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Abstract

The opioid system consists of opioid receptors (which mediate the actions of 
opium), their endogenous ligands (the enkephalins, endorphins, endomorphins, 
dynorphin, and nociceptin), and the proteins involved in opioid production, 
transport, and degradation. PET tracers for the various opioid receptor subtypes 
are available, and changes in regional opioidergic activity have been assessed 
during both sensory and affective processing in healthy individuals and in vari-
ous disease conditions such as chronic pain, neurodegeneration, epilepsy, eating 
disorders, behavioral addiction, and substance abuse. It is not always clear 
whether observed changes of tracer binding reflect altered release of endogenous 
opioids or altered opioid receptor expression. This issue may be resolved by 
studies in experimental animals that combine in vivo PET imaging with ex vivo 
immunohistochemistry. Some radioligands for opioid receptors have suboptimal 
kinetics (i.e., slow dissociation from their target protein) or can induce undesired 
side effects even at low administered doses (sedation, respiratory arrest). Yet, 
PET offers the unique opportunity of quantifying opioid receptor-mediated sig-
naling in the living human brain. PET imaging has provided evidence for a link 
between opioid neurotransmission and peripheral immune activation.

21.1	 �Introduction

The term “opioid” is derived from opium: dried latex from the opium poppy 
(Papaver somniferum) which has been used since ancient times as an analgesic and 
recreational drug (Kalant 1997). An opioid is either a synthetic narcotic that has 
similar activities as opium or a naturally occurring peptide that has such activities. 
Several classes of endogenous opioids have been discovered, viz., the enkephalins 
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(Hughes et  al. 1975), endorphins (Cox et  al. 1976; Simantov and Snyder 1976), 
endomorphins (Zadina et al. 1997), dynorphins (Goldstein et al. 1979), and noci-
ceptin (Meunier et al. 1995; Reinscheid et al. 1995). These messenger substances 
bind to G-protein-coupled opioid receptors in the brain, the spinal cord, and the 
digestive tract. Agonist binding to opioid receptors results in a decrease of the activ-
ity of adenylyl cyclase (Snyder and Pasternak 2003; Trescot et al. 2008; Waldhoer 
et al. 2004).

At least four broad subclasses of opioid receptors have been identified by the use 
of selective ligands (Dhawan et  al. 1996). Assessment of antagonist potencies 
against the actions of various opioid agonists in different tissue preparations resulted 
in the identification of the mu, delta, and kappa subclasses (Lord et al. 1977; Martin 
et al. 1976). Later, mRNAs for these three subtypes were cloned and characterized 
(Chen et al. 1993; Evans et al. 1992; Kieffer et al. 1992; Yasuda et al. 1993). Mu 
opioid receptors (μOR) are named after morphine, the alkaloid which is the active 
compound in opium (Martin et al. 1976). Kappa opioid receptors (κOR) derive their 
name from the drug ketocyclazocine (Martin et al. 1976). Delta opioid receptors 
(δOR) were initially characterized in the murine vas deferens (Lord et al. 1977). 
μOR are ß-endorphin preferring, κOR dynorphin preferring, and δOR enkephalin 
preferring (Minami and Satoh 1995). Nonclassical, nociceptin- or opiate-like recep-
tors 1 (ORL1) bind nociceptin (Meunier et al. 1995; Reinscheid et al. 1995).

ß-Endorphin binds with nM affinity to μOR and δOR (Ki about 1 nM) but with 
low affinity to κOR (Ki = 52 nM) (Raynor et al. 1994). In contrast, dynorphin A has 
sub-nM affinity to κOR (Ki = 0.5 nM), low affinity to μOR (Ki = 32 nM), and negli-
gible affinity to δOR (Ki > 1 μM) (Raynor et al. 1994). Enkephalins have sub-nM or 
nM affinity to δOR and μOR (Ki values 0.6–4 nM) but negligible affinity to κOR 
(Ki > 1 μM) (Raynor et al. 1994). Endomorphins are very potent and selective μOR 
agonists (Ki = 0.3–0.7 nM) (Hackler et al. 1997). Stimulation of μOR or δOR gener-
ally results in analgesia and reward, whereas κOR stimulation may have negative 
consequences, such as dysphoria and hallucinations.

Opioids and their receptors play important roles in a large spectrum of physio-
logical processes, including learning and memory, reward, mood, appetite, circa-
dian rhythms, sexual activity, pregnancy, locomotion, cardiovascular, gastrointestinal, 
renal and hepatic function, respiration, regulation of body temperature, and immu-
nological response (Vaccarino and Kastin 2001). Well known is their involvement in 
regulating the sensation of pain; opiates are clinically employed to produce 
analgesia.

21.2	 �Opioid Receptor Ligands for PET: A Historical Overview

Several radioligands for PET imaging of opioid receptors have been prepared. 
These include subtype-selective and non-subtype-selective agonists and antagonists 
(see Table 21.1). Many comprehensive reviews on opioid receptor imaging were 
published between 2000 and 2008 (Frost 2001; Hammers and Lingford-Hughes 
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2006; Henriksen and Willoch 2008; Koepp and Duncan 2000; Lever 2007; Ravert 
et al. 2004; Sprenger et al. 2005).

The first attempt at in  vivo labeling of opioid receptors was made in 1975. 
Investigators at Johns Hopkins University administered a labeled opioid receptor 
antagonist, [3H]naloxone, to living rats. In the excised brain tissue of these animals, 
they observed a regional distribution of radioactivity which corresponded to the 
known distribution of opioid receptors in the rodent brain (striatum  >  hind-
brain > cerebellum). Because of strong nonspecific binding of [3H]naloxone, accept-
able target-to-nontarget ratios of radioactivity could only be reached after ex vivo 
washing of brain slices to remove nonspecifically bound tracer. Yet, this seminal 
study paved the way for all later imaging of neuroreceptors in the living brain (Pert 
and Snyder 1975).

The first successful PET probe for opioid receptors was prepared in 1984 (Pert 
et  al. 1984; Channing et  al. 1985). After intravenous administration of [18F]3-
acetylcyclofoxy (3-acetyl-6-deoxy-6-ß-[18F]-fluoronaltrexone), a regional distribu-
tion of radioactivity was observed which corresponded to the regional distribution 
of opioid receptors in the rat and baboon brain. Bound tracer in the baboon brain 
was completely displaced by the active (−)enantiomer of naloxone, whereas an 

Table 21.1  PET probes for the opioid system

Name Action Abbreviation Initial publication
[18F]Cyclofoxy Antagonist, μOR, and κOR – Pert et al. (1984)

[11C]Diprenorphine Antagonist, non-subtype 
selective

DPN Luthra et al. (1985)

[18F]Diprenorphine Antagonist, non-subtype 
selective

FDPN Wester et al. (2000)

[11C]Buprenorphine Mixed agonist/antagonist, 
non-subtype selective

BPN Luthra et al. (1987)

[18F]-FE-PEO Full agonist, non-subtype 
selective

– Riss et al. (2013)

[11C]Carfentanil Agonist, μOR CFN Dannals et al. (1985)

[11C]AH7921 Agonist, μOR – Rafique et al. (2017)

[11C]
Methylnaltrindole

Antagonist, δOR MeNTI Lever et al. (1992)

[64Cu]TIPP 
conjugate

Antagonist, δOR – Pirisedigh et al. (2017)

[11C]GR103545 Agonist, κOR – Talbot et al. (2005)

[11C]EKAP Agonist, κOR – Li et al. (2019a)

[11C]FEKAP Agonist, κOR – Li et al. (2019b)

[11C]MeJDTic Antagonist, κOR – Poisnel et al. (2008)

[11C]LY2795050 Antagonist, κOR – Zheng et al. (2013)

[11C]LY2459989 Antagonist, κOR – Zheng et al. (2014)

[18F]LY2459989 Antagonist, κOR – Cai et al. (2017), Li 
et al. (2018)

[11C]NOP-1A Antagonist, ORL1 – Pike et al. (2011)
[18F]MK-0911 Antagonist, ORL1 – Hostetler et al. (2013)
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identical dose of the inactive (+)enantiomer (0.13  mg/kg) had no effect (Pert 
et al. 1984).

Since [3H]naloxone showed a low ratio of specific-to-nonspecific binding, an 
antagonist with a higher affinity ([3H]diprenorphine, [3H]DPN) was prepared and 
successfully applied in autoradiography (review in (Frost 2001)). However, labeling 
DPN with 11C proved difficult. Because of these difficulties, radiochemists focused 
their attention on other opioid ligands, and a method was developed to label carfen-
tanil (CFN) with 11C, using a carboxylic acid analog of carfentanil as a precursor 
(Dannals et al. 1985). The resulting tracer, [11C]CFN, was used to acquire the very 
first images of opioid receptors in the human brain (Frost et al. 1985). At baseline, 
a regional distribution of radioactivity was observed which corresponded to the 
known regional densities of μOR. After treatment of the volunteer with naloxone 
(1 mg/kg), cerebral uptake of the tracer was strongly suppressed, indicating that 
[11C]CFN binds to μOR in the living brain in vivo (Frost et al. 1985). A regional 
distribution of radioactivity consistent with μOR binding and blockade of tracer 
uptake by naloxone were also observed in the mouse brain. Thus, [11C]CFN is suit-
able for studies of μOR in rodents (Saji et al. 1992).

In the same year that the first images of opioid receptors in the human brain were 
acquired, radiochemists developed a method for preparation of [11C]DPN. The com-
pound was labeled at the N-carbon atom of its cyclopropylmethyl group (Luthra 
et al. 1985). A study with [11C]DPN in four healthy volunteers indicated that the 
tracer is rapidly washed out from brain regions with a low density of opioid recep-
tors, whereas activity is retained in receptor-rich target areas. Eighty to ninety per-
cent of tracer binding in target regions is naloxone reversible, suggesting that 
[11C]DPN is suitable for studies of opioid receptors in man (Jones et al. 1988).

A different method to prepare [11C]DPN was later published. That method 
involves [11C]-O-methylation of 3-O-t-butyldimethylsilyl-(6-O-desmethyl)
diprenorphine with [11C]methyl iodide, followed by acidic deprotection of the reac-
tion product (Lever et al. 1987). The advantage of this approach compared to the 
previously published method is its greater radiochemical yield.

The non-subtype-selective opioid ligand buprenorphine (BPN) has also been 
labeled with 11C.  The first published method involved the reaction of an 
N-(decyclopropylmethyl) precursor of buprenorphine with [11C]cyclopropanecar-
bonyl chloride followed by reduction with lithium aluminum hydride (Luthra et al. 
1987). Later, a more facile synthesis of [11C]BPN was reported, in which the drug 
was labeled with 11C at the 6-methoxy position, using a methylation reaction with 
[11C]iodomethane (Lever et al. 1990). In a preclinical study in a baboon, the cerebral 
kinetics of [11C]BPN and [11C]DPN were directly compared. (−)Naloxone-sensitive 
binding of both ligands was observed in the striatum but not in the cerebellum. 
Uptake values and time courses in the target region were similar. The investigators 
concluded that [11C]DPN shows better kinetics than [11C]BPN since [11C]DPN is 
cleared more rapidly from brain areas devoid of opioid receptors (Shiue et al. 1991). 
[11C]BPN shows a regional distribution in the baboon brain consistent with regional 
opioid receptor density, whereas bound radioactivity in target areas can be displaced 
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by naloxone. Moreover, [11C]BPN binding in the striatum shows a good (~10%) 
short-term test-retest variability (Galynker et al. 1996).

A non-subtype-selective agonist radioligand for opioid receptor imaging has 
become available. This compound, called [18F]FE-PEO, binds with Ki values of 
0.4–1.6 nM to all opioid receptor subtypes. The distribution of radioactivity in the 
rat brain corresponds to regional opioid receptor levels, but nonspecific binding is 
rather high (≥33% even in target areas). [18F]FE-PEO is relatively slowly metabo-
lized (60% parent in rat plasma after 3 h), and radioactive metabolites do not enter 
the brain (Riss et al. 2013).

A benzamide radioligand for μ-opioid receptors with agonist activity 
([11C]AH7921) was recently labeled with 11C and tested in rats as a potential alter-
native to [11C]CFN (Rafique et al. 2017). Although this agent showed several draw-
backs, such as a low binding potential and entry of a radioactive metabolite in the 
brain, the authors claim that it may be used for quantitative imaging of μOR avail-
ability and competition with endogenous opioids.

The first successful radioligand for δOR was the antagonist N1′-([11C]methyl)
naltrindole ([11C]MeNTI). [11C]MeNTI was synthesized by alkylation of 
3-O-benzylnaltrindole with [11C]methyl iodide followed by removal of the protect-
ing benzyl moiety. [11C]MeNTI binding in the brain of living mice was blocked (up 
to 75%) by naltrindole (δOR antagonist), but not by cyprodine (μOR antagonist) nor 
by U50,488 (κOR agonist). Regional tracer uptake showed a linear, close correla-
tion to δOR densities known from autoradiography. These data indicated that 
[11C]MeNTI binds selectively to δOR in the mouse brain in vivo (Lever et al. 1992).

An attempt to label the delta-1 subtype of δOR in the mouse brain with the selective 
ligand [3H]benzylidenenaltrexone (BNTX) was only partially successful. Although 
some specific binding of the compound was observed in vivo and tracer uptake could 
be blocked with the appropriate compounds, ratios of specific-to-nonspecific binding 
were very poor (Lever et al. 1996). Fluorinated analogs of naltrindole (N1′-fluoroethyl-
naltrindole or BU97001 and N1′-fluoroethyl-(14-formylamino)-naltrindole or 
BU97018) have been proposed for PET imaging. BU97001 has been tritiated and used 
successfully for autoradiography of the rat brain; it shows sub-nM affinity to δOR  
(Kd 0.42 nM) (Tyacke et al. 2002). However, PET data for [18F]BU97001 have not yet 
been reported.

A 11C-labeled N-substituted quinolinimide derivative with much higher subtype 
selectivity than [11C]MeNTI has been tested as a potential ligand for in vivo imaging 
of δOR. The compound was rapidly degraded in both plasma and brain tissue after 
intravenous injection in rats, and specific binding could not be detected in  vivo 
(Bourdier et  al. 2007). A radiofluorinated δOR antagonist based on the Dmt-Tic 
pharmacophore has also been prepared. Although the compound showed significant 
binding to δOR in brain slices, it failed to cross the blood–brain barrier in living rats 
(Ryu et al. 2008). Three benzamide δOR agonists have been labeled with 11C and 
subjected to preclinical testing. All compounds showed a very low brain uptake and 
no regional specific binding in mice. One of the compounds, called [11C]SNC80, 
was also tested in a monkey. Results in this primate were similar to those seen 
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previously in mice, i.e., low blood–brain barrier permeability and a uniform distri-
bution of radioactivity throughout the brain, indicating nonspecific binding (Pichika 
et al. 2010).

Recently, a conjugate of the δOR antagonist TIPP was labeled with 64Cu 
(Pirisedigh et al. 2017). This tracer was only tested by ex vivo autoradiography in 
rat brain sections. It showed a regional distribution corresponding to the known 
expression levels of the δOR.

Initial attempts at developing subtype-selective radioligands for κOR were not 
successful. 18F-labeled analogs of U-50488 were prepared by fluoroalkyl substitu-
tion, but the labeling procedure resulted in a very strong (≥100-fold) loss of affinity 
with reference to the parent compound (Chesis and Welch 1990). A successful ago-
nist radioligand for κOR, [11C]GR89696, was finally prepared in 1999 (Ravert et al. 
1999). The R enantiomer, later called [11C]GR103545, shows an excellent hypo-
thalamus/cerebellum ratio of 11.4 in the mouse brain at 90 min after injection, in 
contrast to the S enantiomer which is inactive (target/nontarget ratio = 1) (Ravert 
et al. 2002). Using subtype-selective opioid receptor ligands in blocking studies, the 
binding of [11C]GR103545 was shown to be κOR selective and saturable. Preclinical 
evaluation in baboons also indicated that [11C]GR103545 is a promising tracer for 
imaging of κOR. A regional distribution of radioactivity is observed that is consis-
tent with the regional density of κOR. Naloxone pretreatment reduces tracer uptake 
in all brain regions to the level observed in the cerebellum. In vivo binding of the 
tracer is stereoselective, and significant washout occurs within the time frame of a 
PET scan (Talbot et  al. 2005). A one-pot radiosynthesis for preparation of 
[11C]GR103545 with high specific radioactivity has recently been described 
(Nabulsi et al. 2011). Two other agonist radioligands for κOR, FEKAP and EKAP, 
have recently been labeled with 11C and evaluated in non-human primates (Li et al. 
2019a; Li et al. 2019b). Both ligands show sub-nM affinity to κOR, reasonable to 
excellent selectivity for κOR over μOR and δOR, a fairly rapid metabolism in mon-
key plasma, fast and reversible kinetics in the brain and regional binding potential 
values consistent with binding to κOR. Blocking and receptor occupancy studies 
were also performed, using the opioid drugs naloxone, LY2795050 and LY2456302. 
Thus, these ligands seem suitable for in vivo studies of cerebral κOR.

Antagonist radioligands for κOR have also been proposed. [11C]MeJDTic was 
prepared by methylation of the precursor JDTic with [11C]methyl triflate. In a pre-
clinical study in mice, high uptake of the tracer was noted in target organs (lung, 
hypothalamus). Blocking and displacement studies with nonradioactive kappa, mu, 
and delta ligands suggested that [11C]MeJDTic binds specifically to κOR in the 
brain of living mice in vivo (Poisnel et al. 2008). Yet, no follow-up studies with 
[11C]MeJDTic have been reported. A fluoropropyl derivative of JDtTic was later 
labeled with 18F and evaluated in intact mice. This tracer failed because radioactive 
metabolites were formed that entered the brain and significant specific binding in 
target regions could not be detected (Schmitt et  al. 2017). Another antagonist, 
[11C]LY2795050, was evaluated in Sprague–Dawley rats, wild-type and κOR 
knockout mice, and rhesus monkeys. Specific binding of the probe to cerebral κOR 
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was observed; this binding was completely blocked by pretreatment of monkeys 
with naloxone (1  mg/kg) and dose-dependently inhibited by the selective κOR 
antagonist LY2456302. Tracer metabolism in primates is moderate (40% parent 
remaining in monkey plasma at 30 min), and tracer pharmacokinetics appears favor-
able; thus, [11C]LY2795050 is the first successful antagonist radioligand for κOR 
(Zheng et al. 2013).

Still another κOR antagonist, LY2459989, was labeled in recent years, both with 
11C (Zheng et al. 2014) and 18F (Li et al. 2018). The two tracers show sub-nM affin-
ity to κOR and high selectivity for κOR over μOR and δOR. They have been evalu-
ated in rats and rhesus monkeys. A rapid uptake in the brain is observed and regional 
binding potential values are consistent with the known distribution of κOR in pri-
mates. Pretreatment of animals with naloxone results in a homogeneous background 
radioactivity throughout the brain, and tracer uptake in target regions is dose-
dependently reduced by the selective κOR antagonists LY2456302 and unlabeled 
LY2459989. Thus, [11C]- and [18F]LY2459989 should also be considered as useful 
κOR ligands.

The last subclass of the opioid system for which imaging probes have been 
developed is the nociceptin/orphanin or opiate-like receptor (ORL1). 
[11C]Methyl-Ro64–6198 failed as a radioligand for this subtype since its in vivo 
binding in the mouse brain was largely nonspecific (Ogawa et al. 2001). A second 
probe, [11C]CPEB, showed some saturable in vivo binding but lack of specificity to 
ORL1 (Ogawa et al. 2003).

The first successful ORL1 ligand was [11C]NOP-1A, a specific antagonist with 
sub-nM affinity (0.15 nM). This compound was selected from a library of ORL1 
antagonists developed by Eli Lilly & Co. (Pedregal et al. 2012). After intravenous 
administration of [11C]NOP-1A to rhesus monkeys, a regional cerebral distribution 
of radioactivity is observed consistent with binding of the probe to its target. Brain 
uptake is reduced by 50–70% after pretreatment of animals with the ORL1 antago-
nist SB-612111 (Pike et al. 2011; Kimura et al. 2011). The regional distribution of 
[11C]NOP-1A in the human brain resembles that in the monkey brain. Regional 
distribution volume of the tracer can be reliably estimated using a two-tissue com-
partment model with arterial sampling or Ichise’s noncompartmental bilinear analy-
sis (Lohith et al. 2012).

Another ORL1 antagonist for PET imaging has been developed by Merck. Their 
compound [18F]MK-0911 shows a regional distribution in the monkey and human 
brain consistent with the regional expression of ORL1. Binding in the monkey brain 
is inhibited after pretreatment of animals with several structurally diverse ORL1 
antagonists (MK-0584, MK-0337, MK-5757). Dose-dependent occupancy of 
ORL1  in the human brain by nonradioactive MK-5757 could be assessed with 
[18F]MK-0911 and PET (Hostetler et al. 2013).
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21.3	 �Characteristics of Widely Used Radioligands

21.3.1	 �Cyclofoxy

[3H]Cyclofoxy (Fig. 21.1), the parent compound of [18F]cyclofoxy, labels both μOR 
and κOR in autoradiography of the rat and guinea pig brain (McLean et al. 1987; 
Rothman and McLean 1988). The regional pattern of radioactivity in the rat brain 
after in vivo injection of [3H]cyclofoxy corresponds to the regional distribution of 
these opioid receptor subtypes (Rothman and McLean 1988; Ostrowski et al. 1987), 
and brain radioactivity is reduced to background levels after pretreatment of ani-
mals with unlabeled naloxone (Ostrowski et al. 1987). Ki values of (−)cyclofoxy for 
μOR, κOR, and δOR in rat brain membranes are 2.6, 9.3, and 89 nM, respectively, 
whereas the (+)enantiomer is essentially inactive (Ki values > 10 μM) (Rothman 
et al. 1988). Consistent with these in vitro data, uptake of the radiofluorinated (−)
enantiomer in the rat brain shows striking regional differences consistent with tracer 

Fig. 21.1  Chemical structures of widely used opioid radioligands
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binding to opioid receptors, whereas the tritiated (+)enantiomer is rather homoge-
neously distributed and shows low brain uptake. Pretreatment of animals with unla-
beled (−)cyclofoxy reduces the uptake of [18F](−)cyclofoxy in all regions to the 
level of the tritiated (+) enantiomer (Kawai et al. 1990). Thus, [18F]cyclofoxy visual-
izes μOR and κOR in the living brain.

Kinetic analysis of [3H]cyclofoxy uptake in the rat brain suggested an in vivo Kd 
of 2.1–5.2 nM in different brain areas and a Bmax ranging from 1 pmol/g in the cer-
ebellum to 78 pmol/g in the thalamus. Binding was reversible on a PET time scale 
(Sawada et al. 1991). In a follow-up study, a combination of bolus injection and 
constant infusion of [18F]cyclofoxy was applied to estimate the receptor-ligand 
parameters in a condition of “true” tissue-blood equilibrium, which was reached 
after 60 min. Kd values of 1.4–2.9 nM were measured and Bmax in target areas ranged 
from 15 to 74 pmol/g tissue. Rodent cerebellum could not be used as a reference 
region since the level of nonspecific binding in the cerebellum was different from 
that in other parts of the brain (Kawai et al. 1991). Bolus plus continuous infusion 
of [18F]cyclofoxy was also advantageous in baboons, as it resulted in shorter scan 
times, a simplified protocol for blood sampling, and more accurate receptor mea-
surements (Carson et al. 1993).

21.3.2	 �CFN (Fig. 21.1)

In vitro binding assays in human thalamic membranes indicated a Kd of 0.08 nM for 
[3H]CFN (Titeler et al. 1989). In the rat brain, Ki values of 0.051, 4.7, and 13 nM 
were measured at μOR, δOR, and κOR, respectively (Frost et  al. 1985). For the 
guinea pig brain, the corresponding values were 0.024, 3.28, and 43.1 nM (Cometta-
Morini et al. 1992). In vitro competition studies using opioid ligands with a wide 
range of subtype selectivities confirmed that [3H]CFN selectively labels μOR, in 
both the rat and human brain (Titeler et al. 1989). Thus, CFN is a potent and selec-
tive μOR agonist. Later in vitro binding studies on rat brain sections demonstrated 
that [11C]CFN has higher affinity for the μ1 subtype than for μ2. Small animal imag-
ing studies in which the μOR ligand cyprodime and the μ1-subtype-selective ligand 
naloxonazine were used have indicated that the in vivo binding of [11C]CFN involves 
only the μ1 subtype, whereas binding to μ2 receptors cannot be detected (Eriksson 
and Antoni 2015). Thus, [11C]CFN images of the human brain may primarily show 
the distribution of the μ1 subtype.

