (Results in
Supplement 1), we cannot completely rule out the possibility that
a portion of the variance in performance across participants may
also be related to individual differences in learning ability (42,43).
Future studies will need to collect measures of both flexibility
and learning to formally examine these potential relationships.
Also, the present sample was composed entirely of healthy
young adults. It is not clear whether the same relationships
would be observed in a clinical sample (49,50). Another impor-
tant limitation is that the behavioral change was only examined
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over a short time scale from a single dose of d-AMPH. We did not
measure repeated exposure to the stimulant. It is possible that
the flexibility benefits may plateau over time or even reverse with
sensitization (51). A related limitation of using a single dose of
d-AMPH in this study is that we cannot establish dose-response
curves with the available data.

An increasing number of otherwise healthy adults use psychos-
timulants for cognitive enhancement (19). Despite the potential for
addiction (52), individuals will continue to use d-AMPH and other
psychostimulants to manipulate their attention and arousal (53,54).
Our results suggest that there may be measurable aspects of
variability in the DA system that predispose certain individuals to
benefit from and hence use psychostimulants for cognitive
enhancement. These factors may also influence the risk for abusing
such medications. In a recent study, we found that increased DA
release in the striatum was associated with increased self-reported
desire for more d-AMPH (28). Although we did not specifically
measure the perceived cognitive benefits here, it is possible that
such perceived cognitive effects of initial stimulant exposure may
be an important part of the subjective experience that contributes
to the later development of addiction (55).
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