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Naltrexone modulates dopamine release following chronic, but
not acute amphetamine administration: a translational study
N Jayaram-Lindström1, J Guterstam1, J Häggkvist1, M Ericson3, T Malmlöf2, B Schilström2,3, C Halldin1, S Cervenka1, T Saijo1,
A-L Nordström1 and J Franck1

The opioid antagonist naltrexone has been shown to attenuate the subjective effects of amphetamine. However, the mechanisms
behind this modulatory effect are currently unknown. We hypothesized that naltrexone would diminish the striatal dopamine
release induced by amphetamine, which is considered an important mechanism behind many of its stimulant properties. We used
positron emission tomography and the dopamine D2-receptor radioligand [11C]raclopride in healthy subjects to study the
dopaminergic effects of an amphetamine injection after pretreatment with naltrexone or placebo. In a rat model, we used
microdialysis to study the modulatory effects of naltrexone on dopamine levels after acute and chronic amphetamine exposure. In
healthy humans, naltrexone attenuated the subjective effects of amphetamine, confirming our previous results. Amphetamine
produced a significant reduction in striatal radioligand binding, indicating increased levels of endogenous dopamine. However,
there was no statistically significant effect of naltrexone on dopamine release. The same pattern was observed in rats, where an
acute injection of amphetamine caused a significant rise in striatal dopamine levels, with no effect of naltrexone pretreatment.
However, in a chronic model, naltrexone significantly attenuated the dopamine release caused by reinstatement of amphetamine.
Collectively, these data suggest that the opioid system becomes engaged during the more chronic phase of drug use, evidenced by
the modulatory effect of naltrexone on dopamine release following chronic amphetamine administration. The importance of
opioid-dopamine interactions in the reinforcing and addictive effects of amphetamine is highlighted by the present findings and
may help to facilitate medication development in the field of stimulant dependence.
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INTRODUCTION
Amphetamines have powerful effects on brain monoamine
systems and give rise to an acute increase in extracellular
dopamine (DA) levels in several parts of the brain.1 In humans,
the use of positron emission tomography (PET) and DA D2-
receptor radioligands to indirectly measure endogenous DA levels
has consistently shown a DA increase in the striatum after
administration of psychostimulants. Whereas some studies have
shown a correlation between DA release and subjective
euphoria,2,3 others have indicated a relationship to drug wanting
rather than liking.4,5 In line with the latter observation, DA D2
antagonists do not consistently block amphetamine-induced
euphoria.6 Consequently, other neurotransmitter systems than
DA are thought to be involved in the actions of amphetamine.1

Several lines of evidence point to the importance of brain
opioid systems in stimulant use disorders. An important finding
that has been consistently replicated is that the non-selective
opioid antagonist naltrexone (NTX) attenuates the subjective
effects of amphetamine, both in healthy individuals and in
patients with amphetamine dependence.7–10 In clinical trials, NTX
has also been found to reduce craving and prevent relapse to
amphetamine dependence.11–13 However, the mechanism of
action behind the clinical effects remains unclear and is relevant
not only for the pharmacotherapy of amphetamine dependence,

but also with regard to the specific contributions of brain DA and
opioid systems in reward and motivation.5

The interaction between amphetamine and the opioid system
has also been investigated in preclinical models. For instance, NTX
attenuates reinstatement of amphetamine self-administration and
the sensitized locomotor response to amphetamine, but has no
effect on conditioned place preference in rats.14–16 On the basis of
these results we hypothesized that NTX may attenuate the
subjective effects of amphetamine via interaction with the
dopamine system. To explore whether NTX may attenuate
amphetamine-induced DA release we combined human and
rodent laboratory models to investigate the effects of both acute
and chronic amphetamine exposure.

MATERIALS AND METHODS
In order to study the effects of acute amphetamine administration on DA
release in humans, we used PET and the dopamine D2-receptor
radioligand [11C]raclopride. The sensitivity of this radioligand to
stimulant-induced changes in brain DA concentration is well-
established.17,18 Since DA release is sensitive to expectations of
amphetamine,19 we included a placebo arm in the study. For ethical
reasons, only a limited number of doses of amphetamine may be given to
human subjects in an experimental setting, and recruiting amphetamine
dependent patients for repeated PET experiments would be very
challenging. Therefore, we used a rat model to compare the acute and
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chronic effects of amphetamine, using in vivo microdialysis to analyze
brain DA levels after both acute and chronic amphetamine administration.