A study which applied compartment modeling for the analysis of [11C]CFN bind-
ing in the human brain showed that the occipital cortex can be considered as a 
region with low or negligible receptor density. Target region-to-occipital cortex 
ratios of radioactivity at late time points can be used instead of ratios of k3/k4 when 
tracer kinetic modeling is not feasible, e.g., in clinical research protocols (Frost 
et  al. 1989). However, Logan graphical analysis or a simplified reference tissue 
model approach can provide more accurate estimates of [11C]CFN binding to μOR 
in the human brain than the ratio method (Endres et al. 2003). A test-retest study 
which assessed [11C]CFN binding in the brain of healthy volunteers twice, on a 
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single day, indicated that both the regional two-tissue compartment model distribu-
tion volume (VT) of the tracer and binding potential (BPND) are reproducible (vari-
ability <6 and <10%, respectively) (Hirvonen et al. 2009).

Administration of [11C]CFN can induce somnolence and sedation and, at higher 
dose, respiratory arrest. These pharmacological effects are related to the fact that 
CFN is an opioid agonist. The upper limit for the administered mass of CFN is 
about 0.1 μg/kg (Frost 2001). [11C]CFN binding in the human brain is affected by 
polymorphisms of the μOR gene. Carriers of the G allele (Asn40Asp variant, which 
may contribute to the development of alcohol dependence) have lower global bind-
ing potential than subjects homozygous for the A allele (Weerts et al. 2013).

Radiofluorinated analogs of carfentanil with subnanomolar affinities to μOR 
have been prepared (Henriksen et  al. 2005a). N-[4-(methoxymethyl)-1-[2-(2-
thienyl)ethyl]-4-piperidinyl]-N-phenyl-2-(±)-[18F]fluoropropan-amide ([18F]sufent-
anil) showed a high brain uptake in living mice and a distribution of radioactivity 
corresponding to regional μOR expression. The compound was rapidly metabolized 
in plasma (only 21% parent remaining at 40 min), but the metabolites appeared to 
not enter the brain in significant amounts (Henriksen et al. 2005b).

An updated (modernized) synthetic procedure for the preparation of [11C]CFN 
(by reaction of a carboxylate precursor with [11C]methyltriflate) has recently been 
described (Blecha et  al. 2017). This procedure has the additional advantage that 
organic solvents could be replaced by ethanol.

21.3.3	 �DPN (Fig. 21.1)

Another widely applied radioligand for opioid receptor mapping is 
[11C]DPN. [3H]DPN binds with subnanomolar (Kd 0.22–0.23 nM) affinity to opioid 
receptors in the rat brain (Chang et al. 1981) and in the human frontal cortex (Pfeiffer 
et al. 1982). Ki values of DPN for μOR, δOR, and κOR in the rat brain are 0.20, 
0.18, and 0.47 nM, respectively (Chang et al. 1981). Thus DPN is a non-subtype-
selective opioid antagonist. Automated procedures for radiosynthesis of [18F]FDPN 
and [11C]DPN have been described (Schoultz et al. 2013; Fairclough et al. 2014).

Using RB101, an inhibitor of enkephalin-degrading enzymes, the in vivo binding 
of [3H]DPN to opioid receptors in the mouse brain was shown to be sensitive to 
competition by endogenous enkephalins. Although RB101 is devoid of affinity to 
opioid receptors, the compound dose-dependently inhibits [3H]DPN binding in the 
unstressed mouse brain up to a maximum of 30%. When mice were stressed by a 
warm-swim test, a greater inhibition of [3H]DPN binding by RB101 was observed 
(maximally 45%). These effects of RB101 are probably related to increased levels 
of endogenous enkephalins (Ruiz-Gayo et al. 1992).

A validation study using [3H]DPN in rats showed that compartment modeling of 
PET data with the cerebellum as reference region can provide accurate measure-
ments of regional opioid receptor Bmax and Kd, although Kd values estimated in vivo 
are an order of magnitude higher than those determined in vitro, probably due to 
diffusion gradients in tissue or protein binding of the radioligand (Cunningham 
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et al. 1991). However, the cerebellum cannot be considered as a region devoid of 
opioid receptors in human studies since μOR and κOR are expressed at low levels 
in this area of the human brain (Schadrack et al. 1999).

The kinetics of [11C]DPN and [11C]CFN in the brain of human volunteers have 
been directly compared (Frost et al. 1990; Villemagne et al. 1994). Binding of both 
ligands in the thalamus (an area containing mainly μOR) was not significantly dif-
ferent, but [11C]DPN showed significantly greater binding than [11C]CFN in the 
striatum, cingulate, and frontal cortex. Dissociation of [11C]CFN from its binding 
sites was observed, but dissociation of [11C]DPN was hardly noticeable. [11C]CFN 
binding reached a plateau, whereas [11C]DPN uptake showed a steady increase 
(Frost et al. 1990). Total radioactivity in the human brain (SUV) and the ratio of 
total/nonspecific binding were twice as great after administration of [11C]DPN than 
[11C]CFN. The dose of naloxone required to fully block [11C]DPN binding was ten 
times greater than that required for [11C]CFN (Villemagne et  al. 1994). Thus, 
[11C]DPN appeared to label δOR and ΚOR in addition to the μOR which are selec-
tively labeled by [11C]CFN. In a later animal study, the sensitivity of [11C]CFN and 
[3H]DPN binding to endogenous opioid release was directly compared, opioid 
release being stimulated by administering amphetamine and methadone to rats. The 
binding of [11C]CFN but not [3H]DPN was significantly reduced after such chal-
lenges. In vitro binding and subcellular fractionation studies indicated that this may 
be due to the fact that [11C]CFN binds preferentially to receptors on the cell surface, 
whereas [3H]DPN binds to both surface and internalized receptors. Thus, [11C]CFN 
may be a better ligand than [11C]DPN for in vivo imaging of endogenous opioid 
peptide release (Quelch et al. 2014).

Both the regional density (Bmax) and radioligand affinity (Kd) of opioid receptors 
can be assessed by applying a two-injection protocol, in which [11C]DPN is admin-
istered at high (20–160 TBq/mmol) and low (1–3 TBq/mmol) specific radioactivi-
ties (Sadzot et al. 1991) or by a pulse-chase protocol (Jones et al. 1994a). Parametric 
images of [11C]DPN binding can be prepared, using both conventional spectral 
analysis and rank shaping (Hammers et al. 2007a).

Radiofluorinated analogs of DPN have been prepared. N-(3-[18F]Fluoropropyl)-
N-nordiprenorphine (FPND) showed rather limited brain uptake (Bai et al. 1990) 
but a striatum/cerebellum ratio of 3.3  ±  0.7 at 30  min postinjection which was 
reduced to unity after pretreatment of animals with naloxone (1 mg/kg). The tracer 
was extensively metabolized (<25% parent remaining in blood at 30 min), but not 
significantly defluorinated (Chesis et  al. 1990). 6-O-(3-[18F]Fluoroethyl)-6-O-
desmethyldiprenorphine ([18F]DPN) showed a regional binding pattern in the human 
brain similar to that of [11C]DPN (Wester et al. 2000). FDPN binds to μOR, δOR, 
and κOR in rat brain slices like the parent tracer, DPN (Wester et al. 2000). A scan 
duration of at least 90 min is required for reliable estimates of tracer distribution 
volume (Boecker et al. 2005). If metabolite-corrected plasma data are used as input 
function, individualized metabolite correction should be performed since women 
metabolize FDPN significantly faster than men (Henriksen et al. 2006).
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21.3.4	 �MeNTI

Ki values of MeNTI (Fig. 21.1) at δOR, μOR, and κOR in guinea pig brain mem-
branes are 0.02, 14, and 65 nM, respectively (Portoghese et al. 1990). Thus, MeNTI 
is a very potent and subtype-selective δOR antagonist.

In the human brain, [11C]MeNTI shows regional kinetics concordant with selec-
tive binding of the tracer to δOR. Prolonged retention of radioactivity is observed in 
receptor-rich areas, whereas the ligand is rapidly washed out from nontarget areas 
of the brain. The regional distribution of radioactivity is closely correlated with 
local δOR densities but not with regional densities of μ or κ binding sites. Tracer 
uptake is blocked after pretreatment of volunteers with naltrexone (up to 73%) 
(Madar et al. 1996).

[11C]MeNTI shows irreversible binding characteristics in the human brain during 
a 90-min scanning period. A constrained three-compartment kinetic model is supe-
rior to other data-analytical techniques for quantification of the in vivo binding of 
the tracer to δOR (Smith et al. 1999).

21.3.5	 �GR103545

The subtype selectivity of [11C]GR103545 (Fig.  21.1) has been determined in 
HEK-239 cells expressing human κOR, CHO-K1 cells expressing human μOR, and 
CHO cells expressing human δOR. Ki values at the three OR subtypes were 0.02, 
16.2, and 536 nM, respectively (Schoultz et al. 2010). Thus, [11C]GR103545 is an 
extremely potent and subtype-selective κOR agonist.

In a preclinical study in awake rhesus macaques, [11C]GR103545 showed a 
regional volume of distribution in the brain which corresponded to regional κOR 
densities (Schoultz et  al. 2010). In a more recent study, the use of a bolus-plus-
continuous-infusion protocol was shown to permit estimation of both Bmax and Kd of 
κOR in the monkey brain in vivo (Tomasi et al. 2013). The cerebellum was used as 
the reference region in kinetic analysis.

A low injected mass of [11C]GR103545 is essential since this κOR agonist can 
induce respiratory depression, reductions of heart rate, and sedation even at very 
low administered doses of 0.3 μg/kg. Based on the Kd value estimated for the radio-
ligand in nonhuman primates, a dose of 1.4 μg (3.38 nmol) was estimated as an 
acceptable dose limit in human studies for subjects with a body mass of 70  kg 
(Tomasi et al. 2013). In a preclinical study in rats, [11C]GR103545 was found to be 
suitable for estimation of the dose-dependent occupancy of the cerebral κOR popu-
lation by salvinorin A (Placzek et al. 2015).

A first-in-man study with [11C]GR103545 has been performed. All subjects were 
scanned at baseline. Seven subjects were also scanned 75 min after oral administra-
tion of naltrexone and six subjects at two time points (1.5 h and 8 h) after intake of 
the selective κOR antagonist PF-04455242. Drug treatment resulted in a decrease of 
tracer distribution volume (VT) in all brain regions. A two-tissue compartment model 
with multilinear analysis method was identified as the method of choice for 
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estimation of VT. The in vivo affinity of the radiotracer for its target was estimated 
as 0.069  nM. [11C]GR103545 seems suitable for quantification of regional κOR 
density and κOR occupancy in the human brain, although the radioligand has slow 
kinetics and variability in the estimated model parameters is rather high (Naganawa 
et al. 2014a).

21.3.6	 �LY2795050

LY2795050 (Fig.  21.2) is an opioid antagonist with Ki values of 0.72, 25.8 and 
153 nM at cloned human κ, μ and δ receptors (Zheng et al. 2013). In vivo competi-
tion studies in the monkey brain confirmed that [11C]LY2795050 binds specifically 
and selectively to κOR. Although the in vivo selectivity of the ligand for κOR over 
μOR is smaller than that observed in vitro (7.6 rather than 36), the PET signal of a 
region expressing similar densities of κOR and μOR will predominantly (for 88%) 
reflect the presence of the κOR (Kim et al. 2013).

Blocking and kinetic modeling studies of [11C]LY2795050 binding in the human 
brain indicated regional distribution volume (VT) values corresponding to known 
regional densities of the κOR (Naganawa et al. 2014b). Since a reference region 
without specific binding is lacking in human brain, the authors proposed the use of 
a fixed value for VT in cerebellum in model fits. This approach assumes that binding 
of the ligand in cerebellum is unaltered under the study conditions. A later 
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publication examined the reproducibility of [11C]LY2795050 scans in human brain, 
using a two-tissue compartment model fit with fixing of cerebellar VT. The test-
retest reproducibility of VT in all brain regions was better than 10% with exception 
of the amygdala where it was 12%. In contrast to VT, binding potential values 
showed a good reproducibility in regions with moderate or high receptor densities 
(BPND > 0.4) but a poor reproducibility in areas with small receptor populations 
(Naganawa et al. 2015).

An automated GMP procedure for preparation of [11C]LY2795050 has been 
described (Yang et al. 2018).

21.3.7	 �LY2459989

LY2459989 (Fig. 21.2) is an opioid antagonist with Ki values of 0.18, 7.68, and 
91.3 nM at cloned human κ, μ, and δ receptors (Zheng et al. 2014). Ex vivo biodis-
tribution studies in rodents and imaging studies in monkeys have confirmed that 
[11C]LY2459989 binds specifically to κOR. Pretreatment of monkeys with naloxone 
(1 mg/kg) results in a uniform distribution of radioactivity in the brain and tracer 
uptake is dose-dependently reduced after pretreatment of animals with the subtype-
selective κOR antagonists LY2456302 and unlabeled LY2459989. The observed 
binding potential values of the tracer are high, and regional binding potential is an 
accurate reflection of known expression levels of the κOR (Zheng et al. 2014).

In a recent paper, sensitivities of the binding of [11C]GR103545 and 
[11C]LY2459989 in rat brain to competition by unlabeled κOR antagonists and ago-
nists were directly compared. The binding potential values of both tracers were 
similarly affected when animals were pretreated with kappa antagonists (naloxone, 
naltrexone, LY2795050, JDTic, nor-BNI) and also after treatment of rats with the 
kappa agonists butorphan and GR89696. However, pretreatment of animals with the 
κOR agonists salvinorin A and U-50488 resulted in a strong decrease of 
[11C]GR103545 binding, but did not affect the binding potential of [11C]LY2459989 
(Placzek et al. 2019). This surprising discrepancy suggests that agonists may inter-
act in different ways with κOR and the target occupancy of some κOR agonists 
cannot be detected with [11C]LY2459989.

21.4	 �PET Studies in Healthy Volunteers

21.4.1	 �Influence of Gender, Hormonal Status, and Age

[11C]-CFN-PET has been applied for the study of changes of opioid receptor bind-
ing in the brain of women during the menstrual cycle. No significant differences in 
tracer binding were noted between the follicular and luteal phases of the cycle, but 
follicular levels of estradiol in the circulation were negatively correlated with 
[11C]CFN binding potential in the amygdala and hypothalamus. These results, com-
bined with measurements of luteinizing hormone pulse, suggested that μOR in the 
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amygdala modulate gonadal steroid hormone pulsatility, whereas circulating estra-
diol regulates μOR function in the brain (Smith et  al. 1998). Neuroimaging has 
shown that black cohosh, a herbal extract used to treat menopausal symptoms, 
affects the endogenous opioid receptor system. Significant increases in [11C]CFN 
binding potential (10–61%) were noted in the cortical areas, thalamus, and nucleus 
accumbens of the brain of postmenopausal women (Reame et al. 2008). In the thala-
mus and nucleus accumbens, similar effects were observed after estrogen replace-
ment therapy (Smith et al. 2006).

A PET study with [11C]CFN, involving 50 subjects, indicated that the cerebral 
binding of [11C]CFN is affected both by gender and by age. Binding potential of the 
radioligand increased with age in the neocortex and putamen. Women showed 
higher [11C]CFN binding than men of the same age in several cortical and subcorti-
cal areas; however, in postmenopausal women, μOR binding in the thalamus and 
amygdala declined to levels lower than in age-matched men (Zubieta et al. 1999). A 
PET study with [18F]cyclofoxy confirmed that opioid receptor binding in the thala-
mus of females is lower than in males, both in healthy aged subjects and in patients 
with Alzheimer disease (Cohen et al. 2000). MRI-based partial volume correction is 
required for the accurate assessment of receptor densities in small structures of the 
human brain. Applying such correction to [11C]CFN data for the left temporal cor-
tex, binding of the radioligand appeared to increase with age (0.9% per year), con-
sistent with Bmax values from postmortem autoradiography. Without partial volume 
correction, the effect of aging could not be observed (Bencherif et al. 2004a).

Correlations between regional serotonin transporter and μOR binding were 
examined in a PET study involving 21 healthy volunteers. The subjects were first 
injected with the 5-HT transporter tracer [11C]MADAM. When radioactivity from 
the first injection had decayed, the μOR tracer [11C]carfentanil was injected and a 
second PET scan was made, with the subject’s brain in exactly the same position in 
the camera. Voxel-based correlation analysis was used to identify brain regions with 
positive correlations between serotonin transporter and μOR binding. Significant 
correlations were observed in anteromedial thalamus, dorsal anterior cingulate cor-
tex, dorsolateral prefrontal cortex, amygdala, left parietal cortex, and medial tempo-
ral cortex. This finding may indicate that in these regions, endogenous opioids are 
modulating serotonin release from nerve endings (Tuominen et al. 2014).

A PET study with the κOR ligand [11C]LY2795050  in 27 healthy volunteers 
reported opposite sex differences in κOR availability as were reported for total opi-
oid receptor binding with [11C]CFN. Men had significantly higher VT values than 
women in several brain regions (Vijay et al. 2016).

21.4.2	 �Feeding

An interesting PET study in ten healthy male volunteers examined whether feeding 
releases endogenous opioids in the brain and if the magnitude of this response is 
related to the pleasure of eating. Each volunteer was scanned three times with 
[11C]CFN: (i) after an overnight fast, (ii) after an overnight fast followed by a 
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pleasant meal (preferred type of pizza), and (iii) after an overnight fast plus the 
consumption of an unpleasant meal (nutrient drink). Feeding was associated with a 
significant release of endogenous opioids (a decrease of radioligand binding poten-
tial throughout the brain), but this release was more pronounced after the unpleasant 
than after the pleasant meal. Thus, opioid release appears to be not directly related 
to the subjective pleasure but rather to metabolic and homeostatic responses of the 
body to food consumption (Tuulari et al. 2017).

21.4.3	 �Personality Traits

Several PET studies have explored relationships between opioid receptor availabil-
ity in the human brain and personality traits. Using the tracer [18F]DPN, German 
investigators scanned 23 healthy male volunteers under resting conditions. 
Subsequently, the subjects were psychologically tested for novelty seeking, harm 
avoidance, reward dependence, and persistence. A significant correlation was 
detected between the score for reward dependence (a personality trait predisposing 
for addictive behavior) and tracer binding potential in the bilateral ventral striatum 
with nucleus accumbens (Schreckenberger et al. 2008).

A later study from the USA involved scanning of 19 young healthy male volun-
teers with the μOR ligand [11C]CFN and PET. Subjects were scanned both at base-
line and during receipt of a painful stress challenge (infusion of hypertonic saline 
solution in the left masseter muscle). High scores for impulsiveness and low delib-
eration scores were associated with significantly higher baseline μOR availability 
and greater stress-induced endogenous opioid system activation, measured as a 
reduction of [11C]CFN binding potential. These differences were noted in several 
brain areas (prefrontal and orbitofrontal cortices, anterior cingulate, thalamus, 
nucleus accumbens, and basolateral amygdala). Thus, μOR binding potential 
appears to predict an individual’s vulnerability to risky behaviors, such as the devel-
opment of substance abuse (Love et al. 2009).

A study from Finland measured brain μOR availability with [11C]CFN under 
resting conditions in 22 healthy volunteers: 10 individuals scoring in the upper and 
12 individuals scoring in the lowest quartile for harm avoidance. A high score for 
harm avoidance (particularly in the subscales shyness with strangers, fatigability, 
and asthenia) was associated with high μOR availability (or low endogenous 
μ-opioid drive) in the anterior cingulate cortex, ventromedial and dorsolateral pre-
frontal cortices, and anterior insular cortex. Thus, high μOR availability may be 
related to vulnerability for affective disorders (Tuominen et  al. 2012). In a later 
study from the same group, 49 healthy volunteers were scanned with [11C]CFN, and 
the avoidance and anxiety dimensions of their attachment were measured with the 
Experiences in Close Relationships-Revised scale. In this study, the avoidance 
dimension was found to be negatively (not positively) correlated with μOR avail-
ability (i.e., [11C]CFN binding potential) in the thalamus, anterior cingulate cortex, 
frontal cortex, amygdala, and insula, whereas the anxiety dimension was not cor-
related with μOR availability in any brain region. The authors suggested that 
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inter-individual differences in μOR availability may be related to differences in 
avoidant attachment style (Nummenmaa et al. 2015). In a study from the following 
year, measured [11C]CFN binding potentials were compared to individual differ-
ences in behavioral dispositions when subjects encountered signals of reward and 
harm. Sensitivity of the behavioral activation system but not the behavioral inhibi-
tion system was found to be positively associated with [11C]CFN binding potential 
in frontal cortex, amygdala, ventral striatum, brainstem, cingulate cortex, and insula. 
Particularly the score for “fun seeking” was strongly associated with μOR avail-
ability (Karjalainen et al. 2016).

In an American PET study with [11C]DPN in 12 healthy subjects, a high score of 
neuroticism was found to be associated with high opioid receptor binding in the 
right anterior insula. On the other hand, a high score of extraversion was associated 
with low tracer binding in the left posterior insula (Rodman et al. 2017).

21.4.4	 �Affective Responses

The opioid system appears to play an important role in the regulation of affective 
responses. An initial PET study examined [11C]CFN binding and blood flow (uptake 
of 15O-water) in the brain of 12 healthy male volunteers, which viewed either aver-
sive images (facial mutilation, wounds, dead bodies) or neutral images (common 
objects, benign scenes, normal faces). Higher baseline μOR binding potential in the 
left temporal pole of the subjects was associated with lower blood flow in this region 
during presentation of the aversive emotional stimuli. This finding was interpreted 
as evidence for an inhibitory or anxiolytic role of the opioid system in limbic regions 
of the brain (Liberzon et al. 2002).

A second study examined healthy female volunteers, using [11C]CFN and 
PET. Sustained neutral and sadness states were elicited by the recall of an autobio-
graphical event associated with these emotions. Sustained sadness caused an 
increase of μOR availability in the rostral anterior cingulate, ventral pallidum, 
amygdala, and inferior temporal cortex which was interpreted as reflecting a reduc-
tion of the release of endogenous opioids due to deactivation of opioid neurotrans-
mission (Zubieta et al. 2003).

Whereas sustained sadness in healthy volunteers is associated with a reduction in 
the release of endogenous opioids, positive emotion appears to be associated with 
an increase of that release. An interesting study from London scanned 25 healthy 
male volunteers with [11C]DPN and PET, both during positive mood induction (sex-
ually oriented video clip, listening to favorite music, reading positive statements, 
unexpected gift of 30 GBP) and during neutral mood (nature movie, listening to 
unknown classical music, reading neutral statements, no gift). Significant reduc-
tions of [11C]DPN binding were noted in the hippocampus during positive mood 
induction, and the magnitude of positive mood change was negatively correlated 
with DPN binding in the amygdala (Koepp et al. 2009). An interesting PET study 
with [11C]CFN evaluated the response of the μ-opioid system to social feedback. 
Eighteen subjects selected at least 40 profiles of preferred sex-individuals from a 
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database of 500. During a subsequent scanning session with [11C]CFN, images of 
the faces of these individuals and their responses to the question: Would you like 
me? (Definitely no, or very likely yes) were presented to them on a computer screen 
(35 min of acceptance followed by 35 min of rejection, or vice versa, in counterbal-
anced order). During a separate scanning session with [11C]CFN, the same subjects 
were scanned at baseline. The human faces on the screen were then replaced by gray 
blocks and in stead of feedback, the screen said: “non applicable.” Social rejection 
was found to be associated with significant opioid release in the ventral striatum, 
amygdala, midline thalamus, and periaqueductal gray, a response that may be aimed 
at reducing the experience of social pain. This interpretation was supported by the 
observation that a higher score for the character trait resiliency was associated with 
greater opioid release in the amygdala, periaqueductal gray and subgenual anterior 
cingulate cortex (ACC), whereas reduced negative feelings during rejection were 
associated with greater opioid release in the pregenual ACC. In contrast to social 
rejection, acceptance resulted in activation of opioid release in the amygdala and 
anterior insula but deactivation in the midline thalamus and subgenual ACC. Opioid 
release in the left ventral striatum during acceptance was associated with the desire 
for social interaction. Thus, neurotransmission via μOR may be involved in the 
preservation and promotion of emotional well-being of human subjects in their 
social environment (Hsu et al. 2013).

A PET study with [11C]CFN examined the effect of social touch on the activity 
of the endogenous opioid system. Eighteen male volunteers were scanned twice 
with this tracer. During the baseline scan, the subjects were left alone, whereas dur-
ing the social touch scan, their partners were present and were caressing them in a 
non-sexual way. The scans were separated by an interval of 2 h, and the order of the 
scans was counterbalanced, i.e., in half of the subjects, the baseline scan was made 
first, whereas in the other half, it was made last. The subjects reported pleasant sen-
sations during the social touch scan, and the binding potential of the tracer was 
increased in various regions of the cortex (frontal, cingulate, insular), the thalamus, 
and the striatum, indicating deactivation of the endogenous opioid system 
(Nummenmaa et al. 2016).

Another study from the same group focused on the impact of social laughter on 
the opioid system. Twelve male volunteers were scanned twice with [11C]CFN. Before 
the test scan, their closest friends were present in the room and they were watching 
laughter-inducing comedy clips together, but before the baseline scan the subjects 
spent 30  min alone in the testing room. After the laughing session, the binding 
potential of the tracer was decreased in the thalamus, caudate nucleus, and anterior 
insula. In cingulate and orbitofrontal cortex, the magnitude of this decrease was cor-
related to the rate of social laughter. These data suggest that endogenous opioids are 
released after social laughter (Manninen et al. 2017).

In a study with the PET tracers [11C]CFN and [11C]raclopride, regional μOR and 
D2R availabilities were quantified in the brains of 35 healthy adult females. During 
subsequent fMRI sessions, the subjects watched movie scenes with varying emo-
tional content, ranging from very pleasant to vary scary, and regional increases of 
cerebral blood flow were quantified. The availability of μOR in the brain was found 
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to be negatively correlated to fMRI-quantified blood flow responses to arousing 
scenes in amygdala, hippocampus, thalamus, and hypothalamus. Measured binding 
potentials of D2R were not correlated with arousal or pleasantness in any brain 
region. Thus, emotional arousal appears to be regulated by the μOR system 
(Karjalainen et al. 2019).

A PET study with the κOR ligand [11C]EKAP in a group of 18 healthy middle-
aged volunteers examined the relationship between social status (measured with the 
Barratt Simplified Measure of Social Status test) and tracer volume of distribution 
in various areas of the brain. Social status was found to be inversely correlated to 
regional κOR levels in amygdala, anterior cingulate cortex, caudate, frontal cortex, 
hippocampus, pallidum, putamen, and ventral striatum, i.e., in regions related to 
reward and aversion, whereas in other brain regions, no correlation was observed 
(Matuskey et al. 2019). This finding was interpreted as evidence for the hypothesis 
that κOR may mediate the negative effects of social behaviors.

21.4.5	 �Physical Exercise

Long-distance runners have often reported to enter a state of euphoria while run-
ning, commonly referred to as “runner’s high.” In order to examine possible mecha-
nisms underlying this phenomenon, ten athletes were scanned with [18F]DPN and 
PET, both at rest and after 2 h of endurance running (in random order). By SPM2 
analysis, reductions of tracer binding were noted in several brain areas after exer-
cise. Reported levels of euphoria were inversely correlated with [18F]DPN binding 
in the prefrontal/orbitofrontal cortices, anterior cingulate cortex, bilateral insula, 
parainsular cortex, and temporoparietal regions. These findings support the idea that 
running is associated with increased release of endorphins, resulting in positive 
mood changes (Boecker et al. 2008).

A more recent PET study with [11C]CFN in seven healthy male subjects perform-
ing cycling exercise has indicated that the pattern and emotional impact of μOR 
activation in the human brain is dependent on the intensity of the workload. Subjects 
performed either heavy or severe exercise. After both forms of exercise, reduced 
tracer binding was noted in several brain regions (particularly insular cortex and 
cerebellum), indicating activation of the opioid system. In heavy exercise, such 
decreases were correlated with increased positive sensations. However, in severe 
exercise, they were correlated with negative sensations. In severe but not in heavy 
exercise, an increase of tracer binding was noted in the pituitary gland, indicating 
deactivation of the μOR system in that organ. This last finding may be related to the 
development of fatigue and exhaustion in exercising subjects (Hiura et al. 2017). 
Similar findings were reported in a later PET study with [11C]CFN. In that study, 22 
healthy subjects were scanned on 3 different occasions: after rest, a 60 min session 
of moderate exercise and a 60 min session of high-intensity exercise, using a bicycle 
ergometer. Moderate exercise did not result in significant changes of μOR binding, 
although increased euphoria was associated with decreased μOR availability. High-
intensity exercise resulted in a significant decrease of μOR binding in thalamus, 
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insula, orbitofrontal cortex, hippocampus, and anterior cingulate, i.e., in brain 
regions involved in pain, reward, and emotional processing. These regional decreases 
were associated with increased negative emotions, such as irritation, exhaustion, 
and dissatisfaction (Saanijoki et al. 2018a).

Since the endogenous opioid system is involved in the rewarding aspects of both 
food and physical exercise, a combined PET-fMRI study in 24 healthy lean male 
volunteers examined the interaction between endogenous opioid release following 
exercise and anticipatory food reward. Two [11C]CFN-PET scans were made of each 
subject on separate days: after 1 h of rest and after 1 h of moderate-intensity aerobic 
cycling exercise. Immediately after each PET scan, a fMRI scan was made during 
which images of palatable food and of nonpalatable items (cars) were presented to 
the subjects. The order of the rest and exercise scans was counterbalanced among 
the participants, and all participants fasted 3 h before each PET scan. Changes of 
μOR availability after exercise showed a large variability among subjects. A larger 
exercise-induced decrease of μOR binding was associated with larger increases in 
anticipatory food reward responses (food-induced increases of cerebral blood flow) 
following exercise. Thus, differences in μOR activation following exercise may 
contribute to inter-individual variation in food craving and food consumption 
(Saanijoki et al. 2018b).

21.4.6	 �Pain

Opioid receptor expression ([11C]DPN or [18F]DPN binding) is high in projections 
of the medial and part of the lateral pain system of the human brain (Baumgartner 
et al. 2006; Jones et al. 1991). The lateral network is believed to be associated with 
the sensory aspects and the medial network with the affective aspects of pain per-
ception. Reductions in receptor availability have been observed in healthy volun-
teers suffering pain. These data can be interpreted as decreases of regional receptor 
availability because of release of endogenous opioids, although internalization or 
downregulation of opioid receptors can also occur. Released opioids may mediate 
antinociception.

Sustained masseter muscle pain in 20 healthy volunteers was associated with 
significant declines of the binding of [11C]CFN in several cortical and subcortical 
brain regions (Zubieta et al. 2001). When capsaicin was applied to the dorsal side of 
the left hand of eight healthy volunteers, a pain-related decrease in [11C]CFN bind-
ing was measured in the contralateral thalamus (Bencherif et  al. 2002). In eight 
healthy volunteers who received painful heat stimulation through the right forearm, 
a significant reduction of [18F]DPN binding was noted in the limbic and paralimbic 
areas of the brain, including the rostral anterior cingulate cortex and the insula 
(Sprenger et al. 2006a).

The duration of pain-induced changes in μOR binding potential has been exam-
ined in a PET study with [11C]CFN. Three subsequent 90-min scans were made in 
14 healthy male volunteers; the first scan consisted of two 45-min baseline intervals, 
the second scan involved a 45-min period of sustained muscle pain followed by a 
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45-min baseline interval, and the third scan consisted again of two 45-min baseline 
intervals. Robust decreases of [11C]CFN binding were noted in several cortical and 
subcortical regions during the pain challenge. However, these changes did not per-
sist in a subsequent scan. Pain-induced alterations of opioid release and/or μOR 
internalization are therefore short lasting (Scott et al. 2007a).

In a study involving 14 male and 14 female healthy individuals subjected to sus-
tained masseter muscle pain (infusion of hypertonic saline), men demonstrated 
larger declines of [11C]CFN binding in the anterior thalamus, ventral basal ganglia, 
and amygdala. Conversely, women showed greater declines of the PET signal in the 
nucleus accumbens. Thus, opioid receptor-mediated antinociceptive responses 
show gender differences (Zubieta et al. 2002).

Opioid release is also involved in placebo analgesia. In a PET study with 
[11C]CFN, healthy subjects were scanned under four different conditions: painful 
skin heat with placebo cream, painful skin heat under control conditions, nonpainful 
warmth with placebo cream, and nonpainful warmth under control conditions. In all 
cases, the volunteers were told that the placebo cream was a powerful analgesic. 
Placebo treatment resulted in significant decreases of [11C]CFN binding in several 
brain regions known to be involved in pain and affect; thus, endogenous opioid 
release appears to be part of the mechanism by which expectancies regulate the 
perception of pain (Wager et al. 2007). A later study from the same group examined 
placebo and nocebo effects, i.e., the subjects expected the placebo cream to either 
ameliorate or exacerbate their pain. Placebo and nocebo effects were found to be 
associated with opposite opioid and dopaminergic responses. A placebo activated 
opioid neurotransmission in the anterior cingulate, orbitofrontal and insular corti-
ces, nucleus accumbens, amygdala, and periaqueductal gray, whereas dopaminergic 
neurotransmission was activated in the ventral basal ganglia including the nucleus 
accumbens. Nocebo responses consisted of a deactivation of opioid and dopamine 
release. The magnitude of opioid and dopamine activation was correlated with the 
anticipated and subjectively perceived placebo effect (Scott et al. 2008). However, a 
subsequent [11C]CFN-PET study in a large number of healthy volunteers (n = 48) 
indicated that a priori expectations (anticipations) are not correlated with placebo-
induced decreases in pain ratings during placebo administration. Subjects with 
higher expectations showed greater μOR activation in the dorsolateral prefrontal 
cortex after placebo administration, but this did not correspond to subjective anal-
getic effects. The largest placebo responses were noted in individuals with low 
expectations and high subjective effectiveness. Activation of μOR in anterior cingu-
late cortex was correlated with the effectiveness of the placebo. In subjects with 
high expectations but low reported effectiveness of the placebo, placebo administra-
tion resulted in a nocebo, hyperalgesic response (Pecina et al. 2014).

A PET study in an animal model of placebo analgesia has confirmed that the 
intrinsic μOR system in the medial prefrontal cortex is involved in the placebo effect 
(Zeng et al. 2018).

When heat pain was combined with either acupuncture or placebo needle stimu-
lation in healthy volunteers, acupuncture was shown to result in altered binding of 
[11C]DPN (mainly decreases) in the orbitofrontal cortex, medial prefrontal cortex, 
insula, thalamus, and anterior cingulate cortex (Dougherty et al. 2008).
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Opioid receptor availability at baseline conditions appears to be a predictor of 
human sensitivity to both painful (cold pressor test) and mechanical stimuli (touch, 
vibration). Greater sensitivity was associated with a lower BP of [18F]DPN in vari-
ous cortical areas (Mueller et al. 2010). In a later study on 12 healthy male volun-
teers, a significant correlation was observed between baseline binding potential of 
[11C]CFN (μOR binding) in the striatum and the cold pressor pain threshold 
(Hagelberg et al. 2012).

A Japanese study examined opioid mechanisms underlying heterotopic nocicep-
tive counter-stimulation (HCNS). HCNS aims to activate endogenous pain inhibi-
tion processes, which can be beneficial in pain treatment. The right sural nerve of 
eight healthy volunteers was transcutaneously stimulated, resulting in leg pain. 
Immersion of the left hand in cold water was applied as HCNS. A late component 
of somatosensory evoked potentials, reflecting activity of the anterior cingulate cor-
tex, was reduced by HCNS, and this reduction was associated with a higher binding 
potential of [11C]CFN in the right amygdala at baseline. Activation of μOR in the 
amygdala may thus be involved in the anti-nociceptive effects of HCNS (Piché 
et al. 2014).

Since peripheral inflammatory factors can influence central nervous system func-
tioning, and, on the other hand, central mechanisms such as neural activity can mod-
ulate peripheral immune function, an American study examined relationships 
between IL-I family cytokine levels in plasma and μOR availability in human brain. 
Thirty-four healthy volunteers (22 female, 12 male) were scanned with [11C]CFN in 
the presence and absence of a standardized pain challenge (intramuscular infusion of 
hypertonic saline by a computer-controlled pump). Cytokine levels in plasma were 
measured during both conditions. Higher baseline levels of IL-Iß were shown to be 
associated with lower binding potentials of [11C]CFN in the amygdala and greater 
sensitivity to pain. Subjects with a greater pain-induced increase in IL-Iß experi-
enced less endogenous opioid analgesia. Activation of μORs in ventral caudate and 
nucleus accumbens during the pain challenge was significantly associated with levels 
of IL-Ira, an anti-nociceptive cytokine. Thus, cytokine levels in human plasma and 
the endogenous opioid neurotransmitter system seem to interact (Prossin et al. 2015).

A PET study from Finland has indicated that vicarious pain (i.e., seeing others in 
pain) activates specific regions in the human brain and that μOR but not D2R are 
involved in this response. Thirty-five healthy subjects were scanned, using the μOR 
tracer [11C]CFN and the D2R tracer [11C]raclopride. Functional MRI scans of their 
brains were also made, during the watching of videoclips that depicted humans in 
painful or painless situations. The fMRI scans demonstrated increases of blood flow 
in various brain regions when the subjects watched painful scenes. In anterior and 
posterior insulae, thalamus, secondary and primary somatosensory cortrices, pri-
mary motor cortex and superior temporal sulci, the magnitude of these increases 
was negatively correlated to measured [11C]CFN binding potentials, whereas the 
response in orbitofrontal cortex showed a positive correlation to μOR avaibility. In 
contrast to μOR. dopamine D2R availability was not correlated to the blood flow 
response in any brain region (Karjalainen et al. 2017). Thus, inter-individual differ-
ences in μOR availability may explain why some humans react more strongly than 
others to the seeing of pain.
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21.4.7	 �Vestibular Processing

An interesting study examined involvement of the opioid system in vestibular neu-
rotransmission in humans. Ten right-handed healthy volunteers were scanned with 
the ligand [18F]DPN, both under baseline conditions and during caloric stimulation 
of the right ear. Each 90-min scan session consisted of three subsequent phases: a 
prestimulation period (30 min), a stimulation or sham period (30 min), and a follow-
up period (30 min). During the stimulation period, warm (44 °C) and cold (30 °C) 
air were alternated at 5-min intervals in order to avoid habituation; during the sham 
period, the tubing was fixed to the subjects head in such a way that the air flow 
passed beside the ear. A decrease in tracer binding was noted in the right posterior 
insular cortex and the postcentral region during stimulation, indicating release of 
endogenous opioids and involvement of the opioid system in vestibular processing 
(Baier et al. 2010).

21.4.8	 �Myocardial Opioid Receptors

Both [11C]N-methyl-naltrindole ([11C]MeNTI) and [11C]CFN show specific binding 
in the human heart. However, the reduction of myocardial distribution volume and 
binding potential of these opioid ligands after pretreatment of volunteers with nal-
oxone is only minor (14–21 and 19–25%, respectively), suggesting low levels of 
δOR and μOR expression and poor signal-to-noise ratios in PET (Villemagne 
et al. 2002).

21.4.9	 �Occupancy Studies

PET offers the unique opportunity of measuring the fraction of receptor populations 
occupied by nonradioactive drugs in the living brain and relating measured levels of 
occupancy to the magnitude of the therapeutic effect or to unwanted side effects. 
Receptor occupancy is estimated by assessing competition of a nonradioactive drug 
with the radioligand for the same binding sites. The basic idea was already pub-
lished in 1980 (Homcy et al. 1980).

Using the radioligand [11C]CFN, a half-life of μOR blockade of 72–108 h was 
measured in the brain of healthy volunteers after a single oral dosing of naltrexone, 
corresponding to the duration of pharmacological effects when the drug is used for 
treatment of heroin dependence (Lee et al. 1988).

A later study with [11C]CFN compared the duration of occupancy of μOR in the 
human brain by the antagonists nalmefene and naloxone. Clearance half-lives were 
28.7 h after administration of 1 mg of nalmefene and 2.0 h for 2 mg of naloxone. 
The longer blockade by nalmefene could represent an advantage in the clinical use 
of this compound for reversal of opioid anesthesia or for treatment of drug addicts 
after an opioid overdose (Kim et al. 1997). Nalmefene has also been proposed for 
treatment of alcoholism. The decline of μOR occupancy in the human brain after 
single or repeated nalmefene dosing was found to be slower than the decline in 
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plasma concentration of the drug or its metabolites, indicating slow dissociation of 
receptor-bound nalmefene in vivo (Ingman et al. 2005).

Buprenorphine is used for the treatment of heroin dependence. Buprenorphine 
occupancy of μOR in the human brain has been examined, using [11C]CFN and 
PET. Four hours after administration of 2 mg buprenorphine, receptor occupancy 
ranged from 36 to 50%. When the buprenorphine dose was raised to 16 mg, levels 
of occupancy increased to 79–95%. Placebo-treated heroin abusers had greater μOR 
binding potential in the inferofrontal and anterior cingulate cortex compared to 
matched healthy controls (Zubieta et al. 2000). Increasing doses of buprenorphine 
were associated both with decreased μOR availability and with decreased with-
drawal symptoms. The highest dose of buprenorphine (32  mg) caused virtually 
complete μOR occupancy (Greenwald et  al. 2003). The duration of action of 
buprenorphine was examined in ten heroin-dependent subjects after termination of 
a 16 mg/day dose of the drug. Relative to a control group of heroin-dependent sub-
jects maintained on placebo, μOR occupancy was 70, 46, 33, and 18% at 4, 28, 52, 
and 76 h after last use of the drug. Receptor occupancy was correlated with with-
drawal symptoms; an occupancy of 50–60% appeared necessary for adequate 
symptom suppression (Greenwald et al. 2007).

Nasal spray formulations of naloxone may be useful in the treatment of victims 
of opioid overdose and may also be used for treating subjects with gambling disor-
der and alcohol addicts. Occupancy of the μOR population in the human brain after 
intranasal spray dosing of naloxone has been assessed in healthy volunteers with 
[11C]CFN and PET. Naloxone levels in the brain were found to peak within half an 
hour, a bit later than levels in plasma which peaked at 20 min. Receptor occupancies 
after intranasal administration of 2 and 4 mg naloxone were 67 and 85%, respec-
tively, whereas the clearance half-life of the bound drug was about 100  min 
(Johansson et al. 2019).

The κOR antagonist LY2456302 has been developed for treating neuropsychiat-
ric disorders and substance abuse. Dose-dependent target occupancy by this drug 
has been measured in a PET study with [11C]LY2795050 in 30 healthy volunteers. 
An oral dose of 10 mg resulted in virtually complete κOR occupancy and was well-
tolerated (Naganawa et al. 2016).

Although the dose- and time-dependent opioid receptor occupancy by antago-
nists and partial agonists can be assessed with PET, measurements of receptor occu-
pancy by full agonists may be problematic. No difference in [11C]DPN binding was 
found in the brain of opioid-dependent subjects stable on methadone (18–90 mg 
daily, PET scan performed at peak plasma levels of the agonist) as compared to 
healthy controls. In rats receiving increased doses of methadone, no dose-dependent 
reduction of the cerebral binding of [11C]DPN was observed. These negative find-
ings were explained by assuming that methadone is already efficacious at very low 
levels of receptor occupancy (<10%, i.e., below the detection limit of PET) (Melichar 
et al. 2005). In a subsequent preclinical study, rats were pretreated with antinocicep-
tive doses of oxycodone (μOR and κOR agonist), morphine (μOR agonist), and 
buprenorphine (δOR and κOR antagonist, μOR partial agonist). Full agonists did 
not reduce the brain uptake of [11C]DPN at all, whereas buprenorphine administra-
tion resulted in a strong reduction (up to 90%) of tracer binding (Hume et al. 2007). 
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Opioid receptor occupancy by the antagonist naloxone could also be measured with 
[11C]DPN and PET, a drug dose of 13 μg/kg resulting in 50% occupancy (Melichar 
et al. 2003). The reason for the negative findings with exogenous full agonists is not 
clear, since endogenous enkephalins have been shown to compete with [11C]DPN 
for OR binding in the human brain (Ruiz-Gayo et al. 1992). Moreover, an early PET 
study reported 19–32% lower binding of [18F]cyclofoxy in various brain regions of 
long-term methadone-treated former heroin addicts as compared to controls (22 h 
after the last dose), and the reduction of tracer binding in caudate and putamen cor-
related with levels of methadone in plasma (Kling et al. 2000). Since the observed 
competition is both tracer and agonist dependent, these PET data may indicate the 
presence of multiple, different agonist binding sites on opioid receptor proteins or 
upregulation of subclasses of opioid receptors in heroin-dependent subjects.

Opioid receptor (particularly μOR) agonists increase and antagonists decrease 
feeding and other rewarding behaviors in animal models. A [11C]CFN-PET study 
examined cerebral μOR occupancy in 26 healthy male volunteers after single oral 
doses of either GSK1521498 (μOR inverse agonist, candidate drug for the treatment 
of overeating) or naltrexone (μOR and κOR antagonist). Activation of the amygdala 
by a palatable food stimulus (fruit drink) was examined in the same volunteers, 
using fMRI. Although a dose-dependent occupancy of μOR was observed for both 
compounds, GSK1521498 significantly attenuated activation of the amygdala by 
the food stimulus, in contrast to naltrexone. This difference may be related to the 
fact that μOR and κOR signaling have different effects on feeding behavior and 
reward processing (Rabiner et al. 2011).

Naloxone administration triggers activity of the hypothalamic-pituitary-adrenal 
(HPA) axis by blocking opioid inhibitory tone at corticotropin-releasing factor 
(CRF) neurons in the paraventricular nucleus of the hypothalamus. These neurons 
regulate the secretion of adrenocorticotropic hormone (ACTH) and cortisol. An 
interesting study measured μOR binding potential in the brain of 18 healthy subjects 
using [11C]CFN and PET. The following day, ACTH and cortisol responses to an 
incremental naloxone challenge were tested in the same subject group. Cortisol 
responses to naloxone were negatively correlated to [11C]CFN binding potential in 
several brain areas (ventral striatum, putamen, caudate, hypothalamus). Apparently, 
subjects with higher binding potential have lower endogenous occupancy of μOR 
by ß-endorphin and thus place less inhibitory tone on the HPA axis; therefore these 
subjects show a smaller cortisol response to naloxone (Wand et al. 2011).

21.5	 �PET Studies in Patients and Drug Addicts

21.5.1	 �Major Depressive, Borderline Personality, 
and Posttraumatic Stress Disorder

Using the sustained neutral and sadness state paradigm, μOR availability in the 
brain of healthy female volunteers and patients with major depressive disorder 
(MDD) has been compared. Healthy controls showed an increase of μOR 
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availability in the anterior cingulate during the sustained sadness condition indicat-
ing deactivation of μOR-mediated neurotransmission, but in patients who did not 
respond to antidepressant treatment after PET imaging, sustained sadness was asso-
ciated with a decreased binding of [11C]CFN in this region, i.e., activation of the 
opioid system. Patients with MDD showed significantly lower μOR binding poten-
tial in the posterior thalamus than healthy controls during the neutral state. These 
PET data indicated that endogenous opioid neurotransmission is altered in MDD 
(Kennedy et  al. 2006). A later study from the same group showed that in MDD 
patients but not in healthy subjects, plasma levels of the inflammatory cytokine 
IL-18 are positively correlated with baseline μOR binding potential and with activa-
tion of μOR-mediated neurotransmission during a sadness challenge (Prossin et al. 
2011). Thus, there may be a link between peripheral stress-activated proinflamma-
tory mechanisms and central stress-activated neurotransmitter systems, such as the 
opioid system.

A study from the same group examined responses of the μOR system to sus-
tained sadness in patients with borderline personality disorder. During the baseline 
(neutral) state, patients showed greater [11C]CFN binding than healthy controls in 
the bilateral orbitofrontal cortex, caudate, and nucleus accumbens besides the left 
amygdala but lower binding in the posterior thalamus. Induction of sadness caused 
greater declines of [11C]CFN binding potential in the pregenual anterior cingulate, 
left orbitofrontal cortex, left ventricular pallidum, left amygdala, and left inferior 
prefrontal cortex of the patients than of healthy controls and greater increases of 
binding potential in the left nucleus accumbens, the hypothalamus, and the right 
hippocampus/parahippocampus. Apparently, the opioid system of patients with bor-
derline personality disorder differs from healthy, age- and sex-matched control sub-
jects both at baseline and in its response to a negative emotional challenge (Prossin 
et al. 2010). Altered opioid neurotransmission may also be a mechanism underlying 
modified limbic system activity and mood disorders in polycystic ovary syndrome 
(PCOS). Insulin-resistant women with PCOS showed a greater blood flow response 
in limbic regions of the brain to unpleasant images than healthy controls, and the 
extent of this limbic activation was positively correlated to μOR availability in the 
right amygdala and left ventral anterior cingulate (Marsh et al. 2013).

An interesting study compared μOR binding in the brain of 14 healthy male vol-
unteers, 15 males with combat exposure but without posttraumatic stress disorder 
(PTSD), and 16 male patients with PTSD, using [11C]CFN and PET. The two groups 
which had been exposed to war trauma showed lower μOR binding in the amygdala, 
nucleus accumbens, dorsal frontal cortex, and insular cortex than healthy volunteers 
but higher μOR binding in the orbitofrontal cortex. PTSD patients showed a signifi-
cant reduction of μOR binding in the anterior cingulate cortex compared to both 
other groups. Combat-exposed subjects without PTSD had lower μOR binding in 
the amygdala but higher binding in the orbitofrontal cortex than either PTSD 
patients or healthy controls. Thus, the opioid system of the brain shows specific 
changes both after trauma and in PTSD (Liberzon et al. 2007).

Preclinical data have suggested that the dynorphin/κOR system may be related to 
symptoms of fear and depression after exposure to trauma. An American study used 
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the κOR ligand [11C]LY2795050 to scan the brains of 35 subjects with a wide range 
of exposure to trauma (ranging from healthy controls to subjects with PTSD, MDD, 
and generalized anxiety disorder). Measured distribution volumes of the tracer in 
amygdala, anterior cingulate cortex, and ventral striatum were significantly and 
negatively correlated with 24-h urinary cortisol levels and severity of loss (i.e., dys-
phoria, depressive symptoms, emotional numbing), but not with feelings of threat 
(i.e., fear) in the subject group (Pietrzak et al. 2014). In contrast to the findings of 
this initial study, a later pilot study with [11C]GR103545 did not observe any signifi-
cant difference of regional tracer distribution volume (i.e., κOR availability) 
between 10 patients with MDD and 13 healthy volunteers (Miller et al. 2018).

If medication-free patients with MDD and healthy controls were scanned with 
[11C]CFN and subjected to a social rejection and acceptance protocol (as described 
above, Sect. 21.4.3 (Hsu et al. 2013)), the patients showed a reduced release of opi-
oids in various brain regions in response to rejection and a slower emotional recov-
ery than the healthy subjects. During acceptance, only the healthy controls reported 
an increase in self-esteem and an increased desire for social interaction, which was 
correlated with release of endogenous opioids in the nucleus accumbens. A reduced 
activity of the endogenous opioid system may thus be involved in the pathophysiol-
ogy of MDD, resulting in a less effective recovery from negative and a decreased 
pleasure from positive social interactions (Hsu et al. 2015).

Another PET study from the same group examined changes of the regional bind-
ing potential of [11C]CFN and plasma levels of interleukin-18 in 28 human volun-
teers during the induction of sad or neutral mood, using a standard protocol. The 
subject group consisted of 15 healthy controls and 13 patients with unmedicated 
MDD. All subjects were female. IL-18 levels were increased during sadness, indi-
cating peripheral immune activation and were reduced during neutral mood. IL-18 
increases in the patients were significantly greater than in the control group. 
Moreover, these increases were found to be linearly proportional to sadness-induced 
μOR activation (i.e., reductions of tracer binding potential) in left ventral pallidum, 
bilateral anterior cingulate cortices, right hypothalamus, and bilateral amygdala. 
Apparently, changes in mood regulate human immune function, and this regulation 
may be related to central opioid neurotransmission (Prossin et al. 2016).

An interesting study with [11C]CFN examined the impact of placebo and antide-
pressant treatment in 35 medication-free patients with MDD.  All subjects were 
treated with a placebo during two periods of 1 week. They were either informed that 
the placebo was a fast-acting antidepressant drug or that it was an inactive control. 
After each week of treatment, a [11C]CFN-PET scan was made. In half of the sub-
jects, the “active” placebo was given first and was followed by the “inactive” pla-
cebo, whereas in the other half, the order of treatments was reversed. After both 
PET scans and placebo treatments, all subjects were treated for 10 weeks with a real 
antidepressant, in most cases a selective serotonin reuptake inhibitor.

Higher μOR binding in the nucleus accumbens at baseline was associated with 
better antidepressant response. A decrease of tracer binding potential in subgenual 
anterior cingulate cortex, nucleus accumbens, thalamus, and amygdala after 1 week 
of “active” placebo (compared to the amount of binding after 1 week of “inactive” 
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placebo) was associated with placebo-induced reductions in depressive symptoms 
and also with a better response to the real antidepressant at the end of the trial. Thus, 
a placebo is capable of activating the endogenous μ-opioid system in patients with 
MDD and this system is also involved in the response of such patients to an antide-
pressant drug (Pecina et al. 2015).

21.5.2	 �Pain

In a group of four patients with rheumatoid arthritis, regional cerebral opioid recep-
tor binding of [11C]DPN was quantified both during a period of pain and during a 
period when the subjects were out of pain. Significant decreases of [11C]DPN bind-
ing were seen in many brain areas when subjects suffered pain (particularly straight 
gyrus and frontal, cingulate, and temporal cortex) (Jones et al. 1994b). In a patient 
with central poststroke pain which developed after a small pontine hemorrhagic 
infarction, a reduction of the binding of [11C]DPN was also noted, and this reduction 
was more striking than the hypometabolism of [18F]FDG on the lateral cortical sur-
face contralateral to the symptoms (Willoch et al. 1999).

Changes of [11C]DPN binding in the brain of six patients after surgical relief of 
trigeminal neuralgia pain were examined in a later study. The volume of distribution 
of the tracer in several cortical areas (prefrontal, insular, perigenual, midcingulate, 
inferior parietal), basal ganglia, and the thalamus was found to be significantly 
increased after surgery (Jones et al. 1999). These data and the findings in the previ-
ous studies were interpreted as evidence for the release of opioid peptides during 
various forms of pain resulting in a reduction of the fraction of the receptor popula-
tion available for ligand binding. However, changes of opioid receptor numbers 
(upregulation after surgery or after the disappearance of pain) could not be ruled out.

In a later study involving four patients with central neuropathic pain (mainly 
poststroke) and age-matched controls, patients were found to have significantly less 
[11C]DPN binding in the dorsolateral, anterior cingulate, and insula cortices, the 
thalamus, and the inferior parietal cortex. These reductions were not a direct conse-
quence of their cerebral lesions, since these were located in other brain areas. The 
authors interpreted the PET data as evidence for reduced damping of nociceptor 
activity in the patients and as a possible explanation for the fact that high doses of 
opiates are frequently required to achieve optimal analgesia in subjects with central 
neuropathic pain (Jones et al. 2004). Essentially similar findings were reported in a 
study from another institution, using the same tracer and involving 5 patients with 
central poststroke pain and 12 healthy volunteers (Willoch et al. 2004).

An interesting study compared changes of [11C]DPN binding in the brain of 
patients with peripheral neuropathic pain and central poststroke pain. Peripheral 
neuropathic pain patients showed bilateral and symmetric decreases of [11C]DPN 
binding, in contrast to central poststroke pain patients where an asymmetric decrease 
was noted, which was most prominent in the contralateral hemisphere. The sym-
metric and bilateral decline in the former patient group may reflect endogenous 
opioid release, whereas the lateralized decrease in the latter group suggests a loss of 
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opioid receptors (Maarrawi et al. 2007a). Thus, central and peripheral forms of neu-
ropathic pain may have different effects on the opioid system of the brain.

In a group of ten patients with restless legs syndrome (RLS), significant negative 
correlations were observed between [11C]DPN binding in areas serving the medial 
pain system and RLS severity or pain scores. These findings suggested release of 
endogenous opioids within the medial pain system related to the severity of the 
syndrome (von Spiczak et al. 2005).

Changes of the opioid system in patients with cluster headache were also exam-
ined, using the tracer [11C]DPN and PET. When patients as a group were compared 
with healthy volunteers, a striking (>50%) decrease of tracer binding was noted in 
the pineal gland but not in any other brain area. Within the patient group, opioid 
receptor availability in the ipsilateral hypothalamus and anterior cingulate cortex 
was negatively correlated to the duration of the headache disorder. The patients did 
not experience acute pain during or immediately before the study; thus, the observed 
alterations of [11C]DPN binding appear to not represent an effect of acute pain pro-
cessing but rather alterations in the opioid system related to the development of the 
disease. Opioidergic dysfunction in circuitries generating the biologic clock may be 
a mechanism underlying cluster headache (Sprenger et al. 2006b).

In patients with complex regional pain syndrome (CRPS), a chronic pain condi-
tion which can develop after limb trauma, binding of the non-subtype-selective OR 
ligand [18F]DPN was found to be reduced in the contralateral amygdala and parahip-
pocampal gyri but increased in the contralateral prefrontal cortical areas. Ligand 
binding in the ipsilateral temporal cortex and midcingulate cortex was negatively 
correlated with pain scores, but ligand binding in the contralateral temporal cortex 
was positively correlated with anxiety and depression scales (Klega et al. 2010). 
These findings suggest that the endogenous opioid system is implied in both chronic 
pain and its psychiatric comorbidity.

A study with the tracer [11C]CFN compared μOR binding in the brain of four 
patients with trigeminal neuropathic pain and eight gender- and age-matched 
healthy controls. Patients showed reduced tracer binding in the left nucleus accum-
bens, and binding potential in this area was negatively correlated with their pain 
ratings. This finding was interpreted as evidence for downregulation of μOR after 
persistent activation of opioid neurotransmission in chronic pain (DosSantos et al. 
2012a). A recent PET study in experimental animals has proven that reduced μOR 
availability in chronic neuropathic pain (measured with [18F]DPN and PET) reflects 
reduced μOR expression. In this study, μOR expression in various brain areas was 
quantified by ex vivo immunohistochemistry (Thompson et al. 2018).

Another PET study with [11C]CFN examined regional μOR binding potential 
values in the human brain during experimentally induced pain (application of 0.35 g 
of 10% capsaicin cream on a 6.25 cm2 area of the left hand). The data from the PET 
study were compared to evaluations of the sleep quality of the subjects (n = 14) dur-
ing the previous month, using the Pittsburgh Sleep Quality Index. Poor sleep quality 
was significantly and positively correlated to greater μOR binding potential in the 
frontal lobes, and sleep duration was negatively associated with binding potential in 
these lobes, the temporal lobe and the anterior cingulate. Thus, individual variation 
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in the quality and duration of sleep appear to be associated with variation in cerebral 
μOR binding during tonic pain. Poor sleep may be related to impaired pain-
suppressing mechanisms (less release of endogenous opioids in response to a pain-
ful stimulus) and an increased perception of pain (Campbell et al. 2013).

A more complicated study with [11C]CFN provided evidence for the hypothesis 
that both alterations in μOR availability and a reduced release of endogenous opi-
oids contribute to the clinical symptoms of patients suffering from chronic back 
pain. Tracer binding potential was measured in 16 patients with chronic back pain 
and 16 age- and gender-matched healthy volunteers under three different condi-
tions: at baseline, during pain expectation (intramuscular injection of isotonic 
saline), and during sustained moderate pain (intramuscular injection of hypertonic 
saline). Baseline μOR binding in the thalamus proved to be higher in the patients 
than in the control subjects, and the patients showed smaller reductions in μOR 
binding in several brain areas, both during the painful condition and the expectation 
of pain (Martikainen et al. 2013).

PET with the μOR tracer [11C]CFN has also been used to examine activity of the 
opioid system during migraine attacks. Seven patients with frequent migraine were 
scanned both during the ictal and interictal phase. μOR binding in the ipsilateral 
medial prefrontal cortex was found to be significantly reduced during the ictal 
phase, possibly due to increased release of endogenous opioids, in order to fight the 
ongoing pain. The magnitude of this reduction was negatively correlated to the 
combined extension and severity of the migraine attack (Dasilva et al. 2014).

Migraine, particularly in patients that have used opioids to suppress their pain, is 
frequently associated with allodynia, i.e., an increased sensitivity of the skin to 
stimuli that should not cause pain. Normal activities, such as washing the skin with 
warm water, or combing the hair, are painful for subjects suffering from allodynia. 
A report following on the previous PET study examined changes of [11C]CFN in 
patient’s brains during migraine-associated allodynia. The skin was thermally chal-
lenged by a device that provided heat pulses every 10s during a period of 20 min. 
Patients were challenged and scanned both during the ictal and interictal phase of 
their migraine. A decrease of μOR binding potential was observed in the ventrolat-
eral periaqueductal gray matter and the red nucleus area of the midbrain, when 
patients were thermally challenged and showed allodynia. The magnitude of this 
decrease was positively correlated to allodynic severity during a migraine attack 
(Nascimento et al. 2014).

Simultaneous PET (with the opioid receptor ligand [11C]DPN) and functional 
MRI (fMRI) has been used to examine the opioidergic pain system in the human 
brain. Eight healthy volunteers were scanned twice on the same day, during the 
application of a painful and a non-painful stimulus (pressure). The order of the 
scans was randomized. Pain-related activation of several brain regions was observed 
in fMRI, but in most of these regions, opioid receptor binding was not significantly 
altered. Co-localized fMRI and PET signal changes were noticed only in the ipsilat-
eral thalamus and the contralateral striatum. Decreases of tracer binding potential 
and increases of blood flow (fMRI BOLD signal) were significantly correlated in 
the thalamus, suggesting that in this area of the brain, enhanced opioid 
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neurotransmission is a major cause of the increases of flow, i.e., of neuronal activa-
tion. However, no correlation was observed between the PET and fMRI signal 
changes in the striatum, suggesting that in this region, additional receptor systems 
were contributing to the observed flow changes (Wey et al. 2014).

A British study used the PET tracer [11C]DPN to relate opioid receptor availabil-
ity in the human brain to pain perception in arthritis. Within the patient group with 
arthritis (n = 17), the perception of higher levels of chronic pain in the week before 
the scan was associated with higher OR availability, particularly in the caudate, 
nucleus accumbens, and subcallosal area. This observation suggests that opioid 
receptors are upregulated in individuals experiencing greater chronic pain. Higher 
OR availability was associated with higher acute thermal pain thresholds, suggest-
ing that OR upregulation is an adaptive response aimed at dampening the pain per-
ception. When the entire patient group was considered, OR availability in the 
patients caudate nucleus was reduced in comparison to healthy controls (n = 9), 
suggesting a greater release of endogenous opioid ligands and greater occupancy of 
ORs in the arthritis group (Brown et al. 2015).

Patients with fibromyalgia report widespread pain in muscles and connective tis-
sue, whereas no pathology can be identified in the painful body areas. The central 
nervous system of these patients may have become overly sensitive to painful stim-
uli. In order to test this hypothesis, pain-evoked increases of cerebral blood flow 
were quantified with fMRI and regional μOR availability was quantified in 18 
female patients with fibromyalgia, using PET and [11C]CFN.  Patients showed a 
lower μOR availability in dorsolateral prefrontal and anterior cingulate cortex than 
healthy controls, and this was associated with a lower blood flow response to pain-
ful stimuli. Thus, the endogenous opioid system appears to be dysregulated in fibro-
myalgia, resulting in lower activation of antinoceptive brain regions after incoming 
painful stimuli and abnormal sensitivity to pain (Schrepf et al. 2016).

21.5.3	 �Pain Treatment

Monitoring the relationship between opioid receptor occupancy and pain relief 
could be useful in the development of improved techniques for the treatment of pain 
(Sadzot et al. 1990; Sadzot and Frost 1990). This study paradigm has been employed 
in several reports.

An initial study examined the contribution of the endogenous opioid system to 
pain relief induced by motor cortex stimulation (MCS). Eight patients with refrac-
tory neuropathic pain were scanned three times with [11C]DPN and PET: twice pre-
operatively with a 2-week interval and once after 7 months of chronic MCS. The 
preoperative test-retest scans did not show any significant differences, but compari-
son of the last scan with the two preoperative scans revealed significant decreases of 
tracer binding in the anterior middle cingulate cortex, periaqueductal gray, prefron-
tal cortex, and cerebellum. The magnitude of the changes in the first two brain areas 
was significantly correlated with pain relief. These findings were interpreted as 
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evidence for the release of endogenous opioids in brain structures involved in pain 
processing after MCS (Maarrawi et al. 2007b).

The effects of traditional Chinese acupuncture and placebo needle stimulation 
have been compared in chronic pain patients diagnosed with fibromyalgia. 
[11C]CFN-PET scans were made at both the beginning and the end of the 4-week 
treatment period. Acupuncture was shown to result in both short- and long-term 
increases in [11C]CFN binding potential in multiple pain and sensory processing 
regions. In the sham group, small reductions of [11C]CFN binding were observed, 
consistent with previously reported placebo effects. The long-term increases after 
acupuncture were correlated with reductions in clinical pain. Thus, acupuncture and 
sham acupuncture may have different effects on cerebral μOR binding and altera-
tions of μOR binding potential may be involved in the analgesic effect of acupunc-
ture (Harris et al. 2009).

A case study reported that transcranial direct current stimulation (tDCS) of the 
motor cortex in a trigeminal neuropathic pain patient considerably decreased the 
binding potential of [11C]CFN in several brain areas compared to sham tDCS. The 
effect was particularly striking in the posterior thalamus. tDCS increased the thresh-
old for experimental cold pain in the patient but did not improve her clinical pain. 
The authors suggested that the release of endogenous opioids is immediately 
increased by tDCS, but repetitive tDCS sessions are required to revert neuroplastic 
changes related to the neuropathic pain (DosSantos et al. 2012b). A follow-up study 
from the same group examined the mechanisms underlying tDCS.  Nine healthy 
volunteers were scanned with [11C]CFN on two different occasions: at baseline and 
during application of tDCS.  The last scan comprised a placebo phase (in which 
tDCS electrodes were present but no stimulation was applied) and a real stimulation 
phase. The placebo phase was associated with a decrease of tracer binding potential 
in the periaqueductal gray, precuneus, and thalamus, indicating release of endoge-
nous opioids in response to the placebo. Real tDCS was associated with similar 
changes in periaqueductal gray and precuneus and an additional decrease of tracer 
binding in the left prefrontal cortex. Significant analgesic effects (increases of pain 
thresholds) were only observed after real tDCS. Thus, the endogenous μOR system 
is already activated by a placebo, and the placebo effect seems to be extended and 
optimized by real tDCS (DosSantos et al. 2014).

A PET study with [11C]DPN examined OR availability in 15 patients suffering 
from refractory neuropathic pain. The patients were subsequently treated by receiv-
ing chronically implanted motor cortex stimulation. Preoperative levels of opioid 
binding in several brain regions (insula, thalamus, periaqueductal grey, anterior cin-
gulate, and orbitofrontal cortex) were found to be significantly and positively cor-
related with postoperative pain relief after 7  months. Thus, PET scans with an 
opioid receptor ligand may help clinicians to select patients with neuropathic pain, 
who are likely to benefit from motor cortex stimulation (Maarrawi et al. 2013).

A Chinese study evaluated the impact of 30  min of transcutaneous electrical 
acupoint stimulation (TEAS) on μOR availability in the brain of anaesthetized rhe-
sus monkeys, using [11C]CFN and PET. The study showed that 2 Hz but not 100 Hz 
stimulation resulted in a significant increase of tracer binding potential in the 
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anterior cingulate cortex, caudate nucleus, putamen, temporal lobe, somatosensory 
cortex, and amygdala (compared to a 0 Hz control scan). These results suggest that 
not only the release of endogenous opioid peptides, but also an upregulation of μOR 
plays a role in the mechanism of action of TEAS (Xiang et al. 2014).

A decreased availability of μOR in the human brain (suggesting the release of 
endogenous opioids) has also been observed in healthy volunteers (n = 10) after 
transcranial magnetic stimulation (TMS). After active but not sham TMS, the bind-
ing potential values of [11C]CFN were lowered in the right ventral striatum, medial 
orbitofrontal, prefrontal and anterior cingulate cortices, left insula, superior tempo-
ral gyrus, dorsolateral prefrontal cortex, and precentral gyrus. In contrast to these 
changes of μOR, dopamine D2R availability was not altered after TMS (Lamusuo 
et al. 2017).

21.5.4	 �Substance Abuse

21.5.4.1	 �Cocaine Dependence
The endogenous opioid system appears to play a role in the reinforcing actions of 
non-opioid drugs. American investigators examined μOR binding in the brain of 
cocaine addicts, 1–4  days after their last use of cocaine, using [11C]CFN and 
PET. An increase of tracer binding was observed, particularly in the frontal cortex 
and caudate nucleus, and this increase persisted even after 4 weeks of drug absti-
nence. The magnitude of [11C]CFN uptake was positively correlated with the sever-
ity of cocaine craving experienced by the subjects. These findings confirmed the 
involvement of the opioid system in cocaine dependence (Zubieta et al. 1996).

Increases of μOR binding potential in the anterior cingulate and anterior frontal 
cortex of cocaine users during abstinence are not only positively correlated with the 
intensity of cocaine craving, but the elevation of [11C]CFN binding in these areas is 
also correlated with the percentage of days with cocaine use and the amount of 
cocaine used per day before the study period (Gorelick et al. 2005).

Regional increases of μOR binding appear to be related not only to the intensity 
of cocaine craving but also to the time interval before relapse to cocaine use after 
discharge from a closed research ward. In an interesting study, 15 cocaine-dependent 
subjects were housed in this ward for 12 weeks of monitored abstinence. During 
this period, regional brain μOR binding was measured at 1 and 12 weeks, using 
[11C]CFN and PET.  A shorter time interval before relapse was associated with 
increased μOR binding in the frontal and temporal cortex in both PET scans and 
with a lesser decrease in binding between 1 and 12 weeks. The significance of this 
correlation persisted even after accounting for clinical variables. Thus, increased 
μOR binding in the frontal and temporal cortex is a predictor of time to relapse to 
cocaine use (Gorelick et al. 2008).

A PET study examined regional μOR ([11C]CFN) binding in the brain of 
treatment-seeking cocaine users before the onset of treatment and correlated this 
parameter with subsequent treatment outcome. Elevated μOR binding in brain 
regions associated with reward sensitivity correlated with greater cocaine use 
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during treatment and shorter duration of cocaine abstinence. Thus, μOR binding in 
these brain areas was a significant independent predictor of treatment outcome 
(Ghitza et al. 2010).

The mechanism of action of psychostimulant drugs in the mammalian brain 
appears to involve the release of endogenous opioids (endorphins) in the reward 
system. Two recent PET studies have attempted to obtain experimental proof for 
this mechanism by administering d-amphetamine to healthy volunteers (i.v.) and 
examining the impact of this challenge on [11C]CFN binding in the brain. A Swedish 
study in which ten subjects were scanned under three conditions (baseline, placebo, 
amphetamine 0.3 mg/kg) could not detect any significant differences in the binding 
potential of [11C]CFN after the amphetamine challenge (Guterstam et  al. 2013). 
However, another study in which 12 subjects were scanned before and 3 h after an 
amphetamine challenge (either a high dose, 0.5 mg/kg, or an ultralow dose 0.017 mg/
kg) reported that [11C]CFN binding was reduced after the high but not the ultralow 
dose in the frontal cortex, putamen, caudate, thalamus, anterior cingulate cortex, 
and insula (Colasanti et al. 2012).

21.5.4.2	 �Opioid Dependence
Similar changes of opioid receptor binding as were reported for cocaine addicts 
have also been observed in early abstinence from opioid (heroin) dependence. 
Compared with 20 healthy controls, ten subjects with opioid dependence who had 
completed inpatient detoxification showed increased [11C]DPN binding in the whole 
brain and in 15 out of 21 studied brain areas (Williams et al. 2007).

21.5.4.3	 �Alcohol Dependence
Whereas studies in cocaine and heroin addicts suggest increases of opioid receptor 
binding during abstinence, studies in alcohol dependence have produced conflicting 
results. In an early PET study with [11C]CFN, μOR binding potential was measured 
in eight male alcohol-dependent subjects during alcohol withdrawal and eight 
matched healthy controls. Contrary to the findings in cocaine abusers, alcoholics 
showed reductions of μOR binding potential in the right dorsal lateral prefrontal 
cortex, right anterior frontal cortex, and right parietal cortex. Lower μOR binding 
potential was associated with higher craving and with depressive symptoms in the 
subjects (Bencherif et al. 2004b). Based on the findings in subsequent studies, one 
could speculate that alcohol abstinence and depression have different effects on 
μOR binding (an increase and a decrease, respectively), the latter effect predominat-
ing in this early investigation.

Opposite results were reported in a German study. The authors examined 
[11C]CFN binding in the brain of alcoholics after 1–3  weeks of abstinence. 
Significantly higher binding was observed in the ventral striatum of the patients 
compared with healthy controls. This increase persisted up to 5 weeks, and its mag-
nitude was significantly correlated with the intensity of alcohol craving. Elevated 
availability of μOR in the striatum was considered as a neuronal correlate of alcohol 
urge since the ventral striatum is known to be an important part of the reward system 
in the human brain (Heinz et al. 2005). Similar results were reported in a large study 
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involving 25 alcohol-dependent subjects who were scanned on day 5 of abstinence 
and 30 healthy controls. Alcohol-dependent subjects had a significantly higher 
binding potential of [11C]CFN in many brain regions. There was a significant inverse 
relationship between [11C]CFN binding in several brain regions and the intensity of 
craving in the alcohol-dependent group. No significant group differences in binding 
of the δOR ligand [11C]MeNTI were observed, but the binding potential of this 
ligand in the caudate nucleus was positively correlated with recent drinking in 
alcohol-dependent subjects (Weerts et al. 2011).

In alcohol-dependent subjects completing a 19-day inpatient protocol (alcohol 
abstinence followed by naltrexone treatment, 50 mg daily, on days 15–19), a virtu-
ally complete (95%) occupancy of μOR by naltrexone was observed, using [11C]CFN 
and PET. However, a much lower and highly variable (0–50%) occupancy of δOR 
was detected in [11C]MeNTI scans. The relationship between δOR occupancy and 
treatment outcome could be explored in future studies (Weerts et al. 2008).

A British study with the non-subtype-selective opioid ligand [11C]DPN reported 
a trend toward increased tracer binding in 11 alcohol-dependent subjects during 
early abstinence, compared to healthy controls, although this trend did not reach 
statistical significance. A significant correlation between alcohol craving and the 
global and regional distribution volume of [11C]DPN was noted in the alcohol-
dependent subjects (Williams et al. 2009).

A recent study examined [11C]CFN binding in the human brain before and imme-
diately after alcohol consumption in 13 heavy drinkers and an age-matched control 
group of 12 healthy subjects. Drinking alcohol reduced tracer binding in the nucleus 
accumbens and orbitofrontal cortex, indicating release of endogenous opioids in 
brain areas involved in the valuation of reward. The magnitude of change in the 
orbitofrontal cortex was significantly correlated with problem alcohol use and with 
subjective high in the drinker group. Thus, the release of endogenous opioids by 
ethanol promotes further alcohol consumption, and altered function of the opioid 
system appears to contribute to alcohol abuse (Mitchell et al. 2012).

Increases of the plasma level of the hormone cortisol after administration of an 
opioid antagonist (such as the drug naloxone) are supposed to provide information 
about opioid receptor activity. In an American study, naloxone was administered to 
18 healthy control and 25 alcohol-dependent subjects (after 5 days of medically 
supervised alcohol withdrawal). The dose of naloxone required to induce a peak 
cortisol response was two times higher in the alcohol-dependent group. PET scans 
with [11C]CFN were made in all subjects, and the relationship between tracer bind-
ing potential and rising slope of the cortisol response was examined. Alcohol-
dependent subjects showed a significantly higher tracer binding potential in several 
brain regions than healthy controls, as was previously reported (Weerts et al. 2011). 
In healthy controls, there was a significant negative correlation between cortisol 
slope and regional binding potentials of the tracer, but in alcohol-dependent sub-
jects, these parameters were not correlated. Thus, in healthy subjects, the naloxone 
test can provide information about individual differences in μOR availability, but in 
shortly abstinent alcohol-dependent subjects, the relationship between naloxone-
induced cortisol response and μOR availability is disrupted (Wand et al. 2012).
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In a follow-up study from the same group, PET scans with the δOR ligand 
[11C]methylnantrindole were made in 15 healthy control and 20 shortly abstinent 
alcohol-dependent subjects, and δOR binding potential in various regions of the 
brain was correlated to cortisol area under the curve (AUC) after administration of 
naloxone. Similar to the findings for μOR, significant negative correlations were 
observed between cortisol AUC and δOR binding potential in several brain regions 
of healthy subjects. However, in alcohol-dependent subjects, such correlations were 
not observed. Thus, in healthy subjects, the naloxone test provides information 
about indivual differences in δOR availability, but in alcohol-dependent subjects, 
the close relationship between opioidergic neurotransmission and hormonal 
response is lost (Wand et al. 2013).

A PET study with the μOR tracer [11C]CFN examined the relationship between 
opioid release in the human brain after alcohol consumption and the catechol-O-
methyltransferase genotype. Thirteen heavy drinkers and 12 matched healthy con-
trol subjects were scanned twice with [11C]CFN: first at baseline and then after the 
consumption of a standard drink of alcohol. Independent of their drinking history 
(or gender), individuals with the Val158 variant of the enzyme showed greater opi-
oid release in the right nucleus accumbens and less release in medial orbital frontal 
cortex. The Val158 variant results in greater activity of catecholamine-O-
methyltransferase in the human brain and, consequently, lower dopamine levels in 
the frontal cortex. Apparently, genetic differences in endogenous dopamine levels 
can modulate endogenous opioid release in brain regions that contribute to the 
rewarding effects of alcohol. The Val158 variant could make individuals more prone 
to impulsive decision-making (Mitchell et al. 2013).

The higher binding potential values of [11C]CFN in the brain of alcohol-dependent 
subjects that have been reported by various research groups may either reflect 
increased expression of μOR, or a reduced concentration of endogenous, competing 
opioid ligands. In order to differentiate between these possible explanations, a 
German study examined post-mortem brain tissue of 43 alcohol-dependent subjects 
and 43 healthy controls. The density of μOR in tissue samples was determined by 
in  vitro assays, using the ligand [3H]DAMGO.  Tracer binding in the brain of 
alcohol-dependent subjects was 23–51% lower than in healthy controls. Thus, 
increased binding potential values of [11C]CFN in the brains of alcoholics seem to 
reflect reduced competition of endogenous opioids rather than increased receptor 
expression (Hermann et al. 2017).

Addiction (to alcohol or other substances of abuse) may be considered as a state 
of “reward deficiency.” Addicts take a rewarding substance to compensate for their 
deficient reward. If this interpretation of addiction is correct, drug addicts should 
show a reduced release of endogenous opioids after a release-inducing stimulus 
compared to healthy controls. In a British PET study, 13 abstinent alcohol-dependent 
male subjects and 15 healthy volunteers were scanned twice with [11C]CFN, before 
and 3 h after an oral dose of dexamphetamine. Consistent with the hypothesis, the 
healthy volunteers showed a significant decline of tracer binding potential in many 
areas of the brain after the amphetamine challenge, but in alcohol-dependent sub-
jects, this response was reduced, particularly in frontal lobe, insula, thalamus, 
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anterior cingulate, nucleus accumbens, and putamen (Turton et al. 2018). In patho-
logical gambling, a behavioral addiction with similarities to substance abuse, a 
similar “blunted” response of the opioid system to amphetamine was noted, although 
baseline μOR availability was not different in pathological gamblers and healthy 
volunteers (Mick et al. 2016).

In an extensive PET study with the novel PET tracer [11C]LY2795050, κOR 
availability was measured in the brain of 36 alcohol-dependent subjects and 28 
healthy controls. Tracer distribution volume in the amygdala and pallidum was sig-
nificantly lower in the alcohol-dependent group than in the healthy control group. 
An age effect on tracer binding could not be observed in any brain region (Vijay 
et al. 2018). These observations for κOR are in contrast with findings for μOR or 
total OR that have been reported to be either increased or unchanged in alcohol-
dependent subjects. Also, human μOR show an age-related decline, whereas κOR 
appear to be preserved in the aging human brain.

21.5.4.4	 �Nicotine Dependence
Several PET studies have examined the relationship between opioid neurotransmis-
sion and smoking. In an initial, groundbreaking publication, six healthy male smok-
ers and six age- and sex-matched nonsmokers were scanned with both [11C]CFN 
and the dopamine receptor ligand [11C]raclopride. Smokers abstained from smoking 
for 12 h prior to the study. They first smoked a denicotinized cigarette, 2 and 12 min 
after scan onset, followed by a normal cigarette after 40 and 50 min. Total scan 
duration was 90 min. Thus, each scan period consisted of an initial, denicotinized 
phase and a later, average nicotine phase. Nonsmokers were subjected to the same 
scanning protocol but were only scanned at baseline (i.e., they did not smoke any-
thing). In the smoker group, significant declines of [11C]CFN binding in the right 
anterior cingulate cortex were noted during transition from the first to the second 
phase of the scan, indicating activation of opioid neurotransmission by nicotine. A 
simultaneous decline of [11C]raclopride binding was noted in the ventral basal gan-
glia, and the magnitude of this decline correlated with nicotine dependence score. 
Increases of the release of endogenous opioids and dopamine are probably involved 
in the rewarding effect of nicotine. Smokers had lower μOR binding potential in the 
cingulate cortex, thalamus, ventral basal ganglia, and amygdala compared to non-
smokers during the first phase of the scan; these reductions were reversed in the 
thalamus, ventral basal ganglia, and amygdala after nicotine smoking (Scott et al. 
2007b). Greater μOR availability in the basal ganglia and thalamus of nonsmokers 
compared to overnight abstinent smokers was also observed in a later study 
(Nuechterlein et al. 2016).

In contrast to the observations of Scott and Nuchterlein et al., another PET study 
with [11C]CFN did not observe any significant change in tracer binding potential 
between placebo and active cigarette smoking and also no significant difference in 
μOR availability between smokers and nonsmokers (Kuwabara et  al. 2014). The 
discrepancy between this and the initial study led to the hypothesis that the expec-
tancy of a smoker, or the sensorimotor effects of denicotinized cigarettes may con-
tribute to the observed release of endogenous opioids. However, a negative 
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correlation was observed between μOR availability in bilateral superior temporal 
cortices during placebo smoking and scores for nicotine dependence. Thus, μOR in 
this area may play a role in nicotine addiction, and stimulation of these receptors by 
endogenous opioids may be involved in nicotine reward (Kuwabara et al. 2014).

Two recent PET studies showed that psychological and behavioral factors can 
indeed exert important actions on the μ-opioid system. In the first study, smokers 
showed a reduction of [11C]CFN binding potential in the thalamus and nucleus 
accumbens after smoking a denicotinized (placebo) cigarette, indicating μOR acti-
vation. No further activation was observed after the smoking of a normal cigarette 
(Nuechterlein et al. 2016). In the last study, 20 chronic tobacco smokers (males) 
were asked to abstain for one night from smoking. The next morning, they first 
smoked a denicotinized cigarette (at 8.00 h) and, subsequently, a normal cigarette 
with an average dose of nicotine (at 10.00 h). PET scans with [11C]CFN were made 
either during the placebo or the nicotine smoking session (on two different days), 
using a bolus plus infusion protocol. The very low nicotine peak levels in plasma 
after smoking a denicotinized cigarette were significantly correlated with tracer 
binding potential after the smoking session, but no correlation was observed 
between the high peak levels after smoking of the normal cigarette and tracer bind-
ing potential (Domino and Hirasawa-Fujita 2019). Thus, “placebo” effects seem to 
have a major impact on [11C]CFN binding in the smoker’s brain.

Another study with [11C]CFN examined the relationship between smoking and 
the relief of negative affect. Twenty-two smokers were scanned after overnight 
abstinence, once after smoking a denicotinized cigarette and at another scanning 
day after smoking a normal cigarette. Higher μOR availability in the amygdala was 
correlated with greater motivation to smoke in order to relieve negative affect, but 
not with changes in affect after smoking (Falcone et al. 2012). A positive correlation 
between the craving to smoke and μOR binding potential in several brain regions 
(amygdala, hippocampus, insula, nucleus accumbens, putamen, and ventral stria-
tum) was also reported in a later study (Domino and Hirasawa-Fujita 2019).

Polymorphisms of the μOR gene affect both the levels of μOR expression in the 
human brain and smoking behavior. Smokers homozygous for the wild-type 
OPRM1 A allele show significantly higher [11C]CFN binding in the bilateral amyg-
dala, left thalamus, and left anterior cingulate cortex than smokers carrying the 
OPRM1 A118G allele. In bearers of the G polymorphism, the extent of reward dif-
ference between smoking a normal and a denicotinized cigarette was significantly 
associated with the change of [11C]CFN binding potential in the right amygdala, 
caudate, anterior cingulate cortex, and thalamus, but in smokers homozygous for 
the wild-type gene, this association could not be observed (Ray et al. 2011). Later 
PET studies in μOR-genotyped overnight abstinent smokers confirmed that smokers 
bearing the G polymorphism have less free μORs in some brain areas (amygdala 
and nucleus accumbens) than carriers of the AA wildtype (Nuechterlein et al. 2016; 
Domino et al. 2015). In one of these studies, GG carriers were found to show also a 
less extensive decrease of [11C]CFN binding potential after the smoking of a “real” 
cigarette than AA carriers, i.e., a blunted response of the μ-opioid system (Domino 
et al. 2015).
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Another PET study examined whether individual differences in μOR availability 
in alcohol-dependent subjects are associated with tobacco use, nicotine dependence, 
and level of nicotine craving. Subjects had withdrawn from alcohol use under medi-
cal supervision. They were not allowed to smoke but received transdermal nicotine 
maintenance (21 mg/day). Higher scores in a nicotine dependence test were found 
to be associated with a lower binding potential of [11C]CFN in the amygdala, cingu-
late, globus pallidus, thalamus, and insula. The number of cigarettes which subjects 
had used per day prior to the study was also negatively correlated with [11C]CFN 
binding potential in these areas. Thus, smoking intensity and severity of nicotine 
dependence appear to be related to reduced μOR binding potential in several brain 
regions of alcohol-dependent subjects (Weerts et al. 2014).

21.5.5	 �Eating Disorders

Bulimia nervosa, a disorder characterized by cycles of food restriction, binge eat-
ing, and vomiting, shares certain phenomena with addiction and substance abuse. 
Compared with controls, bulimic individuals show significantly decreased μOR 
binding in the left insular cortex, a brain area involved in taste discrimination and 
eating reward. This finding may reflect either downregulation of μOR in the bulimic 
state as a consequence of chronically increased release of opioid peptides or a per-
sonality trait that increases the reward value of dieting (Bencherif et al. 2005).

In another PET study, 7 subjects with binge eating disorder, 15 subjects with 
pathological gambling, and 17 healthy control subjects were scanned with [11C]CFN 
and [18F]DOPA.  Patients with binge eating disorder showed reductions of μOR 
binding potential in many cortical and subcortical areas of the brain and a signifi-
cant decrease of the striatal influx constant of [18F]DOPA. However, in subjects with 
pathological gambling, μOR binding potential was decreased mainly in the anterior 
cingulate, and the striatal influx of [18F]DOPA was not significantly altered com-
pared to healthy controls. Thus, two forms of addiction (to eating and to gambling) 
displayed different patterns of neurobiological changes (Majuri et al. 2017). A later 
study from the same group used [11C]CFN to measure μOR binding potential in the 
brains of patients with binge eating disorder, patients with morbid obesity and 
healthy controls. Both eating disorders were associated with similar, widespread 
reductions of μOR binding potential. Thus, these two eating disorders shared a com-
mon opioid abnormality (Joutsa et al. 2018). In a third study from the same group, 
13 pathological gamblers and 15 age-, sex-, and weight-matched healthy control 
subjects were scanned with [11C]CFN and [18F]DOPA. In both groups, a similar cor-
relation was observed between μOR availability in the basal ganglia (putamen, cau-
date nucleus and globus pallidus) and the presynaptic capacity for dopamine 
synthesis. Thus, presynaptic dopamine neurotransmission and opioid receptor func-
tion in the basal ganglia appear to be linked and this link is not affected by behav-
ioral addiction (Majuri et al. 2018).
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21.5.6	 �Obesity

An initial PET study on the involvement of endogenous opioid systems in obesity 
scanned seven chronically obese men with [11C]CFN in the fasted and fed condition, 
at the onset of therapy and after 15% weight loss had been achieved by a low-calorie 
diet. Seven age- and ethnicity-matched lean control subjects were scanned only 
once, in the fasted and fed condition. Thus, four PET scans were made in the obese 
subjects and two scans in the healthy controls. In the initial scans, obese subjects 
showed lower μOR binding potentials in several brain regions than lean subjects or 
obese subjects after weight loss. In healthy controls, the observed decline of tracer 
binding potential in the right temporal pole after feeding was highly correlated to 
reductions in negative affect, but this correlation was not observed in the patient 
group. In patients, the magnitude of this decline at the onset of treatment tended to 
be associated with weight regain, 1 year after treatment. Thus, the magnitude of 
μOR activation in the right temporal pole after an acute meal may predict the risk of 
weight regain of obese subjects after therapy (Burghardt et al. 2015).

Since both the endogenous opioid system and the dopaminergic system are 
involved in the regulation of food intake and reward processing, a Finnish study 
examined pathological changes in μOR and dopamine D2R availability in obese 
subjects. Thirteen obese (mean BMI 42 kg/m2) and 14 age-matched healthy women 
were scanned with the PET tracers [11C]CFN and [11C]raclopride. Obese subjects 
had significantly lower μOR binding potentials in ventral striatum, orbitofrontal 
cortex, amygdala, putamen, insula, and anterior cingulate. [11C[CFN binding poten-
tial in such areas was negatively correlated with BMI and self-reported food addic-
tion. However, there were no significant differences between healthy and obese 
subjects concerning the regional binding potentials of [11C]raclopride (Karlsson 
et al. 2015). These results can be interpreted as evidence for downregulation of μOR 
in the human brain as a consequence of excessive stimulation by endogenous opi-
oids, related to persistent overeating. However, a low density of μOR could also be 
a neurochemical trait that predisposes subjects to becoming obese.

In a follow-up study from the same year, group sizes were expanded to 25 obese 
and 20 healthy female subjects, and the correlation between regional μOR and D2R 
binding potentials was examined (Tuominen et al. 2015). In healthy subjects, μOR 
and D2R availabilities in ventral striatum and dorsal caudate nucleus were positively 
associated, and D2R availability in ventral striatum was also associated with μOR 
availability in the ventral tegmental area. In obese subjects, an association between 
μOR and D2R binding was observed in the caudate nucleus, but the association in 
the ventral striatum was much weaker than in lean subjects and the association 
between striatal D2R and tegmental μOR binding was abolished. Thus, the interac-
tion between the opioid and dopaminergic systems may be altered in obesity.

A second follow-up study addressed the question whether reduced μOR avail-
ability is a state or a trait in obesity. Sixteen obese women were scanned twice with 
[11C]CFN and [11C]raclopride, both before and 6 months after bariatric surgery (gas-
tric bypass or sleeve gastrectomy). Measured binding potentials were compared to 
those of an age-matched healthy control group (n = 14). A reduced availability of 
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μOR in ventral striatum, insula, amygdala, and thalamus was initially observed, but 
the binding potential of [11C]CFN in these areas normalized after gastric surgery 
and weight loss (26.1 ± 7.6 kg). Apparently, the reduced availability of μOR in the 
patient group was associated with the obese phenotype and was not a persistent 
neurochemical trait. In contrast to μOR, the binding potential of D2R was not altered 
after surgery (Karlsson et al. 2016).

21.5.7	 �Epilepsy

Opioid receptors and endogenous opioid peptides are known to play a role in the 
mechanisms underlying seizures. Many PET studies with opioid receptor ligands 
have been performed in patients with epilepsy. The first of these involved [11C]CFN 
and subjects with complex partial seizures due to unilateral temporal seizure foci. 
[11C]CFN binding in the temporal neocortex was greater on the side of the focus 
than on the contralateral side. This increase was interpreted as evidence for involve-
ment of μOR in a tonic anticonvulsant system that limits the spread of electrical 
activity (Frost et  al. 1988). In contrast to [11C]CFN binding, [11C]DPN uptake 
(Mayberg et al. 1991) and [18F]cyclofoxy (Theodore et al. 1992) uptake in the ipsi-
lateral and contralateral lobes were not significantly different, suggesting that opi-
oid receptor subtypes are differentially regulated in temporal lobe epilepsy. Evidence 
for differential regulation was obtained in a later study in which subjects with tem-
poral lobe epilepsy were scanned both with the δOR ligand [11C]methylnaltrindole 
([11C]MeNTI) and with the μOR ligand [11C]CFN.  Binding of both ligands was 
increased in the ipsilateral temporal cortex, but the regional pattern of the changes 
was different (more extended for [11C]MeNTI than for [11C]CFN). Upregulation of 
δOR may indicate an anticonvulsant action for this receptor subtype (Madar et al. 
1997). A more recent study examined [11C]DPN binding in the brain of patients with 
temporal lobe epilepsy both shortly (within a few hours) after spontaneous epileptic 
seizures and interictally. In 14 healthy controls, no changes of [11C]DPN binding 
were observed as a function of time, but in the patients, an increase of tracer binding 
was noted in the ipsilateral temporal pole and fusiform gyrus, shortly after seizures. 
The magnitude of this increase was inversely correlated to the interval that had 
elapsed since the last seizure, suggesting an increase of receptor binding during 
seizures followed by a gradual return to baseline (Hammers et al. 2007b). A follow-
up article that was published after 6  years pointed out that in order to correctly 
quantify opioid receptor availability after spontaneous epileptic seizures, [11C]DPN 
data need to be corrected for the partial volume effect. After such correction, post-
ictal increases in tracer distribution volume could also be detected in the hippocam-
pus (McGinnity et al. 2013). Thus, results from PET studies with three different 
ligands ([11C]CFN, [11C]MeNTI, and [11C]DPN) have supported the idea that the 
opioid system is involved in seizure control.

The interictal distribution volume of [11C]DPN in the cortex and thalamus of 
eight patients with childhood and juvenile absence epilepsy was found to be not 
significantly different from values in healthy age-matched controls; thus, there 
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appeared to be no overall abnormality of opioid receptors in this patient group 
(Prevett et  al. 1994). To examine whether absence seizures are associated with 
release of endogenous opioids, investigators scanned eight patients with primary 
generalized epilepsy and eight control subjects with [11C]DPN and PET.  Serial 
absences were precipitated in the patients by hyperventilation for 10 min, starting 
30–40 min after injection of the tracer. Increased washout of DPN was observed in 
the association cortex but not in other brain areas during seizures, as compared with 
control subjects and patients scanned without provocation of absences. 
Pharmacokinetic modeling suggested that absence seizures resulted in a significant, 
15–41% decrease in the rate constant of association (k3) of the tracer. These data 
were interpreted as evidence for the release of endogenous opioids in the associa-
tion cortex at the time of absences, leading to increased opioid receptor occupancy 
(Bartenstein et al. 1993).

A later study involved five patients with reading epilepsy who were scanned both 
at baseline (reading a string of symbols) and during seizure activation (reading a 
scientific paper). The latter condition was associated with significantly lower bind-
ing of [11C]DPN in the left parietotemporal-occipital cortex of the patients as com-
pared with six healthy controls, suggesting release of endogenous opioids as part of 
a mechanism to terminate reading-induced seizures (Koepp et al. 1998).

Two patients with mesobasal temporal lobe epilepsy have been scanned with 
[11C]DPN, before and after selective amygdalohippocampectomy. After removal of 
the epileptic focus, [11C]DPN binding in the ipsilateral frontal cortex was found to 
be reduced, suggesting either downregulation of opioid receptors in the absence of 
seizures or postoperative neuronal dysfunction (Bartenstein et al. 1994).

21.5.8	 �Neurodegenerative Diseases

Losses of opioid receptors with different regional patterns have been observed in 
several neurodegenerative diseases.

21.5.8.1	 �Huntington’s Disease
Significant decreases of [11C]DPN binding (24–40%) were noted in the caudate and 
putamen of Huntington’s disease (HD) patients using striatum-to-occipital cortex 
uptake ratios, spectral analysis, voxelwise parametric analysis, and statistical para-
metric mapping (SPM) for quantification (Weeks et al. 1997).

21.5.8.2	 �Alzheimer Disease
Decreases of opioid receptor binding (up to 40%) have been detected in the brain of 
Alzheimer disease (AD) patients using the tracer [18F]cyclofoxy, and these changes 
were not correlated with decreases in regional cerebral blood flow (Cohen 
et al. 1997).
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21.5.8.3	 �Parkinson Disease and Related Disorders
An initial study on eight clinically defined Parkinson disease (PD) patients, seven 
subjects with the striatonigral degeneration type of multiple system atrophy and six 
subjects with Steele-Richardson-Olszewski (SRO) syndrome examined opioid 
receptor binding in the human striatum with the tracer [11C]DPN and PET. In the PD 
patient group, tracer binding was not significantly altered compared to healthy con-
trols. Striatonigral degeneration was associated with reduced binding of [11C]DPN 
in the putamen, but not in the caudate. In the SRO syndrome group, both caudate 
and putamen opioid receptor binding were significantly reduced. The binding pat-
tern of [11C]DPN may thus help to differentiate between various akinetic-rigid syn-
dromes (Burn et al. 1995). In ten patients with the olivopontocerebellar variant of 
multiple system atrophy, a significant 12% reduction of the caudate-occipital ratio 
and a 15% reduction of the putamen-occipital uptake ratio of [11C]DPN were noted. 
The latter decline was correlated to loss of [18F]DOPA uptake in the putamen (aver-
age reduction 29%) (Rinne et al. 1995).

Using [11C]DPN-PET and either a region-of-interest (ROI) or an SPM approach, 
a significantly reduced opioid receptor binding was later noted in the striatum and 
thalamus of PD patients with levodopa-induced dyskinesias but not in non-
dyskinetic subjects (Piccini et al. 1997). No difference in striatal dopamine D1 or D2 
receptor binding was found between the two subgroups, and measurements with 
PET and [15O]water showed that rCBF after oral administration of levodopa was 
increased during dyskinesias in lentiform nuclei and motor, premotor, and dorsal 
prefrontal cortex. Thus, dyskinesias appear to arise not from a disturbance of dopa-
mine receptor availability but rather from overactivity of opioid transmission, par-
ticularly the basal ganglia-frontal projections (Brooks et al. 2000).

In bilaterally 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-lesioned 
monkeys which had clinically recovered from the acute motor effects of dopaminer-
gic neuron lesioning, a 65% decrease in the accumulation of [18F]DOPA was noted 
in the basal ganglia. This decrease was associated with a 30–35% decline of 
[18F]cyclofoxy binding in the caudate, anterior putamen, thalamus, and amygdala. 
The authors concluded that altered opioid receptor signaling (probably increased 
levels of Met-enkephalin) had contributed to the behavioral changes which were 
observed in the animals, i.e., the masking of their motor symptoms (Cohen et al. 
1998). A later study from the same group showed that in unilaterally MPTP-lesioned 
monkeys with parkinsonian symptoms, opioid receptor availability is reduced by 
30–35% on both the lesioned and the non-lesioned sides of the brain (Cohen 
et al. 1999).

In contrast to the decreases of opioid receptor binding which were observed in 
akinetic-rigid syndromes and PD patients with dyskinesias, no abnormalities of 
[11C]DPN binding were noted in patients with primary torsion dystonia (carriers of 
the DYT1 gene), and no correlation between the severity of dystonia and opioid 
binding could be detected (Whone et al. 2004).
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21.5.9	 �Opioid Receptor Expression in Lung Tumors

A pilot PET study involving seven patients with lung carcinomas examined the 
feasibility of tumor imaging with the radioligands [11C]MeNTI and [11C]CFN. Four 
of these patients were also scanned with [18F]FDG for clinical indications. All 
tumors showed an accumulation of opioid receptor ligands above background. The 
tumor-to-nontumor binding ratio of the δOR ligand [11C]MeNTI (4.3 ± 1.3) was 
greater than that of the μOR ligand [11C]CFN (2.4 ± 1.2) but lower than that of 
[18F]FDG (7.7  ±  0.5). About 50% of [11C]MeNTI uptake and 44% of [11C]CFN 
uptake in the tumors could be blocked by naloxone. Particularly [11C]MeNTI 
appears suitable for investigation of lung carcinoma biology, since δOR may be 
involved in tumor invasion and metastasis (Madar et al. 2007). A ligand targeting 
μOR and δOR was tested in tumor-bearing mice as a strategy for delivering cyto-
toxic drugs to lung cancer, but unfortunately, this strategy failed since the specificity 
of payload delivery was inadequate (Li and Low 2017).

21.6	 �Conclusion

PET imaging has provided insight in the involvement of opioid system in affective 
and sensory processing. Changes of opioid receptor expression related to increasing 
age and altered hormonal status have also been reported. Moreover, OR imaging has 
been successfully applied in the study of the pharmacokinetics and pharmacody-
namics of novel and existing drugs.

Regional changes of OR availability have been observed in psychiatric and neu-
rodegenerative disorders, epilepsy, pain, bulimia nervosa, behavioral addiction, and 
substance abuse. PET imaging may contribute to the development of improved 
techniques for the treatment of pain (and addiction) by monitoring the relationship 
between OR occupancy and symptom relief.

References

Bai LQ, Teng RR, Shiue CY, Wolf AP, Dewey SL, Holland MJ et  al (1990) No-carrier-added 
(NCA) N-(3-[18F]fluoropropyl)-N-norbuprenorphine and N-(3-[18F]fluoropropyl)-N-
nordiprenorphine--synthesis, anatomical distribution in mice and rats, and tomographic studies 
in a baboon. Int J Rad Appl Instrum B 17:217–227

Baier B, Bense S, Birklein F, Buchholz HG, Mischke A, Schreckenberger M et al (2010) Evidence 
for modulation of opioidergic activity in central vestibular processing: A [(18)F] diprenorphine 
PET study. Hum Brain Mapp 31:550–555

Bartenstein PA, Duncan JS, Prevett MC, Cunningham VJ, Fish DR, Jones AK et  al (1993) 
Investigation of the opioid system in absence seizures with positron emission tomography. J 
Neurol Neurosurg Psychiatry 56:1295–1302

Bartenstein PA, Prevett MC, Duncan JS, Hajek M, Wieser HG (1994) Quantification of opiate 
receptors in two patients with mesiobasal temporal lobe epilepsy, before and after selective 
amygdalohippocampectomy, using positron emission tomography. Epilepsy Res 18:119–125

21  Positron Emission Tomography (PET) Imaging of Opioid Receptors



794

Baumgartner U, Buchholz HG, Bellosevich A, Magerl W, Siessmeier T, Rolke R et al (2006) High 
opiate receptor binding potential in the human lateral pain system. NeuroImage 30:692–699

Bencherif B, Fuchs PN, Sheth R, Dannals RF, Campbell JN, Frost JJ (2002) Pain activation of 
human supraspinal opioid pathways as demonstrated by [11C]-carfentanil and positron emis-
sion tomography (PET). Pain 99:589–598

Bencherif B, Stumpf MJ, Links JM, Frost JJ (2004a) Application of MRI-based partial-volume 
correction to the analysis of PET images of mu-opioid receptors using statistical parametric 
mapping. J Nucl Med 45:402–408

Bencherif B, Wand GS, McCaul ME, Kim YK, Ilgin N, Dannals RF et al (2004b) Mu-opioid recep-
tor binding measured by [11C]carfentanil positron emission tomography is related to craving 
and mood in alcohol dependence. Biol Psychiatry 55:255–262

Bencherif B, Guarda AS, Colantuoni C, Ravert HT, Dannals RF, Frost JJ (2005) Regional mu-
opioid receptor binding in insular cortex is decreased in bulimia nervosa and correlates 
inversely with fasting behavior. J Nucl Med 46:1349–1351

Blecha JE, Henderson BD, Hockley BG, VanBrocklin HF, Zubieta JK, Dasilva AF et al (2017) An 
updated synthesis of [(11) C]carfentanil for positron emission tomography (PET) imaging of 
the mu-opioid receptor. J Labelled Comp Radiopharm 60:375–380

Boecker H, Sprenger T, Henriksen G, Toelle TR, Spilker ME (2005) Optimal duration of PET stud-
ies with 18F-fluoroethyl-diprenorphine. J Nucl Med 46:2092–2096

Boecker H, Sprenger T, Spilker ME, Henriksen G, Koppenhoefer M, Wagner KJ et al (2008) The 
runner's high: opioidergic mechanisms in the human brain. Cereb Cortex 18:2523–2531

Bourdier T, Poisnel G, Dhilly M, Delamare J, Henry J, Debruyne D et al (2007) Synthesis and 
biological evaluation of N-substituted quinolinimides, as potential ligands for in vivo imaging 
studies of delta-opioid receptors. Bioconjug Chem 18:538–548

Brooks DJ, Piccini P, Turjanski N, Samuel M (2000) Neuroimaging of dyskinesias. Ann Neurol 
47:S154–S158

Brown CA, Matthews J, Fairclough M, McMahon A, Barnett E, Al-Kaysi A et al (2015) Striatal 
opioid receptor availability is related to acute and chronic pain perception in arthritis: does 
opioid adaptation increase resilience to chronic pain? Pain 156:2267–2275

Burghardt PR, Rothberg AE, Dykhuis KE, Burant CF, Zubieta JK (2015) Endogenous opioid 
mechanisms are implicated in obesity and weight loss in humans. J Clin Endocrinol Metab 
100:3193–3201

Burn DJ, Rinne JO, Quinn NP, Lees AJ, Marsden CD, Brooks DJ (1995) Striatal opioid receptor 
binding in Parkinson's disease, striatonigral degeneration and Steele-Richardson-Olszewski 
syndrome, A [11C]diprenorphine PET study. Brain 118(Pt 4):951–958

Cai Z, Li S, Pracitto R, Navarro A, Shirali A, Ropchan J et al (2017) Fluorine-18-labeled antago-
nist for PET imaging of kappa opioid receptors. ACS Chem Neurosci 8:12–16

Campbell CM, Bounds SC, Kuwabara H, Edwards RR, Campbell JN, Haythornthwaite JA et al 
(2013) Individual variation in sleep quality and duration is related to cerebral mu opioid recep-
tor binding potential during tonic laboratory pain in healthy subjects. Pain Med 14:1882–1892

Carson RE, Channing MA, Blasberg RG, Dunn BB, Cohen RM, Rice KC et al (1993) Comparison 
of bolus and infusion methods for receptor quantitation: application to [18F]cyclofoxy and 
positron emission tomography. J Cereb Blood Flow Metab 13:24–42

Chang KJ, Hazum E, Cuatrecasas P (1981) Novel opiate binding sites selective for benzomorphan 
drugs. Proc Natl Acad Sci U S A 78:4141–4145

Channing MA, Eckelman WC, Bennett JM, Burke TR Jr, Rice KC (1985) Radiosynthesis of 
[18F]3-acetylcyclofoxy: a high affinity opiate antagonist. Int J Appl Radiat Isot 36:429–433

Chen Y, Mestek A, Liu J, Hurley JA, Yu L (1993) Molecular cloning and functional expression of 
a mu-opioid receptor from rat brain. Mol Pharmacol 44:8–12

Chesis PL, Welch MJ (1990) Synthesis and in vitro characterization of fluorinated U-50488 ana-
logs for PET studies of kappa opioid receptors. Int J Rad Appl Instrum A 41:267–273

Chesis PL, Griffeth LK, Mathias CJ, Welch MJ (1990) Sex-dependent differences in N-(3-
[18F]fluoropropyl)-N-nordiprenorphine biodistribution and metabolism. J Nucl Med 
31:192–201

A. van Waarde et al.



795

Cohen RM, Andreason PJ, Doudet DJ, Carson RE, Sunderland T (1997) Opiate receptor avidity 
and cerebral blood flow in Alzheimer’s disease. J Neurol Sci 148:171–180

Cohen RM, Carson RE, Aigner TG, Doudet DJ (1998) Opiate receptor avidity is reduced in non-
motor impaired MPTP-lesioned rhesus monkeys. Brain Res 806:292–296

Cohen RM, Carson RE, Wyatt RJ, Doudet DJ (1999) Opiate receptor avidity is reduced bilaterally 
in rhesus monkeys unilaterally lesioned with MPTP. Synapse 33:282–288

Cohen RM, Carson RE, Sunderland T (2000) Opiate receptor avidity in the thalamus is sexually 
dimorphic in the elderly. Synapse 38:226–229

Colasanti A, Searle GE, Long CJ, Hill SP, Reiley RR, Quelch D et al (2012) Endogenous opioid 
release in the human brain reward system induced by acute amphetamine administration. Biol 
Psychiatry 72:371–377

Cometta-Morini C, Maguire PA, Loew GH (1992) Molecular determinants of mu receptor recogni-
tion for the fentanyl class of compounds. Mol Pharmacol 41:185–196

Cox BM, Goldstein A, Hi CH (1976) Opioid activity of a peptide, beta-lipotropin-(61-91), derived 
from beta-lipotropin. Proc Natl Acad Sci U S A 73:1821–1823

Cunningham VJ, Hume SP, Price GR, Ahier RG, Cremer JE, Jones AK (1991) Compartmental 
analysis of diprenorphine binding to opiate receptors in the rat in vivo and its comparison with 
equilibrium data in vitro. J Cereb Blood Flow Metab 11:1–9

Dannals RF, Ravert HT, Frost JJ, Wilson AA, Burns HD, Wagner HN Jr (1985) Radiosynthesis 
of an opiate receptor binding radiotracer: [11C]carfentanil. Int J Appl Radiat Isot 36:303–306

Dasilva AF, Nascimento TD, DosSantos MF, Lucas S, van HolsbeecK H, DeBoer M et al (2014) 
Association of mu-opioid activation in the prefrontal cortex with spontaneous migraine 
attacks - brief report I. Ann Clin Transl Neurol 1:439–444

Dhawan BN, Cesselin F, Raghubir R, Reisine T, Bradley PB, Portoghese PS et  al (1996) 
International union of pharmacology. XII. Classification of opioid receptors. Pharmacol Rev 
48:567–592

Domino EF, Hirasawa-Fujita M (2019) Tobacco smoking and brain endogenous opioid release: 
more than nicotine alone. Nicotine Tob Res 21(6):772–777

Domino EF, Hirasawa-Fujita M, Ni L, Guthrie SK, Zubieta JK (2015) Regional brain [(11)
C]carfentanil binding following tobacco smoking. Prog Neuro-Psychopharmacol Biol 
Psychiatry 59:100–104

DosSantos MF, Martikainen IK, Nascimento TD, Love TM, Deboer MD, Maslowski EC et  al 
(2012a) Reduced basal ganglia mu-opioid receptor availability in trigeminal neuropathic pain: 
a pilot study. Mol Pain 8:74

DosSantos MF, Love TM, Martikainen IK, Nascimento TD, Fregni F, Cummiford C et al (2012b) 
Immediate effects of tDCS on the mu-opioid system of a chronic pain patient. Front Psych 3:93

DosSantos MF, Martikainen IK, Nascimento TD, Love TM, Deboer MD, Schambra HM et  al 
(2014) Building up analgesia in humans via the endogenous mu-opioid system by combining 
placebo and active tDCS: a preliminary report. PLoS One 9:e102350

Dougherty DD, Kong J, Webb M, Bonab AA, Fischman AJ, Gollub RL (2008) A combined 
[11C]diprenorphine PET study and fMRI study of acupuncture analgesia. Behav Brain Res 
193:63–68

Endres CJ, Bencherif B, Hilton J, Madar I, Frost JJ (2003) Quantification of brain mu-opioid 
receptors with [11C]carfentanil: reference-tissue methods. Nucl Med Biol 30:177–186

Eriksson O, Antoni G (2015) [11C]Carfentanil Binds preferentially to mu-opioid receptor subtype 
1 compared to subtype 2. Mol Imaging 14:476–483

Evans CJ, Keith DE Jr, Morrison H, Magendzo K, Edwards RH (1992) Cloning of a delta opioid 
receptor by functional expression. Science 258:1952–1955

Fairclough M, Prenant C, Brown G, McMahon A, Lowe J, Jones A (2014) The automated radio-
synthesis and purification of the opioid receptor antagonist, [6-O-methyl-11C]diprenor-
phine on the GE TRACERlab FXFE radiochemistry module. J Labelled Comp Radiopharm. 
57:388–396

21  Positron Emission Tomography (PET) Imaging of Opioid Receptors



796

Falcone M, Gold AB, Wileyto EP, Ray R, Ruparel K, Newberg A et  al (2012) mu-Opioid 
receptor availability in the amygdala is associated with smoking for negative affect relief. 
Psychopharmacology 222:701–708

Frost JJ (2001) PET imaging of the opioid receptor: the early years. Nucl Med Biol 28:509–513
Frost JJ, Wagner HN Jr, Dannals RF, Ravert HT, Links JM, Wilson AA et al (1985) Imaging opi-

ate receptors in the human brain by positron tomography. J Comput Assist Tomogr 9:231–236
Frost JJ, Mayberg HS, Fisher RS, Douglass KH, Dannals RF, Links JM et al (1988) Mu-opiate 

receptors measured by positron emission tomography are increased in temporal lobe epilepsy. 
Ann Neurol 23:231–237

Frost JJ, Douglass KH, Mayberg HS, Dannals RF, Links JM, Wilson AA et  al (1989) 
Multicompartmental analysis of [11C]-carfentanil binding to opiate receptors in humans mea-
sured by positron emission tomography. J Cereb Blood Flow Metab 9:398–409

Frost JJ, Mayberg HS, Sadzot B, Dannals RF, Lever JR, Ravert HT et al (1990) Comparison of 
[11C]diprenorphine and [11C]carfentanil binding to opiate receptors in humans by positron 
emission tomography. J Cereb Blood Flow Metab 10:484–492

Galynker I, Schlyer DJ, Dewey SL, Fowler JS, Logan J, Gatley SJ et al (1996) Opioid receptor 
imaging and displacement studies with [6-O-[11C] methyl]buprenorphine in baboon brain. 
Nucl Med Biol 23:325–331

Ghitza UE, Preston KL, Epstein DH, Kuwabara H, Endres CJ, Bencherif B et al (2010) Brain 
mu-opioid receptor binding predicts treatment outcome in cocaine-abusing outpatients. Biol 
Psychiatry 68:697–703

Goldstein A, Tachibana S, Lowney LI, Hunkapiller M, Hood L (1979) Dynorphin-(1-13), an 
extraordinarily potent opioid peptide. Proc Natl Acad Sci U S A 76:6666–6670

Gorelick DA, Kim YK, Bencherif B, Boyd SJ, Nelson R, Copersino M et al (2005) Imaging brain 
mu-opioid receptors in abstinent cocaine users: time course and relation to cocaine craving. 
Biol Psychiatry 57:1573–1582

Gorelick DA, Kim YK, Bencherif B, Boyd SJ, Nelson R, Copersino ML et al (2008) Brain mu-
opioid receptor binding: relationship to relapse to cocaine use after monitored abstinence. 
Psychopharmacology 200:475–486

Greenwald MK, Johanson CE, Moody DE, Woods JH, Kilbourn MR, Koeppe RA et al (2003) 
Effects of buprenorphine maintenance dose on mu-opioid receptor availability, plasma concen-
trations, and antagonist blockade in heroin-dependent volunteers. Neuropsychopharmacology 
28:2000–2009

Greenwald M, Johanson CE, Bueller J, Chang Y, Moody DE, Kilbourn M et al (2007) Buprenorphine 
duration of action: mu-opioid receptor availability and pharmacokinetic and behavioral indi-
ces. Biol Psychiatry 61:101–110

Guterstam J, Jayaram-Lindstrom N, Cervenka S, Frost JJ, Farde L, Halldin C et al (2013) Effects 
of amphetamine on the human brain opioid system--a positron emission tomography study. Int 
J Neuropsychopharmacol 16:763–769

Hackler L, Zadina JE, Ge LJ, Kastin AJ (1997) Isolation of relatively large amounts of endomor-
phin-1 and endomorphin-2 from human brain cortex. Peptides 18:1635–1639

Hagelberg N, Aalto S, Tuominen L, Pesonen U, Nagren K, Hietala J et al (2012) Striatal mu-opioid 
receptor availability predicts cold pressor pain threshold in healthy human subjects. Neurosci 
Lett 521:11–14

Hammers A, Lingford-Hughes A (2006) Opioid imaging. Neuroimaging Clin N Am 16:529–552, vii
Hammers A, Asselin MC, Turkheimer FE, Hinz R, Osman S, Hotton G et al (2007a) Balancing bias, 

reliability, noise properties and the need for parametric maps in quantitative ligand PET: [(11)
C]diprenorphine test-retest data. NeuroImage 38:82–94

Hammers A, Asselin MC, Hinz R, Kitchen I, Brooks DJ, Duncan JS et al (2007b) Upregulation of 
opioid receptor binding following spontaneous epileptic seizures. Brain 130:1009–1016

Harris RE, Zubieta JK, Scott DJ, Napadow V, Gracely RH, Clauw DJ (2009) Traditional Chinese 
acupuncture and placebo (sham) acupuncture are differentiated by their effects on mu-opioid 
receptors (MORs). NeuroImage 47:1077–1085

A. van Waarde et al.



797

Heinz A, Reimold M, Wrase J, Hermann D, Croissant B, Mundle G et al (2005) Correlation of 
stable elevations in striatal mu-opioid receptor availability in detoxified alcoholic patients with 
alcohol craving: a positron emission tomography study using carbon 11-labeled carfentanil. 
Arch Gen Psychiatry 62:57–64

Henriksen G, Willoch F (2008) Imaging of opioid receptors in the central nervous system. Brain 
131:1171–1196

Henriksen G, Platzer S, Marton J, Hauser A, Berthele A, Schwaiger M et al (2005a) Syntheses, 
biological evaluation, and molecular modeling of 18F-labeled 4-anilidopiperidines as mu-
opioid receptor imaging agents. J Med Chem 48:7720–7732

Henriksen G, Platzer S, Hauser A, Willoch F, Berthele A, Schwaiger M et al (2005b) 18F-labeled 
sufentanil for PET-imaging of mu-opioid receptors. Bioorg Med Chem Lett 15:1773–1777

Henriksen G, Spilker ME, Sprenger T, Hauser AI, Platzer S, Boecker H et al (2006) Gender depen-
dent rate of metabolism of the opioid receptor-PET ligand [18F]fluoroethyldiprenorphine. 
Nuklearmedizin 45:197–200

Hermann D, Hirth N, Reimold M, Batra A, Smolka MN, Hoffmann S et al (2017) Low mu-opioid 
receptor status in alcohol dependence identified by combined positron emission tomography 
and post-mortem brain analysis. Neuropsychopharmacology 42:606–614

Hirvonen J, Aalto S, Hagelberg N, Maksimow A, Ingman K, Oikonen V et al (2009) Measurement 
of central mu-opioid receptor binding in vivo with PET and [11C]carfentanil: a test-retest study 
in healthy subjects. Eur J Nucl Med Mol Imaging 36:275–286

Hiura M, Sakata M, Ishii K, Toyohara J, Oda K, Nariai T et al (2017) Central mu-opioidergic sys-
tem activation evoked by heavy and severe-intensity cycling exercise in humans: a pilot study 
using positron emission tomography with 11C-CARFENTANIL. Int J Sports Med 38:19–26

Homcy CJ, Strauss HW, Kopiwoda S (1980) Beta receptor occupancy. Assessment in the intact 
animal. J Clin Invest 65:1111–1118

Hostetler ED, Sanabria-Bohorquez S, Eng W, Joshi AD, Patel S, Gibson RE et al (2013) Evaluation 
of [18F]MK-0911, a positron emission tomography (PET) tracer for opioid receptor-like 1 
(ORL1), in rhesus monkey and human. NeuroImage 68:1–10

Hsu DT, Sanford BJ, Meyers KK, Love TM, Hazlett KE, Wang H et al (2013) Response of the mu-
opioid system to social rejection and acceptance. Mol Psychiatry 18:1211–1217

Hsu DT, Sanford BJ, Meyers KK, Love TM, Hazlett KE, Walker SJ et  al (2015) It still hurts: 
altered endogenous opioid activity in the brain during social rejection and acceptance in major 
depressive disorder. Mol Psychiatry 20:193–200

Hughes J, Smith TW, Kosterlitz HW, Fothergill LA, Morgan BA, Morris HR (1975) Identification 
of two related pentapeptides from the brain with potent opiate agonist activity. Nature 
258:577–580

Hume SP, Lingford-Hughes AR, Nataf V, Hirani E, Ahmad R, Davies AN et al (2007) Low sen-
sitivity of the positron emission tomography ligand [11C]diprenorphine to agonist opiates. J 
Pharmacol Exp Ther 322:661–667

Ingman K, Hagelberg N, Aalto S, Nagren K, Juhakoski A, Karhuvaara S et al (2005) Prolonged 
central mu-opioid receptor occupancy after single and repeated nalmefene dosing. 
Neuropsychopharmacology 30:2245–2253

Johansson J, Hirvonen J, Lovro Z, Ekblad L, Kaasinen V, Rajasilta O et al (2019) Intranasal nalox-
one rapidly occupies brain mu-opioid receptors in human subjects. Neuropsychopharmacology 
44(9):1667–1673

Jones AK, Luthra SK, Maziere B, Pike VW, Loc'h C, Crouzel C et al (1988) Regional cerebral 
opioid receptor studies with [11C]diprenorphine in normal volunteers. J Neurosci Methods 
23:121–129

Jones AK, Qi LY, Fujirawa T, Luthra SK, Ashburner J, Bloomfield P et al (1991) In vivo distribu-
tion of opioid receptors in man in relation to the cortical projections of the medial and lateral 
pain systems measured with positron emission tomography. Neurosci Lett 126:25–28

Jones AK, Cunningham VJ, Ha-Kawa SK, Fujiwara T, Liyii Q, Luthra SK et al (1994a) Quantitation 
of [11C]diprenorphine cerebral kinetics in man acquired by PET using presaturation, pulse-
chase and tracer-only protocols. J Neurosci Methods 51:123–134

21  Positron Emission Tomography (PET) Imaging of Opioid Receptors



798

Jones AK, Cunningham VJ, Ha-Kawa S, Fujiwara T, Luthra SK, Silva S et al (1994b) Changes in 
central opioid receptor binding in relation to inflammation and pain in patients with rheumatoid 
arthritis. Br J Rheumatol 33:909–916

Jones AK, Kitchen ND, Watabe H, Cunningham VJ, Jones T, Luthra SK et al (1999) Measurement 
of changes in opioid receptor binding in vivo during trigeminal neuralgic pain using [11C] 
diprenorphine and positron emission tomography. J Cereb Blood Flow Metab 19:803–808

Jones AK, Watabe H, Cunningham VJ, Jones T (2004) Cerebral decreases in opioid receptor bind-
ing in patients with central neuropathic pain measured by [11C]diprenorphine binding and 
PET. Eur J Pain 8:479–485

Joutsa J, Karlsson HK, Majuri J, Nuutila P, Helin S, Kaasinen V et al (2018) Binge eating disorder 
and morbid obesity are associated with lowered mu-opioid receptor availability in the brain. 
Psychiatry Res Neuroimaging 276:41–45

Kalant H (1997) Opium revisited: a brief review of its nature, composition, non-medical use and 
relative risks. Addiction 92:267–277

Karjalainen T, Tuominen L, Manninen S, Kalliokoski KK, Nuutila P, Jaaskelainen IP et al (2016) 
Behavioural activation system sensitivity is associated with cerebral mu-opioid receptor avail-
ability. Soc Cogn Affect Neurosci 11:1310–1316

Karjalainen T, Karlsson HK, Lahnakoski JM, Glerean E, Nuutila P, Jaaskelainen IP et al (2017) 
Dissociable roles of cerebral mu-opioid and type 2 dopamine receptors in vicarious pain: a 
combined PET-fMRI study. Cereb Cortex 27:4257–4266

Karjalainen T, Seppala K, Glerean E, Karlsson HK, Lahnakoski JM, Nuutila P et  al (2019) 
Opioidergic regulation of emotional arousal: a combined PET-fMRI study. Cereb Cortex 
29(9):4006–4016

Karlsson HK, Tuominen L, Tuulari JJ, Hirvonen J, Parkkola R, Helin S et al (2015) Obesity is 
associated with decreased mu-opioid but unaltered dopamine D2 receptor availability in the 
brain. J Neurosci 35:3959–3965

Karlsson HK, Tuulari JJ, Tuominen L, Hirvonen J, Honka H, Parkkola R et al (2016) Weight loss 
after bariatric surgery normalizes brain opioid receptors in morbid obesity. Mol Psychiatry 
21:1057–1062

Kawai R, Sawada Y, Channing M, Dunn B, Newman AH, Rice KC et al (1990) Kinetic analysis 
of the opiate antagonist cyclofoxy in rat brain: simultaneous infusion of active and inactive 
enantiomers. J Pharmacol Exp Ther 255:826–835

Kawai R, Carson RE, Dunn B, Newman AH, Rice KC, Blasberg RG (1991) Regional brain mea-
surement of Bmax and KD with the opiate antagonist cyclofoxy: equilibrium studies in the 
conscious rat. J Cereb Blood Flow Metab 11:529–544

Kennedy SE, Koeppe RA, Young EA, Zubieta JK (2006) Dysregulation of endogenous opioid emo-
tion regulation circuitry in major depression in women. Arch Gen Psychiatry 63:1199–1208

Kieffer BL, Befort K, Gaveriaux-Ruff C, Hirth CG (1992) The delta-opioid receptor: isolation of 
a cDNA by expression cloning and pharmacological characterization. Proc Natl Acad Sci U S 
A 89:12048–12052

Kim S, Wagner HN Jr, Villemagne VL, Kao PF, Dannals RF, Ravert HT et al (1997) Longer occu-
pancy of opioid receptors by nalmefene compared to naloxone as measured in vivo by a dual-
detector system. J Nucl Med 38:1726–1731

Kim SJ, Zheng MQ, Nabulsi N, Labaree D, Ropchan J, Najafzadeh S et al (2013) Determination of 
the in vivo selectivity of a new kappa-opioid receptor antagonist PET tracer 11C-LY2795050 in 
the rhesus monkey. J Nucl Med 54:1668–1674

Kimura Y, Fujita M, Hong J, Lohith TG, Gladding RL, Zoghbi SS et al (2011) Brain and whole-
body imaging in rhesus monkeys of 11C-NOP-1A, a promising PET radioligand for noci-
ceptin/orphanin FQ peptide receptors. J Nucl Med 52:1638–1645

Klega A, Eberle T, Buchholz HG, Maus S, Maihofner C, Schreckenberger M et al (2010) Central 
opioidergic neurotransmission in complex regional pain syndrome. Neurology 75:129–136

Kling MA, Carson RE, Borg L, Zametkin A, Matochik JA, Schluger J et al (2000) Opioid receptor 
imaging with positron emission tomography and [(18)F]cyclofoxy in long-term, methadone-
treated former heroin addicts. J Pharmacol Exp Ther 295:1070–1076

A. van Waarde et al.



799

Koepp MJ, Duncan JS (2000) PET: opiate neuroreceptor mapping. Adv Neurol 83:145–156
Koepp MJ, Richardson MP, Brooks DJ, Duncan JS (1998) Focal cortical release of endogenous 

opioids during reading-induced seizures. Lancet 352:952–955
Koepp MJ, Hammers A, Lawrence AD, Asselin MC, Grasby PM, Bench CJ (2009) Evidence for 

endogenous opioid release in the amygdala during positive emotion. NeuroImage 44:252–256
Kuwabara H, Heishman SJ, Brasic JR, Contoreggi C, Cascella N, Mackowick KM et al (2014) 

Mu opioid receptor binding correlates with nicotine dependence and reward in smokers. PLoS 
One 9:e113694

Lamusuo S, Hirvonen J, Lindholm P, Martikainen IK, Hagelberg N, Parkkola R et  al (2017) 
Neurotransmitters behind pain relief with transcranial magnetic stimulation - positron emission 
tomography evidence for release of endogenous opioids. Eur J Pain 21:1505–1515

Lee MC, Wagner HN Jr, Tanada S, Frost JJ, Bice AN, Dannals RF (1988) Duration of occupancy 
of opiate receptors by naltrexone. J Nucl Med 29:1207–1211

Lever JR (2007) PET and SPECT imaging of the opioid system: receptors, radioligands and ave-
nues for drug discovery and development. Curr Pharm Des 13:33–49

Lever JR, Dannals RF, Wilson AA, Ravert HT, Wagner HN Jr (1987) Synthesis of carbon-11 
labeled diprenorphine: a radioligand for positron emission tomographic studies of opiate recep-
tors. Tetrahedron Lett 28:4015–4018

Lever JR, Mazza SM, Dannals RF, Ravert HT, Wilson AA, Wagner HN Jr (1990) Facile synthesis 
of [11C]buprenorphine for positron emission tomographic studies of opioid receptors. Int J 
Rad Appl Instrum A 41:745–752

Lever JR, Scheffel U, Kinter CM, Ravert HT, Dannals RF, Wagner HN Jr et al (1992) In vivo bind-
ing of N1'-([11C]methyl)naltrindole to delta-opioid receptors in mouse brain. Eur J Pharmacol 
216:459–460

Lever JR, Stathis M, Kinter CM, Scheffel U (1996) In vivo labeling of delta opioid receptors in 
mouse brain by [3H]benzylidenenaltrexone, a ligand selective for the delta 1 subtype. Life Sci 
58:L331–L336

Li G, Low PS (2017) Synthesis and evaluation of a ligand targeting the mu and delta opioid recep-
tors for drug delivery to lung cancer. Bioorg Med Chem Lett 27:2074–2078

Li S, Cai Z, Zheng MQ, Holden D, Naganawa M, Lin SF et  al (2018) Novel (18)F-labeled 
kappa-opioid receptor antagonist as PET radiotracer: synthesis and in vivo evaluation of (18)
F-LY2459989 in nonhuman primates. J Nucl Med 59:140–146

Li S, Zheng MQ, Naganawa M, Kim S, Gao H, Kapinos M et al (2019a) Development and in vivo 
evaluation of a novel kappa opioid receptor agonist as PET radiotracer with superior imaging 
characteristics. J Nucl Med s(7):1023–1030

Li S, Zheng MQ, Naganawa M, Gao H, Pracitto R, Shirali A et al (2019b) Novel kappa opioid 
receptor agonist as improved PET radiotracer: development and in vivo evaluation. Mol Pharm 
16:1523–1531

Liberzon I, Zubieta JK, Fig LM, Phan KL, Koeppe RA, Taylor SF (2002) mu-Opioid receptors 
and limbic responses to aversive emotional stimuli. Proc Natl Acad Sci U S A 99:7084–7089

Liberzon I, Taylor SF, Phan KL, Britton JC, Fig LM, Bueller JA et al (2007) Altered central micro-
opioid receptor binding after psychological trauma. Biol Psychiatry 61:1030–1038

Lohith TG, Zoghbi SS, Morse CL, Araneta MF, Barth VN, Goebl NA et al (2012) Brain and whole-
body imaging of nociceptin/orphanin FQ peptide receptor in humans using the PET ligand 
11C-NOP-1A. J Nucl Med 53:385–392

Lord JA, Waterfield AA, Hughes J, Kosterlitz HW (1977) Endogenous opioid peptides: multiple 
agonists and receptors. Nature 267:495–499

Love TM, Stohler CS, Zubieta JK (2009) Positron emission tomography measures of endog-
enous opioid neurotransmission and impulsiveness traits in humans. Arch Gen Psychiatry 
66:1124–1134

Luthra SK, Pike VW, Brady F (1985) The preparation of carbon-11 labeled diprenorphine: 
A new radioligand for the study of the opiate receptor system in  vivo. J Chem Soc Chem 
Commun:1423–1425

21  Positron Emission Tomography (PET) Imaging of Opioid Receptors



800

Luthra SK, Pike VW, Brady F, Horlock PL, Prenant C, Crouzel C (1987) Preparation of 
[11C]buprenorphine--a potential radioligand for the study of the opiate receptor system in vivo. 
Int J Rad Appl Instrum A 38:65–66

Maarrawi J, Peyron R, Mertens P, Costes N, Magnin M, Sindou M et al (2007a) Differential brain 
opioid receptor availability in central and peripheral neuropathic pain. Pain 127:183–194

Maarrawi J, Peyron R, Mertens P, Costes N, Magnin M, Sindou M et al (2007b) Motor cortex 
stimulation for pain control induces changes in the endogenous opioid system. Neurology 
69:827–834

Maarrawi J, Peyron R, Mertens P, Costes N, Magnin M, Sindou M et al (2013) Brain opioid recep-
tor density predicts motor cortex stimulation efficacy for chronic pain. Pain 154:2563–2568

Madar I, Lever JR, Kinter CM, Scheffel U, Ravert HT, Musachio JL et al (1996) Imaging of delta 
opioid receptors in human brain by N1'-([11C]methyl)naltrindole and PET. Synapse 24:19–28

Madar I, Lesser RP, Krauss G, Zubieta JK, Lever JR, Kinter CM et al (1997) Imaging of delta- and 
mu-opioid receptors in temporal lobe epilepsy by positron emission tomography. Ann Neurol 
41:358–367

Madar I, Bencherif B, Lever J, Heitmiller RF, Yang SC, Brock M et al (2007) Imaging delta- and 
mu-opioid receptors by PET in lung carcinoma patients. J Nucl Med 48:207–213

Majuri J, Joutsa J, Johansson J, Voon V, Alakurtti K, Parkkola R et al (2017) Dopamine and opioid 
neurotransmission in behavioral addictions: a comparative PET study in pathological gambling 
and binge eating. Neuropsychopharmacology 42:1169–1177

Majuri J, Joutsa J, Arponen E, Forsback S, Kaasinen V (2018) Dopamine synthesis capacity cor-
relates with micro-opioid receptor availability in the human basal ganglia: a triple-tracer PET 
study. NeuroImage 183:1–6

Manninen S, Tuominen L, Dunbar RI, Karjalainen T, Hirvonen J, Arponen E et al (2017) Social 
laughter triggers endogenous opioid release in humans. J Neurosci 37:6125–6131

Marsh CA, Berent-Spillson A, Love T, Persad CC, Pop-Busui R, Zubieta JK et al (2013) Functional 
neuroimaging of emotional processing in women with polycystic ovary syndrome: a case-
control pilot study. Fertil Steril 100:200–207

Martikainen IK, Pecina M, Love TM, Nuechterlein EB, Cummiford CM, Green CR et al (2013) 
Alterations in endogenous opioid functional measures in chronic back pain. J Neurosci 
33:14729–14737

Martin WR, Eades CG, Thompson JA, Huppler RE, Gilbert PE (1976) The effects of morphine- 
and nalorphine- like drugs in the nondependent and morphine-dependent chronic spinal dog. J 
Pharmacol Exp Ther 197:517–532

Matuskey D, Dias M, Naganawa M, Pittman B, Henry S, Li S et  al (2019) Social status and 
demographic effects of the kappa opioid receptor: a PET imaging study with a novel agonist 
radiotracer in healthy volunteers. Neuropsychopharmacology 44(10):1714–1719

Mayberg HS, Sadzot B, Meltzer CC, Fisher RS, Lesser RP, Dannals RF et al (1991) Quantification 
of mu and non-mu opiate receptors in temporal lobe epilepsy using positron emission tomog-
raphy. Ann Neurol 30:3–11

McGinnity CJ, Shidahara M, Feldmann M, Keihaninejad S, Riano Barros DA, Gousias IS et al 
(2013) Quantification of opioid receptor availability following spontaneous epileptic seizures: 
correction of [11C]diprenorphine PET data for the partial-volume effect. NeuroImage 79:72–80

McLean S, Rice KC, Lessor R, Rothman RB (1987) [3H]cyclofoxy, a ligand suitable for positron 
emission tomography, labels mu and kappa opioid receptors. Neuropeptides 10:235–239

Melichar JK, Nutt DJ, Malizia AL (2003) Naloxone displacement at opioid receptor sites mea-
sured in vivo in the human brain. Eur J Pharmacol 459:217–219

Melichar JK, Hume SP, Williams TM, Daglish MR, Taylor LG, Ahmad R et  al (2005) Using 
[11C]diprenorphine to image opioid receptor occupancy by methadone in opioid addiction: 
clinical and preclinical studies. J Pharmacol Exp Ther 312:309–315

Meunier JC, Mollereau C, Toll L, Suaudeau C, Moisand C, Alvinerie P et al (1995) Isolation and 
structure of the endogenous agonist of opioid receptor-like ORL1 receptor. Nature 377:532–535

A. van Waarde et al.



801

Mick I, Myers J, Ramos AC, Stokes PR, Erritzoe D, Colasanti A et  al (2016) Blunted endog-
enous opioid release following an oral amphetamine challenge in pathological gamblers. 
Neuropsychopharmacology 41:1742–1750

Miller JM, Zanderigo F, Purushothaman PD, DeLorenzo C, Rubin-Falcone H, Ogden RT et  al 
(2018) Kappa opioid receptor binding in major depression: A pilot study. Synapse 72:e22042

Minami M, Satoh M (1995) Molecular biology of the opioid receptors: structures, functions and 
distributions. Neurosci Res 23:121–145

Mitchell JM, O'Neil JP, Janabi M, Marks SM, Jagust WJ, Fields HL (2012) Alcohol consumption 
induces endogenous opioid release in the human orbitofrontal cortex and nucleus accumbens. 
Sci Transl Med 4:116ra6

Mitchell JM, O'Neil JP, Jagust WJ, Fields HL (2013) Catechol-O-methyltransferase genotype 
modulates opioid release in decision circuitry. Clin Transl Sci 6:400–403

Mueller C, Klega A, Buchholz HG, Rolke R, Magerl W, Schirrmacher R et al (2010) Basal opioid 
receptor binding is associated with differences in sensory perception in healthy human sub-
jects: a [18F]diprenorphine PET study. NeuroImage 49:731–737

Nabulsi NB, Zheng MQ, Ropchan J, Labaree D, Ding YS, Blumberg L et al (2011) [11C]GR103545: 
novel one-pot radiosynthesis with high specific activity. Nucl Med Biol 38:215–221

Naganawa M, Jacobsen LK, Zheng MQ, Lin SF, Banerjee A, Byon W et al (2014a) Evaluation of 
the agonist PET radioligand [(1)(1)C]GR103545 to image kappa opioid receptor in humans: 
kinetic model selection, test-retest reproducibility and receptor occupancy by the antagonist 
PF-04455242. NeuroImage 99:69–79

Naganawa M, Zheng MQ, Nabulsi N, Tomasi G, Henry S, Lin SF et al (2014b) Kinetic model-
ing of (11)C-LY2795050, a novel antagonist radiotracer for PET imaging of the kappa opioid 
receptor in humans. J Cereb Blood Flow Metab 34:1818–1825

Naganawa M, Zheng MQ, Henry S, Nabulsi N, Lin SF, Ropchan J et al (2015) Test-retest repro-
ducibility of binding parameters in humans with 11C-LY2795050, an antagonist PET radio-
tracer for the kappa opioid receptor. J Nucl Med 56:243–248

Naganawa M, Dickinson GL, Zheng MQ, Henry S, Vandenhende F, Witcher J et al (2016) Receptor 
occupancy of the kappa-opioid antagonist LY2456302 measured with positron emission 
tomography and the novel radiotracer 11C-LY2795050. J Pharmacol Exp Ther 356:260–266

Nascimento TD, DosSantos MF, Lucas S, van HH DBM, Maslowski E et al (2014) mu-Opioid 
activation in the midbrain during migraine allodynia - brief report II. Ann Clin Transl Neurol 
1:445–450

Nuechterlein EB, Ni L, Domino EF, Zubieta JK (2016) Nicotine-specific and non-specific effects 
of cigarette smoking on endogenous opioid mechanisms. Prog Neuro-Psychopharmacol Biol 
Psychiatry 69:69–77

Nummenmaa L, Manninen S, Tuominen L, Hirvonen J, Kalliokoski KK, Nuutila P et al (2015) 
Adult attachment style is associated with cerebral mu-opioid receptor availability in humans. 
Hum Brain Mapp 36:3621–3628

Nummenmaa L, Tuominen L, Dunbar R, Hirvonen J, Manninen S, Arponen E et al (2016) Social 
touch modulates endogenous mu-opioid system activity in humans. NeuroImage 138:242–247

Ogawa M, Hatano K, Kawasumi Y, Wichmann J, Ito K (2001) Synthesis and in vivo evaluation 
of [11C]methyl-Ro 64-6198 as an ORL1 receptor imaging agent. Nucl Med Biol 28:941–947

Ogawa M, Hatano K, Kawasumi Y, Ishiwata K, Kawamura K, Ozaki S et al (2003) Synthesis and 
evaluation of 1-[(3R,4R)-1-cyclooctylmethyl-3-hydroxymethyl-4-piperidyl]-3-[11C]ethyl-1,3-
dihyd ro-2H-benzimidazol-2-one as a brain ORL1 receptor imaging agent for positron emis-
sion tomography. Nucl Med Biol 30:51–59

Ostrowski NL, Burke TR Jr, Rice KC, Pert A, Pert CB (1987) The pattern of [3H]cyclofoxy reten-
tion in rat brain after in vivo injection corresponds to the in vitro opiate receptor distribution. 
Brain Res 402:275–286

Pecina M, Stohler CS, Zubieta JK (2014) Neurobiology of placebo effects: expectations or learn-
ing? Soc Cogn Affect Neurosci 9:1013–1021

21  Positron Emission Tomography (PET) Imaging of Opioid Receptors



802

Pecina M, Bohnert AS, Sikora M, Avery ET, Langenecker SA, Mickey BJ et al (2015) Association 
between placebo-activated neural systems and antidepressant responses: neurochemistry of 
placebo effects in major depression. JAMA Psychiat 72:1087–1094

Pedregal C, Joshi EM, Toledo MA, Lafuente C, Diaz N, Martinez-Grau MA et  al (2012) 
Development of LC-MS/MS-based receptor occupancy tracers and positron emission tomog-
raphy radioligands for the nociceptin/orphanin FQ (NOP) receptor. J Med Chem 55:4955–4967

Pert CB, Snyder SH (1975) Identification of opiate receptor binding in intact animals. Life Sci 
16:1623–1634

Pert CB, Danks JA, Channing MA, Eckelman WC, Larson SM, Bennett JM et  al (1984) 
3-[18F]Acetylcyclofoxy: a useful probe for the visualization of opiate receptors in living ani-
mals. FEBS Lett 177:281–286

Pfeiffer A, Pasi A, Mehraein P, Herz A (1982) Opiate receptor binding sites in human brain. Brain 
Res 248:87–96

Piccini P, Weeks RA, Brooks DJ (1997) Alterations in opioid receptor binding in Parkinson's dis-
ease patients with levodopa-induced dyskinesias. Ann Neurol 42:720–726

Piché M, Watanabe N, Sakata M, Oda K, Toyohara J, Ishii K et al (2014) Basal mu-opioid receptor 
availability in the amygdala predicts the inhibition of pain-related brain activity during hetero-
topic noxious counter-stimulation. Neurosci Res 81-82:78–84

Pichika R, Jewett DM, Sherman PS, Traynor JR, Husbands SM, Woods JH et al (2010) Synthesis 
and in vivo brain distribution of carbon-11-labeled delta-opioid receptor agonists. Nucl Med 
Biol 37:989–996

Pietrzak RH, Naganawa M, Huang Y, Corsi-Travali S, Zheng MQ, Stein MB et  al (2014) 
Association of in vivo kappa-opioid receptor availability and the transdiagnostic dimensional 
expression of trauma-related psychopathology. JAMA Psychiat 71:1262–1270

Pike VW, Rash KS, Chen Z, Pedregal C, Statnick MA, Kimura Y et al (2011) Synthesis and evalu-
ation of radioligands for imaging brain nociceptin/orphanin FQ peptide (NOP) receptors with 
positron emission tomography. J Med Chem 54:2687–2700

Pirisedigh A, Blais V, it-Mohand S, Abdallah K, Holleran BJ, Leduc R et al (2017) Synthesis and 
evaluation of a (64)Cu-conjugate, a selective delta-opioid receptor positron emission tomogra-
phy imaging agent. Org Lett 19:2018–2021

Placzek MS, Van de Bittner GC, Wey HY, Lukas SE, Hooker JM (2015) Immediate and persis-
tent effects of salvinorin A on the kappa opioid receptor in rodents, monitored in vivo with 
PET. Neuropsychopharmacology 40:2865–2872

Placzek MS, Schroeder FA, Che T, Wey HY, Neelamegam R, Wang C et al (2019) Discrepancies in 
kappa opioid agonist binding revealed through PET imaging. ACS Chem Neurosci 10:384–395

Poisnel G, Oueslati F, Dhilly M, Delamare J, Perrio C, Debruyne D et al (2008) [11C]-MeJDTic: 
a novel radioligand for kappa-opioid receptor positron emission tomography imaging. Nucl 
Med Biol 35:561–569

Portoghese PS, Sultana M, Takemori AE (1990) Design of peptidomimetic delta opioid receptor 
antagonists using the message-address concept. J Med Chem 33:1714–1720

Prevett MC, Cunningham VJ, Brooks DJ, Fish DR, Duncan JS (1994) Opiate receptors in idio-
pathic generalised epilepsy measured with [11C]diprenorphine and positron emission tomog-
raphy. Epilepsy Res 19:71–77

Prossin AR, Love TM, Koeppe RA, Zubieta JK, Silk KR (2010) Dysregulation of regional endog-
enous opioid function in borderline personality disorder. Am J Psychiatry 167:925–933

Prossin AR, Koch AE, Campbell PL, McInnis MG, Zalcman SS, Zubieta JK (2011) Association of 
plasma interleukin-18 levels with emotion regulation and mu-opioid neurotransmitter function 
in major depression and healthy volunteers. Biol Psychiatry 69:808–812

Prossin AR, Zalcman SS, Heitzeg MM, Koch AE, Campbell PL, Phan KL et al (2015) Dynamic 
interactions between plasma IL-1 family cytokines and central endogenous opioid neurotrans-
mitter function in humans. Neuropsychopharmacology 40:554–565

Prossin AR, Koch AE, Campbell PL, Barichello T, Zalcman SS, Zubieta JK (2016) Acute experi-
mental changes in mood state regulate immune function in relation to central opioid neuro-

A. van Waarde et al.



803

transmission: a model of human CNS-peripheral inflammatory interaction. Mol Psychiatry 
21:243–251

Quelch DR, Katsouri L, Nutt DJ, Parker CA, Tyacke RJ (2014) Imaging endogenous opioid pep-
tide release with [11C]carfentanil and [3H]diprenorphine: influence of agonist-induced inter-
nalization. J Cereb Blood Flow Metab 34:1604–1612

Rabiner EA, Beaver J, Makwana A, Searle G, Long C, Nathan PJ et al (2011) Pharmacological dif-
ferentiation of opioid receptor antagonists by molecular and functional imaging of target occu-
pancy and food reward-related brain activation in humans. Mol Psychiatry 16:826–835, 785

Rafique W, Khanapur S, Spilhaug MM, Riss PJ (2017) Reaching out for sensitive evaluation of 
the Mu opioid receptor in vivo: positron emission tomography imaging of the agonist [(11)
C]AH7921. ACS Chem Neurosci 8:1847–1852

Ravert HT, Mathews WB, Musachio JL, Scheffel U, Finley P, Dannals RF (1999) [11C]-methyl 
4-[(3,4-dichlorophenyl)acetyl]-3-[(1-pyrrolidinyl)-methyl]-1- piperazinecarboxylate 
([11C]GR89696): synthesis and in  vivo binding to kappa opiate receptors. Nucl Med Biol 
26:737–741

Ravert HT, Scheffel U, Mathews WB, Musachio JL, Dannals RF (2002) [(11)C]-GR89696, a 
potent kappa opiate receptor radioligand; in vivo binding of the R and S enantiomers. Nucl 
Med Biol 29:47–53

Ravert HT, Bencherif B, Madar I, Frost JJ (2004) PET imaging of opioid receptors in pain: prog-
ress and new directions. Curr Pharm Des 10:759–768

Ray R, Ruparel K, Newberg A, Wileyto EP, Loughead JW, Divgi C et al (2011) Human Mu opioid 
receptor (OPRM1 A118G) polymorphism is associated with brain mu-opioid receptor binding 
potential in smokers. Proc Natl Acad Sci U S A 108:9268–9273

Raynor K, Kong H, Chen Y, Yasuda K, Yu L, Bell GI et al (1994) Pharmacological characterization 
of the cloned kappa-, delta-, and mu-opioid receptors. Mol Pharmacol 45:330–334

Reame NE, Lukacs JL, Padmanabhan V, Eyvazzadeh AD, Smith YR, Zubieta JK (2008) Black 
cohosh has central opioid activity in postmenopausal women: evidence from naloxone block-
ade and positron emission tomography neuroimaging. Menopause 15:832–840

Reinscheid RK, Nothacker HP, Bourson A, Ardati A, Henningsen RA, Bunzow JR et al (1995) 
Orphanin FQ: a neuropeptide that activates an opioidlike G protein-coupled receptor. Science 
270:792–794

Rinne JO, Burn DJ, Mathias CJ, Quinn NP, Marsden CD, Brooks DJ (1995) Positron emission 
tomography studies on the dopaminergic system and striatal opioid binding in the olivoponto-
cerebellar atrophy variant of multiple system atrophy. Ann Neurol 37:568–573

Riss PJ, Hong YT, Marton J, Caprioli D, Williamson DJ, Ferrari V et  al (2013) Synthesis and 
evaluation of 18F-FE-PEO in rodents: an 18F-labeled full agonist for opioid receptor imaging. 
J Nucl Med 54:299–305

Rodman AM, Deckersbach T, Chou T, Kong J, Gollub RL, Dougherty DD (2017) A preliminary 
study of the opioid system and personality traits using positron emission tomography. Mol 
Neuropsychiatry 3:12–18

Rothman RB, McLean S (1988) An examination of the opiate receptor subtypes labeled by 
[3H]cycloFOXY: an opiate antagonist suitable for positron emission tomography. Biol 
Psychiatry 23:435–458

Rothman RB, Bykov V, Reid A, De Costa BR, Newman AH, Jacobson AE et al (1988) A brief 
study of the selectivity of norbinaltorphimine, (−)-cyclofoxy, and (+)-cyclofoxy among opioid 
receptor subtypes in vitro. Neuropeptides 12:181–187

Ruiz-Gayo M, Baamonde A, Turcaud S, Fournie-Zaluski MC, Roques BP (1992) In vivo occu-
pation of mouse brain opioid receptors by endogenous enkephalins: blockade of enkephalin 
degrading enzymes by RB 101 inhibits [3H]diprenorphine binding. Brain Res 571:306–312

Ryu EK, Wu Z, Chen K, Lazarus LH, Marczak ED, Sasaki Y et al (2008) Synthesis of a potent and 
selective (18)F-labeled delta-opioid receptor antagonist derived from the Dmt-Tic pharmaco-
phore for positron emission tomography imaging. J Med Chem 51:1817–1823

21  Positron Emission Tomography (PET) Imaging of Opioid Receptors



804

Saanijoki T, Tuominen L, Tuulari JJ, Nummenmaa L, Arponen E, Kalliokoski K et  al 
(2018a) Opioid release after high-intensity interval training in healthy human subjects. 
Neuropsychopharmacology 43:246–254

Saanijoki T, Nummenmaa L, Tuulari JJ, Tuominen L, Arponen E, Kalliokoski KK et al (2018b) 
Aerobic exercise modulates anticipatory reward processing via the mu-opioid receptor system. 
Hum Brain Mapp 39:3972–3983

Sadzot B, Frost JJ (1990) Pain and opiate receptors: considerations for the design of positron emis-
sion tomography studies. Anesth Prog 37:113–120

Sadzot B, Mayberg HS, Frost JJ (1990) Detection and quantification of opiate receptors in man by 
positron emission tomography. Potential applications to the study of pain. Neurophysiol Clin 
20:323–334

Sadzot B, Price JC, Mayberg HS, Douglass KH, Dannals RF, Lever JR et al (1991) Quantification 
of human opiate receptor concentration and affinity using high and low specific activity 
[11C]diprenorphine and positron emission tomography. J Cereb Blood Flow Metab 11:204–219

Saji H, Tsutsumi D, Magata Y, Iida Y, Konishi J, Yokoyama A (1992) Preparation and biodistribu-
tion in mice of [11C]carfentanil: a radiopharmaceutical for studying brain mu-opioid receptors 
by positron emission tomography. Ann Nucl Med 6:63–67

Sawada Y, Kawai R, McManaway M, Otsuki H, Rice KC, Patlak CS et al (1991) Kinetic analysis 
of transport and opioid receptor binding of [3H](−)-cyclofoxy in rat brain in vivo: implications 
for human studies. J Cereb Blood Flow Metab 11:183–203

Schadrack J, Willoch F, Platzer S, Bartenstein P, Mahal B, Dworzak D et al (1999) Opioid recep-
tors in the human cerebellum: evidence from [11C]diprenorphine PET, mRNA expression and 
autoradiography. Neuroreport 10:619–624

Schmitt S, Delamare J, Tirel O, Fillesoye F, Dhilly M, Perrio C (2017) N-[(18)F]-FluoropropylJDTic 
for kappa-opioid receptor PET imaging: radiosynthesis, pre-clinical evaluation, and metabolic 
investigation in comparison with parent JDTic. Nucl Med Biol 44:50–61

Schoultz BW, Hjornevik T, Willoch F, Marton J, Noda A, Murakami Y et al (2010) Evaluation of 
the kappa-opioid receptor-selective tracer [(11)C]GR103545 in awake rhesus macaques. Eur J 
Nucl Med Mol Imaging 37:1174–1180

Schoultz BW, Reed BJ, Marton J, Willoch F, Henriksen G (2013) A fully automated radiosynthesis 
of [18F]fluoroethyl-diprenorphine on a single module by use of SPE cartridges for preparation 
of high quality 2-[18F]fluoroethyl tosylate. Molecules 18:7271–7278

Schreckenberger M, Klega A, Grunder G, Buchholz HG, Scheurich A, Schirrmacher R et al (2008) 
Opioid receptor PET reveals the psychobiologic correlates of reward processing. J Nucl Med 
49:1257–1261

Schrepf A, Harper DE, Harte SE, Wang H, Ichesco E, Hampson JP et al (2016) Endogenous opi-
oidergic dysregulation of pain in fibromyalgia: a PET and fMRI study. Pain 157:2217–2225

Scott DJ, Stohler CS, Koeppe RA, Zubieta JK (2007a) Time-course of change in [11C]carfen-
tanil and [11C]raclopride binding potential after a nonpharmacological challenge. Synapse 
61:707–714

Scott DJ, Domino EF, Heitzeg MM, Koeppe RA, Ni L, Guthrie S et al (2007b) Smoking mod-
ulation of mu-opioid and dopamine D2 receptor-mediated neurotransmission in humans. 
Neuropsychopharmacology 32:450–457

Scott DJ, Stohler CS, Egnatuk CM, Wang H, Koeppe RA, Zubieta JK (2008) Placebo and nocebo 
effects are defined by opposite opioid and dopaminergic responses. Arch Gen Psychiatry 
65:220–231

Shiue CY, Bai LQ, Teng RR, Arnett CD, Dewey SL, Wolf AP et al (1991) A comparison of the 
brain uptake of N-(cyclopropyl[11C]methyl)norbuprenorphine ([11C]buprenorphine) and 
N-(cyclopropyl[11C]methyl)nordiprenorphine ([11C]diprenorphine) in baboon using PET. Int 
J Rad Appl Instrum B 18:281–288

Simantov R, Snyder SH (1976) Morphine-like peptides in mammalian brain: isolation, structure 
elucidation, and interactions with the opiate receptor. Proc Natl Acad Sci U S A 73:2515–2519

Smith YR, Zubieta JK, del Carmen MG, Dannals RF, Ravert HT, Zacur HA et al (1998) Brain opi-
oid receptor measurements by positron emission tomography in normal cycling women: rela-

A. van Waarde et al.



805

tionship to luteinizing hormone pulsatility and gonadal steroid hormones. J Clin Endocrinol 
Metab 83:4498–4505

Smith JS, Zubieta JK, Price JC, Flesher JE, Madar I, Lever JR et al (1999) Quantification of delta-
opioid receptors in human brain with N1'-([11C]methyl) naltrindole and positron emission 
tomography. J Cereb Blood Flow Metab 19:956–966

Smith YR, Stohler CS, Nichols TE, Bueller JA, Koeppe RA, Zubieta JK (2006) Pronociceptive and 
antinociceptive effects of estradiol through endogenous opioid neurotransmission in women. J 
Neurosci 26:5777–5785

Snyder SH, Pasternak GW (2003) Historical review: Opioid receptors. Trends Pharmacol Sci 
24:198–205

von Spiczak S, Whone AL, Hammers A, Asselin MC, Turkheimer F, Tings T et al (2005) The role 
of opioids in restless legs syndrome: an [11C]diprenorphine PET study. Brain 128:906–917

Sprenger T, Berthele A, Platzer S, Boecker H, Tolle TR (2005) What to learn from in vivo opioi-
dergic brain imaging? Eur J Pain 9:117–121

Sprenger T, Valet M, Boecker H, Henriksen G, Spilker ME, Willoch F et al (2006a) Opioidergic 
activation in the medial pain system after heat pain. Pain 122:63–67

Sprenger T, Willoch F, Miederer M, Schindler F, Valet M, Berthele A et al (2006b) Opioidergic 
changes in the pineal gland and hypothalamus in cluster headache: a ligand PET study. 
Neurology 66:1108–1110

Talbot PS, Narendran R, Butelman ER, Huang Y, Ngo K, Slifstein M et al (2005) 11C-GR103545, 
a radiotracer for imaging kappa-opioid receptors in vivo with PET: synthesis and evaluation in 
baboons. J Nucl Med 46:484–494

Theodore WH, Carson RE, Andreasen P, Zametkin A, Blasberg R, Leiderman DB et al (1992) 
PET imaging of opiate receptor binding in human epilepsy using [18F]cyclofoxy. Epilepsy 
Res 13:129–139

Thompson SJ, Pitcher MH, Stone LS, Tarum F, Niu G, Chen X et al (2018) Chronic neuropathic 
pain reduces opioid receptor availability with associated anhedonia in rat. Pain 159:1856–1866

Titeler M, Lyon RA, Kuhar MJ, Frost JF, Dannals RF, Leonhardt S et al (1989) Mu opiate recep-
tors are selectively labelled by [3H]carfentanil in human and rat brain. Eur J Pharmacol 
167:221–228

Tomasi G, Nabulsi N, Zheng MQ, Weinzimmer D, Ropchan J, Blumberg L et  al (2013) 
Determination of in vivo Bmax and Kd for 11C-GR103545, an Agonist PET tracer for kappa-
opioid receptors: a study in nonhuman primates. J Nucl Med 54:1–9

Trescot AM, Datta S, Lee M, Hansen H (2008) Opioid pharmacology. Pain Physician 11:S133–S153
Tuominen L, Salo J, Hirvonen J, Nagren K, Laine P, Melartin T et al (2012) Temperament trait 

harm avoidance associates with mu-opioid receptor availability in frontal cortex: a PET study 
using [(11)C]carfentanil. NeuroImage 61:670–676

Tuominen L, Nummenmaa L, Keltikangas-Jarvinen L, Raitakari O, Hietala J (2014) Mapping 
neurotransmitter networks with PET: an example on serotonin and opioid systems. Hum Brain 
Mapp 35:1875–1884

Tuominen L, Tuulari J, Karlsson H, Hirvonen J, Helin S, Salminen P et al (2015) Aberrant meso-
limbic dopamine-opiate interaction in obesity. NeuroImage 122:80–86

Turton S, Myers JF, Mick I, Colasanti A, Venkataraman A, Durant C et al (2018) Blunted endog-
enous opioid release following an oral dexamphetamine challenge in abstinent alcohol-
dependent individuals. Mol Psychiatry. https://doi.org/10.1038/s41380-018-0107-4

Tuulari JJ, Tuominen L, de Boer FE, Hirvonen J, Helin S, Nuutila P et al (2017) Feeding releases 
endogenous opioids in humans. J Neurosci 37:8284–8291

Tyacke RJ, Robinson ES, Schnabel R, Lewis JW, Husbands SM, Nutt DJ et  al (2002) N1'-
fluoroethyl-naltrindole (BU97001) and N1'-fluoroethyl-(14-formylamino)-naltrindole 
(BU97018) potential delta-opioid receptor PET ligands. Nucl Med Biol 29:455–462

Vaccarino AL, Kastin AJ (2001) Endogenous opiates: 2000. Peptides 22:2257–2328
Vijay A, Wang S, Worhunsky P, Zheng MQ, Nabulsi N, Ropchan J et  al (2016) PET imaging 

reveals sex differences in kappa opioid receptor availability in humans, in vivo. Am J Nucl Med 
Mol Imaging 6:205–214

21  Positron Emission Tomography (PET) Imaging of Opioid Receptors



806

Vijay A, Cavallo D, Goldberg A, de Latt B, Nabulsi N, Huang Y et  al (2018) PET imag-
ing reveals lower kappa opioid receptor availability in alcoholics but no effect of age. 
Neuropsychopharmacology 43:2539–2547

Villemagne VL, Frost JJ, Dannals RF, Lever JR, Tanada S, Natarajan TK et al (1994) Comparison 
of [11C]diprenorphine and [11C]carfentanil in vivo binding to opiate receptors in man using a 
dual detector system. Eur J Pharmacol 257:195–197

Villemagne PS, Dannals RF, Ravert HT, Frost JJ (2002) PET imaging of human cardiac opioid 
receptors. Eur J Nucl Med Mol Imaging 29:1385–1388

Wager TD, Scott DJ, Zubieta JK (2007) Placebo effects on human mu-opioid activity during pain. 
Proc Natl Acad Sci U S A 104:11056–11061

Waldhoer M, Bartlett SE, Whistler JL (2004) Opioid receptors. Annu Rev Biochem 73:953–990
Wand GS, Weerts EM, Kuwabara H, Frost JJ, Xu X, McCaul ME (2011) Naloxone-induced corti-

sol predicts mu opioid receptor binding potential in specific brain regions of healthy subjects. 
Psychoneuroendocrinology 36:1453–1459

Wand GS, Weerts EM, Kuwabara H, Wong DF, Xu X, McCaul ME (2012) The relationship 
between naloxone-induced cortisol and mu opioid receptor availability in mesolimbic struc-
tures is disrupted in alcohol dependent subjects. Alcohol 46:511–517

Wand GS, Weerts EM, Kuwabara H, Wong DF, Xu X, McCaul ME (2013) The relationship 
between naloxone-induced cortisol and delta opioid receptor availability in mesolimbic struc-
tures is disrupted in alcohol-dependent subjects. Addict Biol 18:181–192

Weeks RA, Cunningham VJ, Piccini P, Waters S, Harding AE, Brooks DJ (1997) 11C-diprenorphine 
binding in Huntington's disease: a comparison of region of interest analysis with statistical 
parametric mapping. J Cereb Blood Flow Metab 17:943–949

Weerts EM, Kim YK, Wand GS, Dannals RF, Lee JS, Frost JJ et al (2008) Differences in delta- and 
mu-opioid receptor blockade measured by positron emission tomography in naltrexone-treated 
recently abstinent alcohol-dependent subjects. Neuropsychopharmacology 33:653–665

Weerts EM, Wand GS, Kuwabara H, Munro CA, Dannals RF, Hilton J et al (2011) Positron emis-
sion tomography imaging of mu- and delta-opioid receptor binding in alcohol-dependent and 
healthy control subjects. Alcohol Clin Exp Res 35:2162–2173

Weerts EM, McCaul ME, Kuwabara H, Yang X, Xu X, Dannals RF et  al (2013) Influence of 
OPRM1 Asn40Asp variant (A118G) on [11C]carfentanil binding potential: preliminary find-
ings in human subjects. Int J Neuropsychopharmacol 16:47–53

Weerts EM, Wand GS, Kuwabara H, Xu X, Frost JJ, Wong DF et al (2014) Association of smok-
ing with mu-opioid receptor availability before and during naltrexone blockade in alcohol-
dependent subjects. Addict Biol 19:733–742

Wester HJ, Willoch F, Tolle TR, Munz F, Herz M, Oye I et al (2000) 6-O-(2-[18F]fluoroethyl)-6-
O-desmethyldiprenorphine ([18F]DPN): synthesis, biologic evaluation, and comparison with 
[11C]DPN in humans. J Nucl Med 41:1279–1286

Wey HY, Catana C, Hooker JM, Dougherty DD, Knudsen GM, Wang DJ et al (2014) Simultaneous 
fMRI-PET of the opioidergic pain system in human brain. NeuroImage 102(Pt 2):275–282

Whone AL, von Spiczak S, Edwards M, Valente EM, Hammers A, Bhatia KP et al (2004) Opioid 
binding in DYT1 primary torsion dystonia: an 11C-diprenorphine PET study. Mov Disord 
19:1498–1503

Williams TM, Daglish MR, Lingford-Hughes A, Taylor LG, Hammers A, Brooks DJ et al (2007) 
Brain opioid receptor binding in early abstinence from opioid dependence: positron emission 
tomography study. Br J Psychiatry 191:63–69

Williams TM, Davies SJ, Taylor LG, Daglish MR, Hammers A, Brooks DJ et al (2009) Brain opi-
oid receptor binding in early abstinence from alcohol dependence and relationship to craving: 
an [11C]diprenorphine PET study. Eur Neuropsychopharmacol 19:740–748

Willoch F, Tolle TR, Wester HJ, Munz F, Petzold A, Schwaiger M et al (1999) Central pain after 
pontine infarction is associated with changes in opioid receptor binding: a PET study with 
11C-diprenorphine. AJNR Am J Neuroradiol 20:686–690

A. van Waarde et al.



807

Willoch F, Schindler F, Wester HJ, Empl M, Straube A, Schwaiger M et al (2004) Central poststroke 
pain and reduced opioid receptor binding within pain processing circuitries: a [11C]diprenor-
phine PET study. Pain 108:213–220

Xiang XH, Chen YM, Zhang JM, Tian JH, Han JS, Cui CL (2014) Low- and high-frequency 
transcutaneous electrical acupoint stimulation induces different effects on cerebral mu-opioid 
receptor availability in rhesus monkeys. J Neurosci Res 92:555–563

Yang L, Brooks AF, Makaravage KJ, Zhang H, Sanford MS, Scott PJH et al (2018) Radiosynthesis 
of [(11)C]LY2795050 for preclinical and clinical PET imaging using Cu(II)-mediated cyana-
tion. ACS Med Chem Lett 9:1274–1279

Yasuda K, Raynor K, Kong H, Breder CD, Takeda J, Reisine T et al (1993) Cloning and functional 
comparison of kappa and delta opioid receptors from mouse brain. Proc Natl Acad Sci U S A 
90:6736–6740

Zadina JE, Hackler L, Ge LJ, Kastin AJ (1997) A potent and selective endogenous agonist for the 
mu-opiate receptor. Nature 386:499–502

Zeng Y, Hu D, Yang W, Hayashinaka E, Wada Y, Watanabe Y et al (2018) A voxel-based analysis of 
neurobiological mechanisms in placebo analgesia in rats. NeuroImage 178:602–612

Zheng MQ, Nabulsi N, Kim SJ, Tomasi G, Lin SF, Mitch C et al (2013) Synthesis and evaluation 
of 11C-LY2795050 as a kappa-opioid receptor antagonist radiotracer for PET imaging. J Nucl 
Med 54:455–463

Zheng MQ, Kim SJ, Holden D, Lin SF, Need A, Rash K et al (2014) An improved antagonist 
radiotracer for the kappa-opioid receptor: synthesis and characterization of (11)C-LY2459989. 
J Nucl Med 55:1185–1191

Zubieta JK, