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Kappa-opioid receptors, dynorphin, and cocaine addiction: a
positron emission tomography study
Diana Martinez1, Mark Slifstein1, David Matuskey2, Nabeel Nabulsi2, Ming-Qiang Zheng2, Shu-fei Lin2, Jim Ropchan2, Nina Urban1,
Alexander Grassetti1, Dinnisa Chang1, Michael Salling1, Richard Foltin1, Richard E. Carson2 and Yiyun Huang2

Animal studies indicate that the kappa-opioid receptor/dynorphin system plays an important role in cocaine binges and stress-
induced relapse. Our goal was to investigate changes in kappa-opioid receptor (KOR) availability in the human brain using positron
emission tomography (PET), before and after a cocaine binge. We also investigated the correlation between KOR and stress-induced
cocaine self-administration. PET imaging was performed with the KOR selective agonist [11C]GR103545. Subjects with cocaine-use
disorder (CUD) underwent PET scans and performed two types of cocaine self-administration sessions in the laboratory as follows:
(1) choice sessions following a cold pressor test, to induce stress, and (2) binge dosing of cocaine. This allowed us investigate the
following: (1) the association between KOR binding and a laboratory model of stress-induced relapse and (2) the change in KOR
binding following a 3-day cocaine binge, which is thought to represent a change in endogenous dynorphin. A group of matched
healthy controls was included to investigate between group differences in KOR availability. A significant association between [11C]
GR103545 binding and cocaine self-administration was seen: greater KOR availability was associated with more choices for cocaine.
In addition, the 3-day cocaine binge significantly reduced [11C]GR103545 binding by 18% in the striatum and 14% across brain
regions. No difference in [11C]GR103545 binding was found between the CUD subjects and matched controls. In the context of
previous studies, these findings add to the growing evidence that pharmacotherapies targeting the KOR have the potential to
significantly impact treatment development for cocaine-use disorder.
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INTRODUCTION
Addiction is largely driven by disturbances in reward processing and
previous imaging studies have consistently shown that dopamine
signaling and positive reinforcement are impaired [1, 2]. However,
negative reinforcement, stress, and dysphoria also play an important
role in assessing the value of a reward and signaling at the
kappa-opioid receptors (KORs) can modulate these aspects of drug
use [1]. To an extent, KOR and dynorphin, its endogenous ligand,
have been characterized as an “anti-reward” system, and previous
rodent work has shown that cocaine exposure upregulates this
neurotransmitter system and increases sensitivity to stress-induced
relapse [3].
At least a dozen rodent studies show that binging on cocaine

greatly increases endogenous dynorphin levels in the brain.
Studies measuring peptide levels showed that binge cocaine
dosing increased striatal dynorphin levels by 40–100% [4, 5].
Subsequent studies have measured prodynorphin and preprody-
norphin mRNA, and showed similar results: binge cocaine dosing
increased these measures of endogenous dynorphin by a similar
order of magnitude [6–15]. In humans, post-mortem studies have
shown that both the KOR and dynorphin are higher in the
striatum, amygdala, and prefrontal cortex in the autopsied brains
of cocaine-addicted subjects [16–18].
Animal models of cocaine-use disorder (CUD) also demon-

strate that the KOR/dynorphin system modulates stress-induced

cocaine-seeking behavior. Dynorphin is increased in response
to stress and increases the rewarding effects of cocaine
(for review, see refs. [19–21]). The administration of KOR
agonists is as effective as stress in animal models of relapse,
whereas blockade or genetic deletion of the KOR attenuates the
effects of stress on cocaine-seeking behavior (for review, see
refs. [19–21]). Based on these findings, the KOR/dynorphin
system has been characterized as mediating the “dark side” of
addiction, where negative reinforcement spurs relapse and
drug-seeking behavior [1, 22].
In this context, our goal was to investigate changes in the KOR/

dynorphin system in cocaine addiction, before and after a cocaine
binge, and to correlate this with drug-seeking behavior. We
developed a study based on the previous animal research, as
there is often a lack of translational studies bridging the gap
between rodents and clinical research. There is extensive animal
data indicating that KOR antagonism could serve as a novel
therapeutic approach for addiction, and there are KOR antago-
nists, such as LY2456302, which have been developed for human
use. However, this medication has not progressed to the clinic,
partly due to the need for human studies further supporting their
importance. Our goal was to contribute to the body of literature
supporting KOR antagonist pharmacotherapy for addiction, in the
hope that this might further the development of these medica-
tions for substance-use disorders.
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Subjects with a CUD were scanned with positron emission
tomography (PET) and the kappa agonist radiotracer [11C]GR103545
[23–25]. The scan data were correlated with the choice to self-
administer cocaine in the laboratory (following the cold pressor
test), to emulate studies in rodents investigating the association
between KOR and stress-induced reinstatement. The cold pressor
test was used based on previous studies showing that this induces
stress in CUD participants [26, 27]. Following this, the CUD subjects
underwent binge cocaine sessions, also in the laboratory, in which
they could consume up to 600mg smoked cocaine each day
for 3 days. These sessions mimic both the rodent studies of
binge cocaine exposure and the usual human pattern of binge
cocaine use. Following these laboratory sessions, the CUD subjects
were scanned again with [11C]GR103545, where we expected
decreased binding to reflect increased dynorphin levels. Lastly, a
group of matched healthy control (HC) subjects was included to
compare between group differences.

METHODS AND MATERIALS
Human subjects
The cocaine subjects met Diagnostic and Statistical Manual of
Mental Disorders version 5 (DSM-5) criteria for a moderate-to-
severe CUD with no other current Axis I diagnosis and were
actively using smoked cocaine, verified by urine toxicology. A
group of matched HCs was included. Subjects were screened for
medical health (physical exam, laboratory studies, and electro-
cardiogram) and provided informed consent. Consistent use of
medications was exclusionary as was a current comorbid
psychiatric diagnosis.
The CUD subjects were admitted to an in-patient research unit

for all study procedures and underwent three PET scans with [11C]
GR103545, under the following conditions: (1) a baseline scan,
obtained after 7–8 days of abstinence (while admitted to research
unit); (2) a scan following the administration of 150 mg of
naltrexone, in order to measure nonspecific binding, given the
lack of a reference region for the KOR [24]; and (3) a scan following
3 days of binge cocaine self-administration, in order to measure
changes in [11C]GR103545 binding. The binge dosing occurred on
Monday, Tuesday, and Wednesday, and the post-binge scan was
obtained on Thursday. The control subjects underwent two PET
scans only: before and after a dose of oral naltrexone (150mg).
The controls participated as outpatients. The study design is
illustrated in Fig. 1 and additional details are provided in
the Supplementary Material.

PET scans
PET scans were performed at the Yale University Positron Emission
Tomography Center. [11C]GR103545 was synthesized as previously
described [23]. The PET radiotracer [11C]GR103545 was used given
its high affinity and selectivity for the KOR, as demonstrated in
previous studies [25, 28]. The PET scans were acquired over 150
min, except the post-naltrexone scans, which were acquired over
100min (less time needed in the blocked state). For these scans,
150mg of oral naltrexone was administered 60–120min before
the PET scan. Naltrexone was used to provide a measure of
nonspecific binding, given that it binds to the KOR with high
affinity (Ki= 0.3–0.6 nM) [29, 30].
PET images were acquired on the high-resolution research

tomograph (Siemens/CTI, Knoxville, TN) in list mode and
reconstructed using the MOLAR algorithm as previously
described [24]. Arterial blood was collected for the input function
as described [24]. Briefly, an automated blood counting
system (PBS-101, Veenstra Instruments, Joure, The Netherlands)
was used for the first 7 min and discrete samples were
obtained at 5, 15, 30, 60, 90, and 120 min for the measurement
of the percent of unmetabolized radiotracer. For the post-
naltrexone scans, samples were obtained at the same time

points, excluding the 120 min sample. The free fraction of [11C]
GR103545 in plasma was determined by ultrafiltration, as
described previously [24].
Each subject had a structural T1-weighted magnetic resonance

imaging (MRI) scan for identification of the regions of interest
(ROIs). Our primary hypothesis was limited to the striatum, based
on the previous rodent and human studies. The striatum was
divided into the following subdivisions: the caudate (anterior and
posterior), the putamen (anterior and posterior), and the ventral
striatum, which includes the nucleus accumbens, ventral
caudate, and ventral putamen, as previously described (see Fig. 1
in ref. [31]. However, given the wide distribution of the KOR in
the human brain, the following brain regions were included for a
secondary analysis: anterior cingulate cortex, dorsolateral pre-
frontal cortex, medial prefrontal cortex, orbitofrontal cortex,
temporal cortex, parietal cortex, occipital cortex, cerebellum,
amygdala, hippocampus, and thalamus. A segmentation routine
was implemented for the cortical regions so that only gray
matter voxels were used to generate the time activity curves (see
Fig. 2 in ref. [32]. For the bilateral brain regions, the right and left
values were averaged. Co-registration between the PET and MRI
scans was performed using maximization of mutual information
in SPM8 software, in order to generate time activity curves, as
described previously [33].
The outcome measure was the total distribution volume (VT),

which represents the total of specific and non-displaceable
binding, given the lack of a reference region for [11C]GR103545 in
humans [24]. VT was obtained from the kinetic analysis using the
arterial plasma activity as the input function and the MA1
method [34]. MA1 was implemented based on a previous study
showing that it yielded stable estimates of VT, in terms of bias
and variance, for scan acquisitions of 120 min [24]. The modeling
was implemented in MATLAB (MathWorks, Natick, MA) using
in-house programs, as described previously [35].

Fig. 1 Schematic illustrating experimental design. Subjects with
cocaine-use disorder (CUD) were admitted to a research unit for all
procedures while the healthy controls (HCs) participated as
outpatients. Both the CUD participants and the HC underwent
structural MRI and [11C]GR103545 PET scans at baseline, and
following naltrexone. The CUD subjects then performed a choice
session (for money or cocaine) after a cold presssor test. Following
this, the CUD subjects underwent binge cocaine sessions for 3
consecutive days followed by another scan with [11C]GR103545.
A representative schedule for CUD subjects is shown in the
Supplementary Material
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Cocaine self-administration sessions
Two types of self-administration sessions were performed: (1)
choice sessions following a cold pressor test and (2) binge cocaine
sessions. The choice sessions allowed us to correlate KOR binding
and cocaine-seeking behavior. The binge sessions were performed
to investigate changes in [11C]GR103545 binding induced by the
binge dosing of cocaine. All cocaine sessions were performed with
smoked cocaine as previously described [36–39].

Cocaine choice sessions
The session began with a cold pressor task (CPT), which was
modified to provide the same level of exposure to cold water
across subjects. Often when the CPT is performed, subjects are
asked to tolerate the cold water as long as possible and to
withdraw their forearm at that time. However, we wanted to avoid
a situation where some subjects withdrew from the cold water
after a short duration, as we had seen previously in our lab [40].
Thus, the CPT was performed with alternating warm (37 °C) and
cold (4 °C) water, where subjects placed their forearm into warm
water (20 s) followed by immersion in cold water (20 s), and this
cycle repeated until 4 min had passed. Following the CPT, subjects
reported anxiety and stress using a visual analog scale (57.4 ± 17,
where the range of the scale was 0–100).
After completing the CPT, subjects were asked to chose

between a dose of smoked cocaine (6 mg) and money ($5),
as performed previously by our group [38]. The choice was
presented nine times, spaced 14min apart. For each choice, there
was a progressive ratio component, where the subject was
required to press the space bar on the keyboard in order to
receive their choice (e.g., 200, 400 presses, etc.), as described
previously [38]. A progressive ratio was used to encourage
subjects to weigh the two options, given that the responses
required for choosing only cocaine (or only money) increases with
each choice [37, 41]. The outcome measure for these sessions was
the number of times a dose of cocaine was chosen over the
money (range 0–9).

Binge dose sessions
The binge self-administration sessions were performed as
previously described [36, 39, 42], with some modifications. Each
binge day (for a total of 3 binge days) consisted of two sessions,
morning and afternoon, where six doses of 50 mg smoked cocaine
were offered to the subject, spaced 14min apart. Unlike the
choice sessions, the participants did not choose between cocaine
and money, they were simply asked to accept or decline each
dose. Thus, subjects could receive up to 600mg on each of 3
consecutive days, for a total of 1800mg.

Statistical analysis
Comparison of VT between CUD and HC. Group mean compar-
isons in the striatum were performed with a two group t-test.
Comparison across all regions was performed as a linear model
implemented in the mixed model framework (SPSS 24) with
region as a repeated measure (compound symmetry covariance
structure) and group and region as fixed effects.
The striatum was chosen a priori for statistical analysis based on

the previous studies in animals and humans that reported
changes in the KOR and dynorphin in this brain region [6–18].
However, given the global distribution of the KOR in the human
brain, we repeated all statistical tests across cortical and
subcortical regions using mixed models, in order to detect global
effects.

KOR occupancy by naltrexone. Lassen plot analysis [43] was
performed for each subject undergoing naltrexone administration.
KOR occupancy by naltrexone and the volume of distribution in
the non-displaceable compartment, VND, were compared between
groups using two group t-tests.

Association between [11C]GR103545 VT and stress-induced choice to
use cocaine. The Pearson’s product moment was used to test for
associations between baseline striatum VT and the number of
choices. Associations across all regions were tested in the mixed
model framework with region as repeated measure and the
number of choices as a covariate.

Effect of binge on [11C]GR103545 VT. Comparison of VT across
conditions in the striatum was performed with a paired t-test.
Comparison across all regions was performed as a linear model
implemented in the mixed model framework (SPSS 24) with
region as a repeated measure and the percent change in VT as
dependent variable. Lassen plot analysis was also applied to
obtain an estimate of average occupancy of KOR by dynorphin
following binge.

RESULTS
Seventeen CUD subjects (all male, 14 African American, 1
Caucasian, 1 Hispanic, 1 Native American, age 43 ± 3 years) and
14 control subjects (all male, 10 African American, 2 Caucasian, 2
Hispanic, age 41 ± 3 years, p= 0.2 for age) were included. The CUD
subjects had been using cocaine for an average of 17 ± 8 years
and were currently spending an average of $353 ± 272 per week
on smoked cocaine. Additional demographic data are presented
in the additional Supplementary Material. The PET scan para-
meters for each subject group and condition are shown in the
additional Supplementary Material. Two group t-tests were
performed comparing each of these parameters across groups
and conditions, and all p-values were > 0.1.
All of the HC subjects completed the baseline and naltrexone

scans. However, of the 17 CUD subjects, 1 did not complete the
naltrexone or the post-binge scan and another 4 did not complete
the post-binge scans, and left the study early. Thus, data from 12
CUD subjects were available for the comparison of [11C]GR103545
VT before and after cocaine binge dosing.

Comparison of CUD and HC
No significant differences were seen between the two groups for
[11C]GR103545 VT either in striatum (p= 0.30) or across all brain
regions (main effect of group, F(1,43.1)= 0.40, p= 0.531; main
effect of region, F(16, 431.7)= 61.80, p < 0.001; group by region
interaction, F(15,432.1)= 0.680, p= 0.805). Regional values are
provided in Table 1. Two group t-tests on individual regions also
did not reach significance for any ROI. KOR occupancy by 150mg
PO naltrexone as estimated by Lassen plots did not differ by group
(HC: 89 ± 8%, CUD: 87 ± 15%, p= 0.67), indicating that there was
no difference in nonspecific binding between the two groups
(data shown in Supplementary Material). There was a trend level
toward lower VND in CUD (HC: 2.88 ± 0.49, CUD: 2.35 ± 0.97, p=
0.075), which became nonsignificant when one CUD subject with
non-physiological VND (<0) was removed (CUD= 2.54 ± 0.83, p=
0.19). On an exploratory basis, BPND derived from VT and the
Lassen plot estimate of each subject’s VND, computed in all HC and
the n= 15 CUD subjects who were scanned following naltrexone,
and had physiologically plausible BPND estimates, were compared
between groups. No significant differences between groups were
observed in any region.

Correlation between baseline KOR binding and cocaine self-
administration
Baseline [11C]GR103545 VT correlated with the choice for cocaine,
where higher VT was associated with more choices for cocaine
following the cold pressor test. There was a significant effect of
choice in striatum (r= 0.58, p= 0.014) as shown in Fig. 2 and
across all regions (main effect of choice, F(1,17.5)= 10.9, p= 0.004;
choice × region interaction, F(15,29.6)= 3.7, p= 0.001). A post-hoc
analysis showed that significant effect of choice was seen in most
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brain regions, including the striatum, hippocampus, cingulate
cortex, and other regions of the cortex, as shown in Table 2. The
significant interaction term was due to differing magnitude of the
linear relationship across regions, with slope near 0 in cerebellum
(1% of mean VT), between 0.1 and 0.37 in most subcortical regions
(2–4% of mean VT), and between 0.58 and 1.0 in most cortical
regions (4–7% of mean VT).
A post-hoc analysis was performed across regions in the mixed

model framework, investigating correlations between craving for
cocaine, years of cocaine use, and amount of use prior to study
entry. No significant association was seen between KOR binding
and subjects’ ratings of “anxiety/stress” following the cold pressor
test (F(1, 14.99)= 2.184, p= 0.16), although there was a correla-
tion between subjects’ rating of “anxiety/stress” and the choice for
cocaine (r= 0.56, p= 0.02). There was no significant association
between craving or years of use and VT. However, there was a
significant association between amount of cocaine use and KOR
binding (F(1,41.77)= 5.33, p= 0.03).

Effect of binge dosing of cocaine on PET radiotracer binding
The CUD subjects took 1529 ± 429mg of smoked cocaine. The
values of [11C]GR103545 VT before and after the binge dosing of
cocaine are shown in Table 3. [11C]GR103545 VT was significantly
reduced by 18% in the striatum and by 14% across brain regions
when comparing the post-binge scan to the pre-binge scan (shown
in Fig. 2). There was no main effect of ROI; percent change did not
vary significantly across ROIs (percent change in VT, F(1,10.99)=
4.832, p= 0.05; main effect of region, F(15,162.0)= 1.11, p= 0.355).
Figure 2 also shows the change in VT for the striatum only (for
clarity, not all brain regions included) and this shows that VT was
reduced after binge dosing of cocaine. Average occupancy of KOR
following binge, estimated by Lassen plot analysis, was 23 ± 26%.

The time between the last binge dose and the post-binge scan was
19.2 ± 2.4 h. A post-hoc analysis showed no correlation between the
timing of the post-binge PET scan and the decrease in [11C]
GR103545 VT. There was no association between the choice for
cocaine (following the cold pressor test) and the change in [11C]
GR103545 VT following the binge of cocaine. Correlations did not
reach significance in any individual regions either.

DISCUSSION
The main findings of this study are as follows: (1) no difference in
[11C]GR103545 binding was seen between CUD and the healthy
comparison subjects; (2) baseline [11C]GR103545 VT correlated
with cold pressor-induced cocaine self-administration, where
higher VT predicted more choices for cocaine; and (3) binge
dosing of cocaine resulted in a decrease of [11C]GR103545 VT,
which may represent an increase in endogenous dynorphin. The
relevance of each of these findings to the existing literature is
discussed below.

Comparison of KOR in CUD subjects and controls
Three previous human post-mortem studies have shown that
cocaine dependence is associated with an upregulation of the
KOR compared with controls. However, we found no significant
difference in [11C]GR103545 VT in this study. The group mean VT
values were slightly lower in CUD across most regions, although
this might be partially accounted for by slightly lower VND, as
observed in the post-naltrexone Lassen plots. When Lassen plot-
derived binding potentials were compared between HC subjects
and the CUD, mean BPND in all brain regions was slightly but not
significantly higher in CUD (e.g., in the striatum, BPND= 3.35 ± 0.99
in CUD, BPND= 2.98 ± 1.06 in HC, p= 0.34). We also found no
difference in VT between the groups, indicating that there was no
difference in nonspecific binding.
In the post-mortem studies, Hurd and Herkenham [16] reported

an increase in the caudate, with no group differences in the
putamen and nucleus accumbens. Subsequently, Mash et al. [17]
reported that the KOR was increased in the nucleus accumbens,
anterior and ventral caudate and putamen, and the basolateral
amygdala. Staley et al. [18] measured KOR binding in cocaine
overdose victims and controls, and reported an increase in the
nucleus accumbens, medial caudate and putamen, amygdala,
cingulate cortex, and orbitofrontal cortex. Increases were not
found in other brain regions, such as the dorsolateral striatum or
cortical regions (temporal lobe, insula, and premotor cortex) [18].
It is possible that we did not replicate the post-mortem findings

with the present PET study due to differences in subject selection.
In the post-mortem studies, the cocaine-dependent subjects died
with high levels of cocaine on board and often from cocaine
toxicity. This is not the case in the PET study, where subjects were
using high, but not toxic, doses of cocaine and were abstinent
from cocaine for at least 7 days before baseline scanning.
An additional reason could be differences in endogenous

dynorphin between the two groups, as PET measures only the
available receptors. In other words, if the CUD subjects had
higher levels of dynorphin compared with the control subjects,
this could result in no detectable difference in VT between the
two groups, i.e., higher Bmax in CUD but similar Bavail across
groups due to masking of KOR availability by baseline dynorphin
binding. We scanned the CUD subjects after 7–8 days of
monitored in-patient abstinence, in order to avoid scanning
when endogenous levels of dynorphin may be elevated, due to
cocaine use before study admission. However, this time frame is
based on rodent studies and it is possible that the human CUD
subjects still had higher levels of endogenous dynorphin
compared with controls, masking KOR availability. Future studies
imaging the KOR at other time points of abstinence would be
required to address this possibility.

Table 1. Comparison of [11C]GR103545 VT in the regions of interest
between the healthy control and cocaine-use disorder (CUD) subjects

Comparison of VT (mL/cm3) across groups (HC and CUD)

Region of interest Controls
(n= 14)

CUD
subjects
(n= 17)

Mean SD Mean SD p

Striatum 11.34 3.07 10.31 2.33 0.30

Ventral striatum 16.73 7.04 15.78 4.67 0.66

Anterior putamen 13.74 3.88 12.52 2.61 0.31

Posterior putamen 9.24 2.34 8.70 1.87 0.48

Anterior caudate 11.21 3.30 9.87 2.65 0.22

Posterior caudate 6.43 1.48 6.04 1.98 0.55

Anterior cingulate cortex 17.77 4.70 17.42 6.32 0.86

Dorsolateral prefrontal cortex 14.99 3.95 13.42 3.60 0.25

Medial prefrontal cortex 15.65 4.89 14.90 4.18 0.65

Orbitofrontal cortex 14.41 3.77 13.00 3.69 0.30

Temporal cortex 14.08 4.25 12.94 3.69 0.43

Parietal cortex 14.00 3.60 12.69 3.32 0.30

Occipital cortex 11.79 3.26 11.01 2.69 0.47

Cerebellum 7.66 3.54 8.00 1.79 0.73

Amygdala 18.02 8.54 15.28 7.07 0.34

Hippocampus 8.08 1.86 8.12 1.75 0.96

Thalamus 5.98 1.31 5.78 1.04 0.64

No significant difference in VT was seen between the two groups in the
striatum or other brain regions. The values presented are mean and SD and
the p-values were obtained with a two-tailed unpaired t-test
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Correlation between KOR and cocaine self-administration
We found that baseline KOR binding correlated with the choice to
self-administer cocaine following the cold pressor test, used to
provoke stress-induced cocaine-seeking behavior in the labora-
tory. The results suggest that higher levels of KOR in the striatum
and most other brain regions, may be associated with a greater
vulnerability to stress-induced relapse in CUDs.
Although PET can demonstrate differences in receptor binding,

it cannot be used to confirm that greater receptor availability
translates into increased signaling. Thus, this finding alone cannot
confirm that increased KOR signaling is associated with drug-
seeking behavior. However, taken in the context of animal
studies, this finding adds to the evidence showing that blocking
the KOR may be beneficial. In animal studies, both physical and
social stressors increase cocaine-seeking behavior and this effect
is blocked by the administration of KOR antagonists (for review,
see ref. [2]). Repeated stress in rats shifts the behavioral
economics of cocaine, increasing its value and the maximum
price that they are willing to pay for cocaine, and KOR antagonists
can prevent or even reverse this effect [44, 45]. In our study,
CUD subjects were asked to choose between alternative
reinforcers, cocaine, and money. Subjects with higher levels of
KOR availability chose cocaine over money, following a stressor,
indicating that KOR binding plays a role in the economics of
cocaine use, and that blocking the receptor may enhance
resilience to stress-induced relapse.

Table 2. The Pearson’s product moment (r) and significance levels for
association between baseline VT and the number of times subjects
chose cocaine

Region of interest r p

Striatum 0.58 0.01

Ventral striatum 0.64 <0.01

Anterior caudate 0.52 0.032

Posterior caudate 0.53 0.03

Anterior putamen 0.49 0.05

Posterior putamen 0.68 <0.01

Anterior cingulate cortex 0.58 0.01

Dorsolateral prefrontal cortex 0.71 <0.01

Medial prefrontal cortex 0.78 <0.01

Orbitofrontal cortex 0.70 <0.01

Temporal cortex 0.58 0.01

Parietal cortex 0.64 <0.01

Occipital cortex 0.52 0.03

Cerebellum 0.08 0.80

Amygdala 0.47 0.06

Hippocampus 0.52 0.03

Thalamus 0.58 0.02

Fig. 2 PET scan results. a Representative PET images taken from CUD subject at baseline, after naltrexone, and after a cocaine binge
demonstrating a reduction in [11C]GR103545 standard uptake value (SUV). b Number of cocaine choices of CUD subjects during cocaine
choice session (maximum= 9) and its relationship with binding of [11C]GR103545 VT in the striatum. c Values for [11C]GR103545 VT before and
after the cocaine binge in the striatum for each subject. Similar decreases were observed across all ROIs
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A post-hoc analysis showed that [11C]GR103545 VT correlated
with the amount of cocaine use before study entry, assessed by
the subjects’ self-report of the dollar amount spent on cocaine in
the month before hospitalization. Thus, greater cocaine use before
study entry was associated with higher levels of KOR. This
suggests that greater cocaine use may impact KOR availability,
and that this effect persists despite the 7–8 days of abstinence
before the baseline PET scan.

Effect of binge cocaine dosing on PET measures of KOR
In CUD subjects, binge dosing of cocaine reduced [11C]GR103545
binding to the KOR. We used a 3-day binge of cocaine in the
laboratory, in order to model the previous studies in rodents and
binge cocaine use in humans. The post-binge scan with [11C]
GR103545 showed a decrease in [11C]GR103545 VT of 14.4% across
all brain regions.
We interpret this decrease as representing an increase in

endogenous dynorphin, which would reduce KOR availability for
tracer binding. At least a dozen rodent studies have shown that
binge cocaine increases endogenous dynorphin, prodynorphin
mRNA, and preprodynorphin mRNA [4–15]. The increase in
dynorphin could be detected as early as 1 h and remained
elevated at 48 h after binge administration of cocaine.
Similar results have been shown in monkeys and humans.

Fagergren et al. [46] showed that rhesus monkeys who self-
administered cocaine for five sessions had an increase in
prodynorphin mRNA levels in the caudate and putamen at 1 h
after the last dose. In humans, Hurd and Herkenham [16] reported
that CUD was associated with an increase in preprodynorphin
mRNA in the putamen and caudate in a post-mortem study. More
recently, Frankel et al. [47] measured dynorphin peptide levels in

both striatal and extra-striatal brain regions in a post-mortem
study of cocaine abusers and controls. The results showed a
significant increase in the caudate (92%) and an increase in the
putamen (75%) that trended toward significance.
Our results extend these findings by showing that [11C]

GR103545 binding is reduced by binge dosing of cocaine in
humans in vivo. We interpret this decrease as representing an
increase in endogenous dynorphin levels. Although the exact
mechanism of this is unclear, recent PET imaging studies in
rodents show that [11C]GR103545 binding is reduced by the
administration of KOR agonists (salvinorin and U-50488), whereas
kappa receptor antagonist radiotracers were not affected [48, 49].
Previous PET studies have imaged changes in endogenous
neurotransmitters, such as dopamine or endorphin, using a
dopamine D2 or mu receptor radiotracers, indicating that a
change in radiotracer binding can be used to indirectly measure
increases in neurotransmitter levels [50, 51]. In this study, the
mechanism behind the decrease in [11C]GR103545 VT has not
been identified. It may involve competition for the KOR between
the radiotracer and endogenous dynorphin, internalization or
downregulation of the KOR, or a combination of these mechan-
isms. Future animal studies would be required to address each of
these questions.

Limitations
There are some limitations to this study. The first is that it
includes a relatively small number of subjects, who are all male.
This prevents us from investigating sex differences in KOR
binding. An additional limitation is that the control subjects were
scanned at baseline and after naltrexone, but not at an additional
time point that would have mirrored the post-binge scan in the
CUD subjects. Thus, we cannot rule out the possibility that the
post-binge scan in the CUD was not affected by the naltrexone
scan. As the CUD subjects were admitted to an in-patient
research unit for this study, which lacks the stressors and cues of
the real-world setting, we cannot assess the impact of this in the
present study. We also cannot rule out that changes living
conditions, hydration, or food intake did not contribute to
alterations in KOR availability. Thus, ideally, a CUD group that did
not undergo cocaine sessions would have improved our
interpretation of these findings.
We did not see an association between the subjects’ self-report

of “anxiety/stress” (visual analog scale) and VT, although there was
a correlation between the VAS measure and cocaine self-
administration. In addition, four of CUD subjects left the study
before the binge portion of the study, mostly due to the extensive
study procedures (including arterial line placement and a long
scan time). Thus, it is possible that these subjects may have had a
different response to the cocaine binge.

CONCLUSION
In summary, the results from this study are in agreement with
previous studies indicating that KOR antagonism would serve as
an innovative treatment for addiction. Rodent studies have
consistently shown that KOR antagonists do not affect the
“euphoric-like” effects of drugs but instead block the stress-
induced potentiation of drug reward and the escalation of drug
consumption [22, 52]. However, despite the fact the research
indicates that KOR antagonism could disrupt the addiction cycle,
these medications are not available to treat addiction. Progress
had been made with the KOR antagonist LY2456302, which was
developed by Eli Lilly and Company, and found to have a good
safety profile in humans. The compound has since been licensed
to Cerecor and now Janssen Pharmaceuticals, and may become
available for clinical studies.
In addition to CUD, there is data supporting a role for KOR

antagonism in alcohol, tobacco, and methamphetamine addiction

Table 3. Comparison of [11C]GR103545 VT in the regions of interest in
the CUD group before and after binge dosing of cocaine

Comparison of pre- and post-binge VT (mL/cm3)

Region of interest Pre-binge Post-binge Percent change p

Mean SD Mean SD %

Striatum 9.98 1.95 8.08 1.91 −17.7 ± 18.3 0.01

Ventral striatum 14.40 3.66 11.04 3.09 −16.5 ± 26.7 0.05

Anterior caudate 9.61 2.33 7.90 1.97 −16.3 ± 18.0 0.02

Posterior caudate 5.78 2.13 4.38 1.09 −19.9 ± 21.0 0.03

Anterior putamen 12.22 2.15 10.06 2.86 −17.0 ± 19.5 0.01

Posterior putamen 8.48 1.71 6.72 1.73 −19.1 ± 20.0 0.01

Anterior
cingulate cortex

15.25 3.53 13.01 3.01 −10.8 ± 25.2 0.10

Dorsolateral
prefrontal cortex

12.69 2.64 11.04 2.86 −10.4 ± 23.4 0.12

Medial
prefrontal cortex

13.93 3.12 11.18 2.87 −16.7 ± 23.3 0.03

Orbitofrontal cortex 12.47 2.80 11.35 3.74 −5. 4 ± 33.6 0.20

Temporal cortex 12.11 2.04 10.26 2.45 −13.5 ± 22.2 0.05

Parietal cortex 11.97 2.30 9.93 2.44 −14.7 ± 22.7 0.05

Occipital cortex 10.50 1.95 8.57 2.11 −16.9 ± 20.0 0.02

Cerebellum 7.80 1.58 6.36 2.08 −16.9 ± 20.1 0.02

Amygdala 12.38 2.28 9.98 2.40 −9.1 ± 38.1 0.30

Hippocampus 7.70 1.44 6.31 1.57 −15.2 ± 18.0 0.04

Thalamus 5.60 0.88 4.61 0.97 −16.3 ± 20.0 0.01

VT was significantly reduced across brain regions using a linear model
implemented in the mixed model framework, with no main effect of ROI. A
post-hoc paired t-test was performed on the ROI and reported below
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[22, 53–55]. Our hope is that this study might contribute to the
scientific data supporting a role for KOR antagonists as a novel
treatment approach for a refractory disorder that affects almost 40
million Americans.
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