Human PET study
A cross-over randomized, placebo-controlled, double-blind design was
used to test the hypothesis that pretreatment with NTX would attenuate
the brain DA release induced by amphetamine.

Subjects. Seven healthy males aged 20–45 years were recruited via flyers
posted at Karolinska Institutet, Stockholm, Sweden. The sample size was
based on previous studies demonstrating significant effects of ampheta-
mine on [11C]raclopride binding in healthy controls,2,4,19 as well as our own
work on NTX and amphetamine.7,8 Exclusion criteria included (1) DSM-IV
diagnosis of major Axis-1 psychiatric disorder including any history of
substance use disorder (including nicotine), (2) use of a psychoactive
substance within the past 30 days, (3) history of serious medical conditions,
(4) consumption of more than the equivalent of 60 g of pure alcohol per
week, (5) positive result on alcohol breath analyzer at the test sessions, (6)
traces of opiates, cannabis, amphetamines or benzodiazepines in the urine
at screening or during test days. All participants provided written informed
consent and were paid an equivalent of €500 for their participation. The
study was approved by the Stockholm Regional Ethical Review Board, the
Radiation Safety Committee at Karolinska Institutet and the Swedish
Medical Products Agency and conducted in accordance with Good Clinical
Practice (ICH GCP, 1996) and the Declaration of Helsinki.

Experimental procedure. Prior to the PET measurements, all subjects
underwent a structural MR scan (1.5 T) to exclude intracranial pathology
and obtain anatomical references for definition of regions of interests
(ROIs). In total, each subject underwent three PET examinations with [11C]
raclopride, ~ 1 week apart: at baseline; after placebo+amphetamine
administration; and after NTX+amphetamine administration (denoted here
as baseline, placebo+amphetamine, and NTX+amphetamine, respectively).
The order of the two latter examinations was randomized.
On test days, subjects arrived at the laboratory at 0800 hours and

received a standardized breakfast. Subjective and physiological measures
were evaluated throughout the experimental procedure. At 0900 hours,
subjects received either a capsule of NTX (50 mg) or placebo. One hour
post ingestion of study medication, subjects underwent a PET examination
with [11C]raclopride, using the ECAT HR 47 (CTI/Siemens, Knoxville, TN,
USA) PET system run in 3D mode. Prior to each emission scan, a
transmission scan was performed for attenuation correction. The subjects
received an intravenous dose of amphetamine 0.3 mg kg− 1, immediately
followed by a saline solution of [11C]raclopride (223–268 MBq, specific
radioactivity 193–1131 GBq μmol− 1) injected as a bolus. The cannula was
then flushed with 10 ml saline. Immediately following [11C]raclopride
administration, PET emission data were obtained for 51 min.20 To minimize
movement artifacts, an individual plastic helmet was made for all
participants and used together with a head fixation system. The
reconstructed data were displayed as 47 horizontal sections with a
center-to-center distance of 3.125 mm.

Regions of interest. ROIs were manually delineated on individual structural
MR images, based on previously published guidelines21,22 in which the
striatum is divided into limbic, associative and sensorimotor subregions
based on their differential connectivity.23 The same ROIs were used for the
three experiments and all ROIs were combined to create a ROI for the
whole striatum. The MR images were reoriented to the AC–PC plane and
then used for co-registration to PET images using SPM2. The average
values of right and left ROIs were used to increase the signal-to-noise ratio
for the quantification. A ROI for cerebellum was drawn below the
appearance of the petrosal bone in five slices corresponding to a thickness
of 10 mm. ROIs were applied to the PET images using the co-registration
parameters to extract regional time activity curves. [11C]raclopride binding
potential (BPND) was calculated using the simplified reference tissue
model24 with cerebellum as a reference region.

