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Deviations in reward sensitivity and behavioral flexibility, particularly in the ability to change or stop behaviors in response to changing
environmental contingencies, are important phenotypic dimensions of several neuropsychiatric disorders. Neuroimaging evidence
suggests that variation in dopamine signaling through dopamine D2-like receptors may influence these phenotypes, as well as associated
psychiatric conditions, but the specific neurocognitive mechanisms through which this influence is exerted are unknown. To address this
question, we examined the relationship between behavioral sensitivity to reinforcement during discrimination learning and D2-like
receptor availability in vervet monkeys. Monkeys were assessed for their ability to acquire, retain, and reverse three-choice, visual-
discrimination problems, and once behavioral performance had stabilized, they received positron emission tomography (PET) scans.
D2-like receptor availability in dorsal aspects of the striatum was not related to individual differences in the ability to acquire or retain
visual discriminations but did relate to the number of trials required to reach criterion in the reversal phase of the task. D2-like receptor
availability was also strongly correlated with behavioral sensitivity to positive, but not negative, feedback during learning. These results
go beyond electrophysiological findings by demonstrating the involvement of a striatal dopaminergic marker in individual differences in
feedback sensitivity and behavioral flexibility, providing insight into the neural mechanisms that are affected in neuropsychiatric disor-
ders that feature these deficits.

Introduction
Impaired ability to update behaviors and actions rapidly in re-
sponse to changes in environmental rules is present in individuals
diagnosed with externalizing and impulsive-control disorders,
and this dysfunction may be related to deviations in behavioral
sensitivity to reinforcement, to poor inhibitory control, or to
both (Jentsch and Taylor, 1999; Johansen et al., 2009). Because
behavioral inflexibility may represent heritable factors that index
risk for attention deficit hyperactivity disorder and addictions
(Jentsch and Taylor, 1999; Groman et al., 2009; Ersche et al.,
2010), understanding the biological mechanisms that mediate
individual differences could illuminate the mechanistic basis of
these neuropsychiatric disorders.

Sensitivity to reinforcing feedback and behavioral flexibility
can be objectively studied by examining the ability to acquire and
reverse discrimination problems. In these tasks, subjects select
from an array of stimuli, each being associated with availability of
or absence of positive reinforcement. Subjects progressively learn
to direct their behavior to the stimuli associated with desirable
outcomes. After achieving competency in the initial acquisition
stage, the contingencies of the task are reversed, requiring that the
subjects adapt their behavior. Both initial discrimination acqui-
sition and reversal learning require sensitivity to reinforcement
feedback, but the reversal-learning stage also involves a change
from an established response pattern.

The ability to update behavior in response to rule reversal
has been associated with integrity of the orbitofrontal cortex
(McEnaney and Butter, 1969; Dias et al., 1996) and dorsomedial
striatum (Clarke et al., 2008; Castañé et al., 2010). This cortico-
striatal circuit is modulated by dopamine, which may act sub-
cortically (O’Neill and Brown, 2007; Cools et al., 2009).
Pharmacological studies have shown a specific involvement of
the D2/D3 (D2-like) receptor system in reversal-learning perfor-
mance across species (Lee et al., 2007; Boulougouris et al., 2009;
Cools et al., 2009; Herold, 2010). Reversal-learning deficits are
also found in human carriers of the A1 allele of the TaqIa poly-
morphism in the D2 receptor gene (Jocham et al., 2009), a variant
associated with relatively lower striatal D2-like receptor availabil-
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ity (Thompson et al., 1997). Furthermore, pharmacological per-
turbations to the D2-like receptor system have been reported to
influence sensitivity to feedback, such that D2-like receptor ago-
nists facilitate adjustments in behavior elicited by positive feed-
back, while D2-like antagonists have the opposite effect (Frank
and O’Reilly, 2006). Moreover, TaqIa A1 allele carriers exhibit
impaired learning in response to negative feedback (Frank and
Hutchison, 2009), suggesting that having relatively low levels of
D2-like receptors may confer behavioral inflexibility by altering
feedback sensitivity.

To examine the question of how naturally occurring variation
in sensitivity to feedback during reversal learning relates directly
to D2-like receptor density, we combined assessments of re-
sponding during acquisition, retention, and reversal of discrim-
ination problems with positron emission tomographic (PET)
measures of D2-like receptor availability in non-human primates.
On the basis of the available data, we hypothesized that D2-like
receptor availability in the striatum would be correlated with
negative-feedback sensitivity (Frank et al., 2009) and that this
relationship would be exaggerated under reversal-learning con-
ditions, when the demands to use feedback to guide behavior are
greatest.

Materials and Methods
Subjects
Twelve male vervet monkeys [Chlorocebus aethiops sabaeus from the Uni-
versity 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 (Teklad). All of the subjects were able to see, hear, and
communicate with other individuals in the room. Monkeys received half
of their daily portion of allotted chow in the morning after behavioral
testing was conducted (�11:00 A.M.) and their second half in the after-
noon (�3:00 P.M.); the total amount of chow received was never re-
duced during the experiment to facilitate task performance.

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.

Discrimination acquisition, retention, and reversal learning
Monkeys were trained to move from their individual cages into a trans-
port cart, and were brought to a quiet testing room where the transport
cart was aligned to a Wisconsin General Testing Apparatus, which has
been described previously (Lee et al., 2007). It was equipped with an
operable opaque screen that separated the monkeys from three equally
spaced opaque boxes. Each box was equipped with a hinged opaque lid so
that food rewards (small piece of apple, banana, grape, or orange) could
be concealed inside. Moreover, each box lid could be fitted with a unique
visual stimulus (clip art from the Microsoft Office library that consisted
of colored objects unfamiliar to the monkey) that the monkeys could
easily view when sitting at the apparatus.

Testing sessions began when the opaque screen was raised to present
the three boxes (each fitted with a unique stimulus) to the monkey. Only

one response, in which the monkey opened a box fitted with a stimulus,
was allowed per trial. A trial ended after a correct choice, an incorrect
choice, or an omission (no response for 2 min), and a 20 s intertrial
interval followed. The next trial ensued with a different spatial box se-
quence, but with the reward associated with the same visual stimulus. Up
to 80 trials per session were given.

Monkeys were trained to acquire, retain, and reverse novel visual
discriminations. The first session of a discrimination problem was a
discrimination-acquisition phase and was held on a Monday or Thurs-
day. The monkey was presented with three novel stimuli and had to learn
which one was associated with reward, solely on the basis of trial and
error. After a performance criterion (seven correct choices within 10
consecutive trials) was reached, the session was terminated and the mon-
key was returned to his home cage. If a monkey did not reach criterion
within 80 trials, the session ended, but the same discrimination problem
was presented the following day(s) until the performance criterion was
met.

One day after reaching criterion, subjects were assessed in the reten-
tion phase, during which stimulus–reward contingencies were un-
changed, until a criterion of four correct choices in five consecutive trials
was met. The reversal phase then began immediately with no explicit
signal that the transition between retention and reversal had occurred,
other than the change in feedback experienced by the subject. During the
reversal phase, the stimulus that was previously rewarded was no longer
rewarded, and one of the two previously nonrewarded stimuli was re-
warded. The reversal phase continued until the monkey achieved crite-
rion (seven correct choices in 10 consecutive trials) or until 80 trials had
been completed, whichever occurred first. The numbers of trials required
to reach criterion in the acquisition, retention, and reversal phases were
the primary dependent measures. For the reversal phase, the number of
responses directed at the previously rewarded stimulus (perseverative
responses) and the number of responses directed at the never-rewarded
stimulus (neutral responses) were also measured. The probability of a
monkey making each response type was also calculated by dividing the
number of correct, perseverative, or neutral responses by the total num-
ber of trials in the reversal phase.

Subjects acquired and reversed consecutive discrimination problems,
each of which featured three novel visual stimuli. Because of technical
delays in the acquisition of PET scans, the total number of discrimination
problems completed and the number of days between completion of the
last discrimination problem and the PET scans differed and are exhibited
in Table 1; therefore, the analysis described here focused on the averages
of the dependent measures collected across the last three problems, as
these were closest in time to the subsequent PET scans.

Feedback sensitivity measures
Because behavioral sensitivity to positive and/or negative feedback can
affect learning performance, we examined choice behavior on a trial-by-
trial basis during the reversal phase. Here, we categorized trials according
to whether the subject experienced positive or negative feedback on the
preceding trial. This allowed calculation of the probability that after ex-
periencing positive feedback, a subject would make either: (1) another
correct response, (2) a response directed to the stimulus that was previ-
ously rewarded, or (3) a response directed at the stimulus that was never
rewarded. The response to negative feedback was assessed by calculating
the probability that a negative feedback event would be followed with
either: (1) the same incorrect response or (2) a response directed at a
different stimulus, regardless of whether this response was correct or
incorrect. We also performed a similar analysis of choice behavior for the

Table 1. The total number of discrimination problems, the number of days between last completed discrimination session and assessment of D2-like receptor availability,
and the average number of trials required to reach criterion in the last three reversal phases for each subject

Subject

A9727 C9726 D9802 E0241 G0261 H0271 I0221 J0247 K0488 L0441 M0457 N0406

Total number of completed discrimination sessions 21 20 21 14 10 14 14 14 17 17 17 17
Days between last completed session and PET scan 14 7 21 36 14 4 42 3 33 32 40 39
Average number of trials required to reach criterion in the last three reversal sessions 39.67 26.33 58.33 23.67 15.67 22.33 37.33 18.33 10 21.67 19.33 15.67
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data gathered during the discrimination acquisition; however, because
perseverative responses were not possible in this phase, behavioral sen-
sitivity to positive feedback was calculated by examining the probability
of following a correct response with either: (1) another correct response
or (2) an incorrect response.

[ 18F]Fallypride/PET scans
A variable number of days after behavioral performance had stabilized
(Table 1), D2-like receptor availability was assessed using a microPET
model P4 scanner (Concorde Microsystems, Inc.). Dopamine trans-
porter (DAT) availability was assessed, using [ 11C]WIN-35,428 (2�-
carbomethoxy-3�-(4-fluorophenyl)tropane), in the same subjects for a
larger study; however, DAT availability measures were not included in
the hypothesized mechanism for our primary analyses and, therefore, are
not described here. Monkeys received an intramuscular injection of ket-
amine hydrochloride (10 mg/kg) and glycopyrrolate (0.01 mg/kg). After
monkeys were immobilized, an endotracheal tube was placed to provide
inhalation of 2–3% isoflurane (in 100% O2) anesthesia throughout the
duration of the experiment. Vital signs (heart rate, respiratory rate, oxy-
gen saturation, and temperature) were monitored and recorded every 15
min throughout the scan. A tail-vein catheter was placed, and the mon-
key was positioned on the scanning bed such that the imaging planes
were parallel to the orbitomeatal line and the top of the head at the front
of the field of view. A 20 min 68Ge transmission scan was acquired before
administration of the radioligand for attenuation correction. All subjects
received a bolus injection [ 11C]WIN 35428 (1.0 mCi/kg), followed by a 5
ml saline flush, and data were acquired for 90 min. When radioactivity
had fallen to baseline levels (�3 h after [ 11C]WIN-35,428 administra-
tion), a bolus injection of [18F]fallypride ((S)-N-[(1-allyl-2-pyrrolidinyl)
methyl]-5-(3-[18F]fluoropropyl)-2,3-dimethoxybenzamide) 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, animals were removed from the gas
anesthesia and allowed to recover overnight before being returned to their
home cages.

Reconstruction of PET images
Three-dimensional sinogram files were created by binning the data into a
total of 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). 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 single-mode transmission data.
Following construction of the attenuation maps, emission list-mode files
were reconstructed using Fourier rebinning and filtered back projection,
and corrected for normalization, dead time, scatter, and attenuation
within software provided by the manufacturer (microPET Manager ver-
sion 2.4.1.1, Siemens). The resultant images had voxel dimensions of
0.949 � 0.949 � 1.212 mm and matrix dimensions of 128 � 128 � 63.

MRI acquisition
Structural magnetic resonance (MR) images were acquired to allow for
anatomically based demarcation of regions of interest (ROIs). MR im-
ages were acquired 1 week after the PET scans. The monkeys received an
intramuscular injection of ketamine hydrochloride (10 mg/kg) and atro-
pine sulfate (0.01 mg/kg). Once the monkey was immobilized, an endo-
tracheal tube was inserted to provide inhalation of 2–3% isoflurane gas
(in 100% O2) for the remainder of the scan. Monkeys were positioned on
the bed of a 1.5 T Siemens scanner, with the head in the gantry, sur-
rounded by an 8-channel, high-resolution, knee-array coil (Invivo Cor-
poration). Nine T1-weighted volumes with three-dimensional MPRAGE
images were acquired (TR � 1900 ms, TE � 4.38 ms, FOV � 96 mm, flip
angle 15°, voxel size 0.5 mm, 248 slices, slice thickness 0.5 mm). Individ-
ual images were aligned to each other using Statistical Parametric Map-
ping 5 (Institute of Neurology, University College London, London,
UK), averaged together, and resliced according to a previously developed
MR template (Fears et al., 2009).

Data processing
ROIs were drawn twice, referred to as replicates, on each subject’s struc-
tural MR image by a single experimenter blind to the subject identity

using FSL View (FMRIB Software Library v4.0). ROIs included the whole
caudate nucleus, putamen, ventral striatum, and cerebellum.

ROI-based determination of binding potential. Reconstructed PET im-
ages were corrected for motion and coregistered to the subject’s MR
image using the PFUS module within PMOD (version 3.15; PMOD
Technologies). Using the ROIs, activity was extracted from the coregis-
tered PET images and imported into the PMOD kinetic analysis program
(PKIN). Time–activity curves were fit using the simple reference tissue
model (SRTM) (Lammertsma et al., 1996) to provide an estimate of the
k2� value, the rate constant of tracer transfer from the reference region to
plasma. The k2� estimates of the high-activity areas in the caudate nucleus
and putamen were averaged and time–activity curves refit using the
SRTM2 model with the average, fixed k2� value applied to all brain re-
gions (Wu and Carson, 2002). Binding potential (BP) was then calcu-
lated by subtracting 1.0 from the product of tracer delivery (R1) and
tracer washout (k2�/k2a). BPs from the left and right brain structures were
averaged to create a single BP measurement for the caudate nucleus,
putamen, and ventral striatum. The BP of the ROI replicates were highly
correlated, so the BPs of the ROI replicates were averaged to obtain our
final ROI-based measurements of D2-like receptor availability in each of
the brain regions.

Generation of whole-brain BP maps. Parametric binding maps, show-
ing BP, were generated for each subject in PXMOD (PMOD Technolo-
gies), using the SRTM2 model with the same fixed k2� values used above.
This modeling requires time–activity data for low- and high-activity re-
gions to generate the initial parameters for modeling. We used the activ-
ity in the putamen and cerebellum ROIs as the high- and low-activity
references, respectively. To perform voxelwise statistical analyses
with BP maps, we realigned all BP maps to a study-specific MR tem-
plate, which was created by sequentially registering each subject’s
skull-stripped MR scan (Multitracer, AIR version 5.0) using affine
registration (FLIRT, FMRIB Software Library v4.0), and creating an
average of the registered images. Individual skull-stripped MR scans were
then registered to the study-specific template space using affine registra-
tion (FLIRT), and the resultant transformation matrix was applied to
each individual subject’s parametric binding map, which was previously
registered to the individual subject’s MRI. No additional smoothing was
applied to the images.

Statistical analyses
All statistical analyses were conducted using SPSS 15.0. Reliability of
performance was examined by calculating Cronbach’s �, a coefficient of
reliability, for the number of trials required to reach criterion in the
acquisition, retention, and reversal phases of the task during the first 10
completed sessions. Paired-samples t tests were conducted to examine
the number of trials required to reach criterion in the acquisition and
reversal phases, as well as the error types (neutral or perseverative) in
the reversal phase of the task. Linear regressions were conducted to
examine the relationships between D2-like receptor availability and
our behavioral measures; although we found significant linear rela-
tionships (Y � a � bX ), visual inspection suggested that for some
relationships, an inverse function (Y � a � b/X ) was more appropri-
ate for the data. The asymptote (a) and slope (b) of each curve were
estimated using the curve-fitting tool in SPSS. Models were compared
using the Akaike information criterion (AIC) to determine whether
the linear or inverse function best fit the data. When the inverse function
was identified as the AIC-preferred model, the independent variables were
transformed accordingly and correlations were performed with the trans-
formed values to calculate the Pearson correlation coefficient and signifi-
cance values.

To examine the anatomical distribution of the relationship be-
tween positive-feedback sensitivity and BP within the striatum, linear
regressions were performed using the FSL RANDOMISE v2.1 tool
(permutation-based nonparametric inference) (Oxford University, Ox-
ford, UK) with a variance smoothing of 5 mm (FWHM Gaussian). A
binary, striatal mask was created and feedback-sensitivity measures were
transformed according to the model that best fit the data according to our
initial ROI analysis (see above). Threshold-free cluster enhancement
(TFCE) (Smith and Nichols, 2009) was used to detect significant clusters
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of activation; this method provides the ability to perform cluster-based
inference without the need to specify an arbitrary cluster-forming
threshold, as is necessary when using Gaussian random field theory. For
each analysis, 10,000 randomization runs were performed. Statistical
maps were thresholded at p � 0.05 (two-tailed) and corrected for the
search volume contained in the striatal mask.

Results
Behavioral performance
Discrimination performance across the first 10 acquisition, re-
tention, and reversal sessions completed by each subject showed a
high degree of internal consistency, as indicated by the reliability
coefficient, Cronbach’s �, for acquisition (0.70), retention (0.76),
and reversal performance (0.77). During the acquisition phase,
the number of trials to reach criterion was 14.81 � 1.43 trials
(mean � SE), which was significantly lower than the 25.69 � 3.86
trials (mean � SE) required to reach criterion during the reversal
phase (t(11) � �3.508; p � 0.01). Descriptive statistics for error
type in the reversal phase indicated that the probability of making
a response to the initially reinforced stimulus was significantly
greater than that of making a response to the never-rewarded
stimulus (t(11) � 5.551; p � 0.001). These results indicate that,
although monkeys had been trained on multiple reversals,
they still found the reversal phase of the task significantly more
difficult than the acquisition of a novel stimulus–reward asso-
ciation. Performance during the first and the last completed
reversal session was correlated (r10 � 0.613; p � 0.03), indi-
cating that despite the multiple reversal sessions monkeys per-
formed, the ability to flexibly modify behavior was reasonably
trait-like.

D2 /D3 receptor availability and reversal-learning
performance
Because technical delays resulted in subjects completing different
numbers of discrimination problems, we examined whether dif-
ferences in the total number of discrimination problems com-
pleted by each subject was associated with differences in either
D2-like receptor availability in the striatal regions of interest, or
average behavioral performance during the last three discrimina-
tion sets; no significant relationships were detected (all correla-
tion �t� values � 0.91). We also found no significant relationships
between striatal D2-like receptor availability and variation in the
number of days between completion of the last discrimination
problem and when PET scans were acquired (all correlation �t�
values � 2.09).

We then examined the relationship between D2-like receptor
availability in each of the three striatal regions and the average
number of trials required to reach criterion for the last three
acquisition, retention, and reversal sessions completed before
PET scans. Because D2-like receptor availability is negatively
correlated with age in humans (Wang et al., 1995; Volkow et
al., 1996a,b), we initially included age in the model as a cova-
riate; however, because it was not a significant predictor in our
dataset (possibly because the variation in age was restricted), it
was removed from the model(s) and all other analyses.

As hypothesized, no significant relationship was found be-
tween the average number of trials required to reach criterion in
the acquisition or retention phases and D2-like receptor availabil-
ity in any brain region assessed (all �t� values � 1.29; Fig.
1 A, B). However, a relationship was found between the aver-
age number of trials required to reach criterion in the reversal
session and receptor availability in the caudate nucleus (r10 �
�0.71; p � 0.01) and the putamen (r10 � �0.67; p � 0.02), but

not the ventral striatum (r10 � 0.28; p � 0.38) (Fig. 1C).
Specifically, greater D2-like receptor availability in the caudate
nucleus and putamen was associated with better reversal-
learning performance, and this relationship was best modeled
using an inverse function, as presented in Figure 1C (a solid
line for the caudate nucleus and a dashed line for the
putamen).

For the reversal phase, we examined whether D2-like receptor
availability in the caudate nucleus and putamen was correlated
with specific response types normalized to the number of trials
required to reach criterion. No significant relationship was found
between D2-like receptor availability in the caudate nucleus and
the probability of making a correct response (r10 � 0.48; p �
0.12), a perseverative response (r10 � �0.31; p � 0.32), or a
neutral response (r10 � �0.46; p � 0.13). Similarly, no significant
relationships were found with D2-like receptor availability in the
putamen and the probability of making a correct response (r10 �

Figure 1. The relationship between D2-like receptor availability in the striatum (caudate
nucleus, black circles; putamen, gray circles; and ventral striatum, open circles) and the average
number of trials required to reach criterion during the acquisition phase (A), the retention phase
(B), and the reversal phase (C). The inverse function best modeled the relationship between
reversal learning and D2-like receptor availability in the caudate nucleus (solid curve) and the
putamen (dashed curve).
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0.36; p � 0.26), a perseverative response (r10 � �0.20; p � 0.54),
or a neutral response (r10 � �0.39; p � 0.21) (data not shown).

To ensure that this relationship was not specific to the last
three discrimination problems completed, we examined the rela-
tionship between D2-like receptor availability and the average
number of trials required to reach criterion for all reversals com-
pleted for each subject. This assessment indicated that the average
number of trials required to reach criterion across all the reversal
sessions was correlated with D2-like receptor availability in the
caudate nucleus (r10 � �0.68; p � 0.01) and putamen (r10 �
�0.56; p � 0.05), which was best described with an inverse func-
tion. The relationship was present even in a specific examination
of performance on the first reversal completed (r10 � �0.756;
p � 0.004 for the caudate nucleus and r10 � �0.778; p � 0.003 for
the putamen).

D2 /D3 receptor availability and feedback sensitivity in the
reversal phase
We next examined the relationship between D2-like receptor
availability in the caudate nucleus, putamen, and ventral striatum
and the measures of behavioral sensitivity to feedback. The prob-
ability of following positive feedback with a correct response was
correlated with D2-like receptor availability in the caudate nu-
cleus (r10 � 0.74; p � 0.006) and putamen (r10 � 0.74; p � 0.006),
but not in the ventral striatum (r10 � 0.37; p � 0.24) (Fig. 2A).
Correspondingly, the probability of following positive feedback
with a perseverative response (regressive responding to the ini-
tially trained stimulus) was related to D2-like receptor availability
in the caudate nucleus (r10 � �0.61; p � 0.04), but not in the
putamen (r10 � �0.47; p � 0.12) (Fig. 2B; statistical map, Fig.
3B). These relationships were best modeled with the inverse
function as presented in Figure 2 A, B: solid and dashed curves
represent the relationship between feedback sensitivity and
D2-like receptor availability in the caudate nucleus and puta-
men, respectively. No significant correlations were found be-
tween D2-like receptor availability and the probability of
following positive feedback with a response to the never-
rewarded stimulus. D2-like receptor availability in the three
striatal regions was not correlated with the probability of sub-
jects following negative feedback with either the same incor-
rect response or a response to one of the two other stimuli (all
correlation �t� values � 0.45) (Fig. 2C).

Maps of the relationship between reversal-learning
performance and D2-like receptor availability
Voxelwise comparison revealed a significant negative correlation
between the number of trials required to reach criterion in the
reversal phase and D2-like receptor availability, that extended
throughout the caudate nucleus and putamen (Fig. 3A). A similar
negative correlation was found in the dorsal striatum between the
probability of following positive feedback with a perseverative
response and D2-like receptor availability (Fig. 3B). A moderate
correlation was found between D2-like receptor availability and
the probability of following positive feedback with a correct re-
sponse (r10 � 0.47; p � 0.12), but did not survive the TFCE-
corrected p � 0.05 threshold. Significant statistical maps were
overlaid to visualize the anatomical distribution of the significant
relationships in the coronal (Fig. 3C) and the transverse section
(Fig. 3D).

Exploratory analyses
Although D2-like receptor availability was not correlated with the
number of trials required to reach criterion during the acquisi-

tion of novel stimulus–reward associations, the strong correla-
tion found with positive-feedback sensitivity measures warranted
examination of the relationship that this receptor system may
have with feedback sensitivity during acquisition. D2-like recep-
tor availability in the caudate nucleus, but not the putamen or
ventral striatum, was linearly related to our measure of positive-
feedback sensitivity (r10 � 0.574; p � 0.05) (Fig. 4), but was not
with negative feedback sensitivity (r10 � 0.182; p � 0.572) (data
not shown).

Discussion
This study demonstrated that D2-like receptor availability within
the dorsal aspects of the striatum was related to the ability to
modify behavior during reversal learning, and to behavioral sen-

Figure 2. The relationship between D2-like receptor in the three striatal regions (caudate
nucleus, black circles; putamen, gray circles; and ventral striatum, open circles) and feedback
sensitivity during the reversal phase. The probability of making a correct response following
positive feedback was related to D2-like receptor availability in the caudate nucleus (solid curve)
and the putamen (dashed curve) (A), while the probability of making a perseverative response
following positive feedback was related to D2-like receptor availability in the caudate nucleus
(solid curve) (B). No relationship was detected between the probability of making an incorrect
response following negative feedback and D2-like receptor availability in any of the striatal
regions examined (C).
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sitivity to positive feedback. These results directly support the
idea that the D2-like receptor system is involved in the ability to
shift responding when the association between a stimulus and
reward is changed, and suggest that variation in reversal-learning
performance reflects individual differences in sensitivity to posi-
tive feedback. These relationships are maintained under the con-
ditions of natural variation, rather than manipulation, and
together with studies in humans and rodents (Frank and O’Reilly,
2006; Boulougouris et al., 2009; Cools et al., 2009), provide pow-
erful convergent evidence that the D2-dependent dopamine sig-

naling system is crucially involved in aspects of behavioral
flexibility and reinforcement sensitivity.

D2-like receptors and reversal learning
Experimental perturbations of D2-like receptor signaling alter
performance in tasks that require flexible modifications in
behavior; these relationships hold in several species (Lee et al.,
2007; Boulougouris et al., 2009; Cools et al., 2009; Herold,
2010), indicating that this receptor system represents a phylo-
genetically conserved mechanism for the rapid adjustment of
behaviors. The findings presented here add an important di-
mension to previous experimental results by demonstrating
that individual differences in the ability to update behavior in
a reversal-learning task are related to natural variation in D2-
like receptor availability.

Our results provide evidence that the relationship between
D2-like receptor availability and reversal-learning performance is
anatomically confined to the dorsal striatum, with no relation-
ship being found in the ventral striatum. These results are sup-
ported by data showing that a lesion of the dorsal, but not ventral,
striatum impairs reversal learning in rats (Castañé et al., 2010)
and monkeys (Clarke et al., 2008). Moreover, activation of the
dorsal striatum is observed in human subjects, studied with func-
tional MRI, during a discrimination reversal task (Ghahremani et
al., 2010). Although striatal mechanisms may themselves be in-
volved in reversal learning, there is also evidence that striatal
D2-like receptor availability is positively correlated with glucose
metabolism in the orbitofrontal cortex (Volkow et al., 2001).
Therefore, it is possible that striatal D2-like receptor availability
may mechanistically relate to molecular and/or functional integ-
rity of the orbitofrontal cortex which, in turn, contributes to the
correlations reported here.

The radioligand used in this study ([ 18F]fallypride) has
equal affinity for both D2 and D3 receptor subtypes (Mukher-
jee et al., 1999), precluding assignment of the contributions of
specific dopamine receptor subtypes. However, the relation-
ships reported here were restricted to the dorsal striatum, an
area with modest D3 receptor expression relative to the ventral
striatum (Bouthenet et al., 1991). Moreover, mice lacking the
D3 receptor exhibit enhanced reversal-learning performance
(Glickstein et al., 2005), and administration of a D3 agonist
impairs reversal-learning performance in monkeys (Smith et
al., 1999), suggesting that low D3 receptor density would be
expected to relate to reversal-learning performance in a man-
ner opposite to that observed here. Therefore, the relation-
ships reported in the current study are most likely due to
variation in the D2 receptor subtype. However, further studies
using subtype-specific antagonists may help to clarify the va-
lidity of these hypotheses.

Taken with a host of pharmacological evidence from humans
and rats (Boulougouris et al., 2009; Cools et al., 2009), these data
suggest that individual differences in reversal-learning perfor-
mance are a result of underlying variation in D2-like receptor
availability within the dorsal striatum. However, we cannot to-
tally exclude the possibility that training history affected D2-like
receptor availability. It is also possible that variation in receptor
availability detected in the current study is due to differences in
endogenous dopamine levels acting in competition with the ra-
dioligand for the D2-like receptor binding site, thereby influenc-
ing receptor availability measurements. Although we cannot
reject this possibility, we believe it cannot fully account for the
current findings. Based on evidence that striatal dopamine syn-
thesis is positively correlated with reversal-learning performance

Figure 3. Statistical maps ( p values) from the voxelwise regression of D2-like receptor
binding potential on the reversal-learning measures. The relationship between D2-like
receptor availability and the average number of trials required to reach criterion in the last
three reversal sessions is presented in blue in A. The relationship between D2-like receptor
availability and the probability of following positive feedback with a perseverative re-
sponse in the last three reversal sessions is presented in red in B. The overlap of the two
statistical maps is presented in C (coronal plane) and D (transverse plane). TFCE images
were overlaid on the study-specific MR template with results thresholded at TFCE-
corrected p � 0.05.

Figure 4. The relationship between D2-like receptor availability in the caudate nucleus
(black circles), putamen (gray circles), or ventral striatum (open circles) and the probability of
making a correct response following positive feedback during the acquisition of stimulus–
reward association is shown. The linear relationship between the probability of making a cor-
rect response following positive feedback and D2-like receptor availability in the caudate
nucleus is represented by the black line.
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(Cools et al., 2009), a dominant influence of dopaminergic tone
on D2-like receptor availability would lead to a positive relation-
ship with the number of trials required to reach criterion, oppo-
site to our current findings. Therefore, we believe that the
relationships presented in the current study are most likely the
result of variation in receptor level, and not variation in dopa-
mine levels; however, future studies examining D2-like receptor
availability in the absence of synaptic dopamine levels are needed
to verify this hypothesis.

D2-like receptors and feedback sensitivity
The ability to learn or reverse a stimulus–response association
requires an integration of both positive and negative feedback to
refine subsequent choices. Several lines of evidence support a
crucial role for the dopamine system in these abilities. Schultz
(1997) demonstrated that over the course of learning a stimulus–
reward association, phasic firing of midbrain dopamine cells
shifts from the time of reward presentation to the time of condi-
tioned stimulus presentation. Subsequently, when a predicted
reward is omitted, dopamine neuron activity declines below
baseline (Hollerman and Schultz, 1998). Frank et al. (2004) have
argued that dopamine, acting on specific receptor subtypes that
exhibit a segregated distribution on striatal medium spiny neu-
rons, exerts dissociable actions in response to positive and nega-
tive feedback during learning. This theory posits that phasic
release of dopamine, acting on medium spiny neurons in the
direct pathway that expresses D1 receptors, promotes learning
from positive feedback, while declines in dopamine activity,
locked to negative feedback, are hypothesized to release the D2-
expressing medium spiny neurons in the indirect pathway from
inhibition via D2 receptor signaling.

Here, however, we provide evidence that D2-like receptor
availability within the dorsal striatum is selectively correlated
with the ability of subjects to integrate positive, rather than neg-
ative, feedback in their ongoing choice behavior, which is surpris-
ing in light of the previously described theory. Notably, a
recently developed neurocomputational model by Dreyer et
al. (2010) suggested that both increases and decreases in dop-
amine–neuron activity affect D1- and D2-like receptor func-
tion, albeit possibly to different degrees. Therefore, it is
possible that the association between D2-like receptor avail-
ability and positive-feedback sensitivity stems from phasic do-
pamine release activating D2 receptors, as well as D1 receptors.
Dopamine acting on D2-expressing medium spiny neurons
may produce long-term depression in corticostriatal synapses
on those neurons (Kreitzer and Malenka, 2007), reducing the
strength of the indirect pathway that constrains behavior, re-
sulting in an increase in the probability of making the same
response on the following trial. Our results are consistent with
deficits in positive feedback that have been reported in carriers
of the A1 allele of the TaqIA polymorphism (Althaus et al.,
2009; Jocham et al., 2009).

Here we report that D2-like receptor availability is correlated
with positive-feedback sensitivity not only during the reversal of
a stimulus–reward association, but also during its initial acquisi-
tion. Although the strength of the correlation is greatest in the
reversal stage of the task, where strong expectancy violations may
magnify underlying deficits in behavioral sensitivity to feedback,
D2-like receptors represent a principal substrate for explaining
variation in positive feedback.

Implications for addictive disorders
Relatively low D2-like receptor levels have been reported in sev-
eral neuropsychiatric disorders, most prominently in substance
abuse and dependence. Substance-dependent individuals have
lower D2-like receptor availability (Volkow et al., 1993, 2001; Lee
et al., 2009) and exhibit reversal-learning deficits (Fillmore and
Rush, 2006; Salo et al., 2009; Ghahremani et al., 2011). Although
animal studies have shown that chronic exposure to drugs can
directly produce reductions in the striatal D2-like receptor avail-
ability (Nader et al., 2006) and deficits of reversal learning (Jen-
tsch et al., 2002), there is also evidence that preexisting lower
D2-like receptor levels may confer risk for behavioral disinhibi-
tion (Dalley et al., 2007) and drug self-administration (Nader et
al., 2006; Dalley et al., 2007). Further, D2-like receptor availability
is correlated with known risk factors for substance dependence,
such as impulsivity (Lee et al., 2009; Buckholtz et al., 2010) and
novelty seeking (Zald et al., 2008; Huang et al., 2010), which are
themselves associated with cognitive deficits (Cools et al., 2007;
James et al., 2007).

We therefore propose that reversal-learning deficits, which
measure behavioral inflexibility, represent an intermediary pro-
cess between D2-mediated transmission and behavior addictions.
Further, pharmacological techniques that increase D2-mediated
dopaminergic transmission, and improve behavioral flexibility,
represent a principal treatment strategy for substance depen-
dence, as behavioral flexibility is a known correlate of retention in
a treatment program (Moeller et al., 2001; Aharonovich et al.,
2006). Improving D2-like receptor transmission also constitutes
a plausible intervention strategy for individuals at high risk for
substance dependence who have cognitive impairments (Gi-
ancola et al., 1996) that are predictive of greater substance use
(Aytaclar et al., 1999).

Conclusion
Variation in D2-like receptor availability in the dorsal striatum
explains individual differences in behavioral flexibility and
positive-feedback sensitivity. Genetic influences that modulate
D2-like receptor expression and function in the dorsal striatum
are therefore expected to influence impulsivity-like phenotypes
and ultimately syndromes that involve impulse-control disor-
ders. In this sense, D2-dependent dopamine transmission may
represent a final, common, biochemical pathway to manifesta-
tions of behavioral inflexibility across diagnostic categories.
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