Subjective and cardiovascular measures. A visual analog rating scale was
administered to describe drug effects. The visual analog rating scale
comprised four scales: ‘feel the drug ’; ‘like the effect’; ‘feel aroused’; and
‘want more’, providing a composite measure of subjective effects. The
subjects rated their experiences starting at the time of NTX/placebo
administration and continuing at designated time points. To measure

physiological effects of amphetamine, heart rate and blood pressure were
recorded manually at the same time points as the subjective measures.

Statistical analysis. Statistical evaluation of BPND data for each ROI was
conducted using two-way repeated-measures analysis of variance (ANOVA)
with Greenhouse–Geisser correction. Three comparisons of binding
potential values were estimated by the ANOVA: (1) baseline vs
amphetamine; (2) baseline vs NTX+amphetamine; (3) placebo+ampheta-
mine vs NTX+amphetamine. Condition by region interactions in the
ANOVA, were investigated further with post hoc t-tests. All statistical tests
were two-tailed and the threshold for significance was set at Po0.05. The
secondary outcome of subjective measures was defined as the mean score
of the four visual analog rating scale items for the various time points
during each test day, comparing the NTX+amphetamine and placebo
+amphetamine conditions. A group composite score was calculated as an
aggregate of the mean scores for each time point. This score was
compared between the two conditions with repeated-measures ANOVA.

Microdialysis
We used in vivo microdialysis to investigate the effects of NTX on
amphetamine-induced DA release in freely moving rats. First, two different
acute amphetamine doses were tested. In a second experiment we
investigated the effects of amphetamine reinstatement, that is, a challenge
dose of amphetamine after a period of chronic treatment followed by
abstinence.

Animals. Male Wistar rats 250–380 g, corresponding to 9–12 weeks at
arrival, (BK Universal, Sollentuna, Sweden or Taconic, Ejeby, Denmark) were
housed four per cage in a temperature (±21 °C) and humidity (±40–50%)
controlled environment on a 12 h light/dark cycle (lights on 0700 hours).
Food and water were available ad libitum. All experiments were conducted
during the light phase of the cycle. Animals were handled in accordance
with the guidelines of the Swedish National Board of Laboratory Animals
and the study was approved by the Stockholm Regional Ethical Review
Board (acute experiment) or Gothenburg (chronic experiment), Sweden.

Drugs. Dexamphetamine sulfate (Apoteket, Stockholm, Sweden) and NTX
(Sigma Chemicals, Stockholm, Sweden) were dissolved in physiological
saline (sodium chloride 0.9% (w/v)). All drugs were administered
intraperitoneally (i.p.), and injected at a volume of 1 or 2 ml kg− 1 of body
weight.

Surgical procedure. Rats in the acute experiment were anaesthetized with
a mix of fentanyl citrate (0.39 mg kg− 1) and fluanisone (12.5 mg kg− 1,
Hypnorm, Janssen-Cilag) and midazolam (6.25 mg kg− 1, Dormicum,
Roche) diluted in distilled water (1:1:2; 5 ml kg− 1 i.p.) or in the chronic
experiment, by isoflurane (Apoteket) and mounted in a stereotaxic frame.
Dialysis probes were implanted in the Nucleus Accumbens (N.Acc) with
stereotaxic coordinates anteriorposterior: +1.6 mm: mediolateral − 1.4 mm:
dorsoventral − 8.2 mm relative to bregma and the dural surface, in
accordance with an anatomical atlas.25 After surgery, animals were
individually housed and allowed 2 days of recovery before initiation of
the experiment.

Microdialysis procedures. The microdialysis experiments were conducted
approximately 48 h after surgery. Dialysis occurred through a semi-
permeable membrane (Filtral AN69, Hospal Industrie, Meyzieu, France)
with an active surface length of 2-2.25 mm. The dialysis probe was
perfused with a physiological solution (Ca Cl2 (1.3 mM), NaCl (147 mM), KCl
(3.0 mM), MgCl2 (1.0 mM), Na2HPO4 (1.0 mM), NaH2PO4 (0.2 mM)) at a rate of
2 or 2.5 μl min− 1 set by a microperfusion pump. Dialysate was collected
over 15 min intervals (37.5 μl) in the two acute dialysis studies and over
20 min intervals (40 μl) in the chronic dialysis study, after which the
samples were injected into a high-performance liquid chromatography
system. On-line quantification of DA in the dialysate was accomplished by
electrochemical detection (ESA, Chelmsford, MA, USA or Dionex P580,
Västra Frölunda, Sweden). After baseline measurements in the acute
dialysis studies, rats were treated with either NTX (3 mg kg− 1 i.p) or saline
(1 mg kg− 1 i.p) 30 min before given an amphetamine (0.5 or 2 mg kg− 1 i.
p) or saline injection (1 mg kg− 1 i.p). In the chronic dialysis study, rats were
conditioned to amphetamine using a protocol, which induces robust
locomotor sensitization to amphetamine.16 Briefly, rats received daily
injections of either saline or amphetamine (2 mg kg− 1) for 10 consecutive
days after which the animals were left untreated for another ten days.
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Surgery was performed 8 days into the drug-free period. In the following
microdialysis experiment, the rats received an injection with NTX or
vehicle, followed 40 min later by a saline injection for the previously saline-
treated rats and amphetamine (0.5 mg kg− 1 i.p.) for the previously
amphetamine treated rats. Dialysate was collected for 180 min after the
last drug administration. Rats were randomly assigned to different
treatment groups with a minimum of three experimental groups
represented on each experimental day in order to avoid systematic errors.
The technician performing the DA analysis was blind to treatment group.

Statistical analysis. DA levels were expressed and statistically analyzed as
percent of baseline levels. Baseline was defined as the average of the four-
dialysate samples collected immediately before the first injection. The
mean percent changes from baseline were then calculated for each
15/20 min sample for all rats in each group. Data were analyzed by one- or
two-way ANOVA followed by Tukey’s multiple comparisons test using the
GraphPad Prism software.(version 7.0b, GraphPad Software, San Diego, CA,
USA) Data are presented as mean± s.e.m. where eight animals per group
were estimated sufficient for a valid statistical outcome.

RESULTS
Human PET study
Subjective and cardiovascular effects. Figure 1 shows the compo-
site score of the subjective effects reported by the healthy
subjects on the visual analog rating scale. As expected, there was a
main effect for time point of measurement (F = 419.6; Po0.001),
showing that the amphetamine injection caused a subjective drug
effect over time. Repeated measures ANOVA also revealed a main
effect for treatment condition (F = 482.1; Po0.001), such that the
placebo+amphetamine condition produced a significantly stron-
ger subjective drug effect than the NTX+amphetamine condition.
In other words, NTX reduced the subjective effects of ampheta-
mine. NTX did not produce any significant differences in heart rate
or pulse (data not shown).

Effects on dopamine release. Two-way repeated-measures
ANOVA revealed a main effect of condition (F = 9.76, P= 0.015), a
main effect of brain region (F = 67.76, Po0.001) and a condition-
by-region interaction (F = 4.21, P= 0.024) on [11C]raclopride BPND.
Post hoc paired t-tests demonstrated significantly decreased BPND
in all striatal ROIs for both placebo+amphetamine and NTX
+amphetamine as compared to baseline, indicating increased
endogenous DA levels. However, there was no significant
difference in BPND between placebo+amphetamine and NTX
+amphetamine (Figure 2). The results were similar for all
subregions of the striatum (Table 1).

Microdialysis
Basal levels of DA in the N.Acc did not differ significantly between
the different treatment groups (P40.05) in any of the in vivo
microdialysis studies. Pooling of the data from all animals resulted
in a mean DA level of 5.71 ± 0.31 fmol min− 1.
Two-way ANOVA of the data from the acute amphetamine

(0.5 mg kg− 1) experiment revealed significant time, treatment and
interaction effects (Finteraction(42,252) = 4.498, Po0.0001). NTX
(3 mg kg− 1) alone did not significantly influence DA output in
the N.Acc. Amphetamine (0.5 mg kg− 1) significantly increased DA
output 15 min after administration (Po0.05) compared to saline,
an effect that lasted for 45 min (Figure 3a). NTX (3 mg kg− 1)
pretreatment did not suppress amphetamine-induced DA release.
When amphetamine was administered at a dose of 2.0 mg kg− 1,
two-way ANOVA revealed similar effects (Finteraction(42,248) = 23.39,
Po0.0001), and at this dose amphetamine caused a robust
increase of DA output 15 min after administration compared to
saline (Po0.001), an effect that lasted up to two hours (Figure 3b).
NTX (3 mg kg− 1) pretreatment did not affect the amphetamine-
induced DA output at any time point.

In the chronic model, with daily administration of amphetamine
(2 mg kg− 1) for ten days and a subsequent drug-free period of ten
days, two-way ANOVA revealed significant time, treatment and
interaction effects (Finteraction (27,234) = 8.365, Po0.0001). Post hoc
analysis revealed that reinstatement with a challenge dose of
amphetamine (0.5 mg kg− 1) significantly increased DA output
20 min after administration compared to baseline (Figure 4). There
was also a significant difference between NTX+vehicle treatment
and NTX+amphetamine treatment (P= 0.014) and between
vehicle+amphetamine treatment and NTX+amphetamine treat-
ment (P= 0.030). Thus, NTX pretreatment attenuated the
amphetamine-induced DA elevation by ~ 50% in this model with
chronic amphetamine administration.

DISCUSSION
In humans, pretreatment with NTX significantly attenuated the
subjective effects of i.v. amphetamine, a finding that confirms
earlier studies using oral amphetamine.7,8 As expected, ampheta-
mine led to a robust decrease in striatal [11C]raclopride binding,
indicating an increase in extracellular DA levels. Contrary to our

Figure 1. Subjective effects of amphetamine (Amph; 0.3 mg kg− 1),
after pretreatment with placebo or naltrexone (NTX; 50 mg), as
measured by visual analog scales. Values represent the mean± S.E.
M. An i.v. dose of amphetamine produced a significant increase in
the reporting of subjective effects in healthy individuals (F= 419.6;
Po0.001). Repeated measures ANOVA revealed that pretreatment
with NTX compared with placebo significantly attenuated the
ratings of the subjective effects of amphetamine (F= 482.1;
Po0.001).

Figure 2. PET [11C]raclopride BPND in the striatum (all subregions
combined) at baseline and after an injection of amphetamine
(0.3 mg kg−1), pre-treated with placebo or naltrexone (NTX). Values
represent the mean and 95% confidence interval. There was no
significant difference in the [11C]raclopride BPND between the experi-
mental conditions placebo+amphetamine and NTX+amphetamine, for
any of the subregions of the striatum. Amph, amphetamine; BPND,
binding protein; PET, positron emission tomography.
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hypothesis, NTX did not attenuate the amphetamine-induced DA
increase in the striatum.
For ethical reasons, repeated amphetamine injections to human

research subjects should be avoided. Therefore, we used a rat
model to further investigate the neurochemical effects of NTX
pretreatment in amphetamine-exposed rats. In the acute model,
the microdialysis data confirmed our PET results, that is, that NTX
did not affect amphetamine-induced DA release in previously
drug-naive animals. However, following chronic exposure to
amphetamine, we found that NTX attenuated the amphetamine-

induced DA response by approximately 50%. This finding is in
agreement with our previous study on locomotor sensitization in
which NTX had no effect on acute amphetamine-induced
locomotion but attenuated the response in chronically treated
animals.16 It also fits with observations in our previous experi-
ments, where the effect of NTX on the subjective experience was
of higher magnitude in dependent patients than in healthy
individuals.7,8

The findings from the acute experiments with both PET and
in vivo microdialysis stand in contrast to the results of Schad et al.,
who found that pretreatment with naloxone attenuated the
amphetamine-induced increase in extracellular DA in N. Acc. in
rats.26 Potential explanations for this discrepancy include the use
of a different rat strain, a cumulative, sub-cutaneous ampheta-
mine-dosing schedule and pretreatment with naloxone rather
than NTX. In addition, the limited sample size also makes the
findings less certain and they have thus far not been replicated. To
our knowledge, the present study is the first to utilize a
translational methodology to examine the mechanism of an
opioid antagonist in amphetamine use.
An explanation for the effects of NTX on the subjective effects

of amphetamine could be a direct effect of amphetamine on
endogenous opioid release.27–29 We previously tested this
hypothesis using PET and the μ opioid receptor ligand [11C]
carfentanil. By using an i.v. amphetamine dose identical to the one
in the present study in a cross-over, randomized experiment, we

Table 1. [11C]raclopride BPND values (mean± s.d.) and changes in percent compared to baseline for limbic, associative, and sensorimotor subregions
of the striatum, and striatum as a whole

Region Baseline Placebo+Amph Change (%) NTX+Amph Change (%)

Limbic 2.32± 0.23 2.10± 0.26 − 9.7± 5.9 2.05± 0.24 − 11.4± 8.8
Associative 3.02± 0.26 2.73± 0.22 − 9.1± 8.7 2.68± 0.34 − 10.7± 13.0
Sensorimotor 3.43± 0.30 2.79± 0.25 − 18.5± 5.7 2.80± 0.29 − 18.1± 9.7
Striatum 3.05± 0.26 2.66± 0.20 − 12.5± 6.4 2.63± 0.27 − 13.4±10.7

Abbreviations: Amph, amphetamine; BPND, binding protein; NTX, naltrexone. There was no significant difference in [11C]raclopride BPND between placebo
+amphetamine and NTX+amphetamine in any of the regions of interest.

Figure 3. Extracellular dopamine levels in the nucleus accumbens as
measured by in vivo microdialysis in Wistar rats (n= 5–6 per group).
Rats received pretreatment with naltrexone (NTX; 3 mg kg− 1) or
vehicle at time point= 0, followed by an injection of amphetamine
(0.5 mg kg− 1) or saline (a) and amphetamine 2.0 mg kg− 1 or saline
(b) at time point= 30 min. Values represent the mean± s.e.m.
Amphetamine (Amph; 0.5 mg kg− 1) significantly increased dopa-
mine (DA) output 15 min after administration (Po0.05) compared
to baseline. NTX pretreatment did not suppress the amphetamine-
induced DA release (a). Amphetamine at a dose of 2.0 mg kg− 1

caused a robust increase of DA output 15 min after administration
(Po0.01) compared to baseline. NTX pretreatment did not affect
the amphetamine-induced DA output at any time point (b). Veh,
vehicle.

Figure 4. Extracellular dopamine levels in the nucleus accumbens as
measured by in vivo microdialysis in Wistar rats (n= 7–8 per group).
All animals received 10 days of daily amphetamine 2 mg kg− 1 (open
symbols) or saline (closed symbols) administration followed by
10 days of abstinence before initiation of the dialysis experiment. On
the day of the experiment the rats first received naltrexone (NTX) or
vehicle, followed by an acute injection of either amphetamine
(0.5 mg kg− 1) or saline. Values represent the mean± s.e.m. Rein-
statement with a challenge dose of amphetamine (Amph;
0.5 mg kg− 1) significantly increased dopamine (DA) output 20 min
after administration compared to baseline. A significant interaction
(treatment x time, F21,182= 10.121, Po0.001) was found between
the groups and post hoc analysis revealed a significant difference
(P= 0.009), with NTX blunting the amphetamine-induced elevation
by 50%. Veh, vehicle.
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found no evidence of such an acute amphetamine-induced opioid
release in healthy humans.30 Other studies have found reduced
[11C]carfentanil binding in several brain regions three hours after
an oral amphetamine dose, but it is unclear whether this is related
to the subjective effects of the drug, since these effects follow
within minutes after an intravenous injection.31,32

The mechanisms whereby NTX attenuates the acute subjective
effects of amphetamine in drug-naIve subjects are not fully
understood. While NTX typically does not cause any subjective
effects when administered on its own, its effects in models of
chronic amphetamine exposure may be related to increased
expression of endogenous opioids.33 Another possibility is that
NTX might have other pharmacological effects besides being an
opioid antagonist. Amphetamine has a complex mechanism of
action that is still not fully understood and it affects several
different neurotransmitters besides DA.1 It is possible that NTX
interferes with such processes in ways that are still unknown.
Since NTX works as a non-specific opioid antagonist, other opioid
receptor subtypes besides the μ-receptor might also play a role,
but this has not yet been systematically investigated.
An alternative possibility is that NTX does not alter the

immediate actions of amphetamine at the brain stem or striatal
levels, but instead affects higher-order cognitive and affective
processing of the pharmacological stimulus. Expectation effects
might be relevant in this context, since DA is involved in reward
prediction and there also is plenty of evidence for the importance
of opioid mechanisms in placebo effects.34 An individual
expecting a pleasant effect from the injection of a study drug
might actually experience and rate it as more pleasurable than
someone without such expectations, and an opioid antagonist
might attenuate this effect.35 In our PET study with [11C]carfentanil
mentioned above, we found no evidence of expectancy-induced
opioid release when the participants knew they would receive an
amphetamine injection,30 but this might be different in individuals
previously conditioned to amphetamine.
In a recent study of individuals with methamphetamine

use disorder, pretreatment with NTX was found to reduce
blood-oxygen-level dependent functional magnetic resonance
imaging cue-reactivity and also alter the functional connectivity of
certain mesolimbic and mesofrontal circuits.36 Since cue-induced
stimulant craving has previously been shown to correlate with
striatal DA release, this provides further evidence of the
importance of DA-opioid interactions in stimulant addiction.37

One could speculate that different DA pathways are involved in
different stages of amphetamine exposure.38,39 In this study, we
have studied the mesostriatal DA pathway, and possible down-
stream effects in areas like the ventral pallidum would not have
been detected (Olive et al.40). Further studies are needed to
investigate whether opioid antagonists modulate other DA
projections after acute and chronic amphetamine exposure.
It may be informative to compare the findings described above

with the literature on cocaine and the endogenous opioid system.
Opioid antagonists have shown mixed results in rat models of
cocaine-induced behaviors such as self-administration and
reinstatement.26,41 On the neurochemical level, there is evidence
for upregulation of μ and δ opioid receptors following chronic
cocaine exposure.42,43 Consistent with this, human PET studies
have shown increased prefrontal and striatal [11C]carfentanil
binding in cocaine dependent patients compared to controls.
These changes have also been shown to correlate with cocaine
craving and risk of relapse.44–47 Laboratory studies have shown
that NTX does not affect the acute subjective effects of cocaine
but does attenuate priming-induced cocaine craving.48 However,
clinical trials of NTX for cocaine dependence have not produced
any evidence for a relapse preventive effect.49 In other words, the
preclinical rationale for NTX treatment of cocaine dependence
seems quite convincing, but there is a lack of well-designed and
adequately powered clinical trials to determine its possible clinical

efficacy. For amphetamine, the evidence from clinical trials is
stronger, but more research is needed to understand the
mechanisms behind the therapeutic effect of NTX.
Earlier PET studies have found that injection of an opioid agonist

(for example, heroin) has no significant effect on striatal DA release
in humans.50,51 Thus, whereas acute amphetamine administration
produced no immediate endogenous opioid release30 and an
opioid antagonist did not affect the DA release induced by acute
amphetamine administration to drug-naive subjects, interactions
between striatal DA and opioid systems may be related to chronic
amphetamine exposure, as shown by the present microdialysis
results. The physiological mechanisms behind this transition are
still unclear. We hypothesize that enhanced interactions between
brain DA and opioid systems correlate with stimulant addiction
severity, but this remains to be investigated.
In summary, the reduction of amphetamine’s acute subjective

effects by NTX in drug-naive humans was not related to changes in
DA transmission. Similarly, NTX did not have any effect on
extracellular DA in rodents following an acute dose of ampheta-
mine. In contrast, NTX significantly attenuated DA release caused by
a challenge dose of amphetamine in rodents chronically exposed to
amphetamine. The results suggest that the mechanisms whereby
NTX modulates the effects of amphetamine are different in acute
compared to chronic use. The current findings have the potential of
advancing the knowledge of the mechanism of action of NTX as a
pharmacological treatment for stimulant dependence for which at
present, there exists no approved treatment.
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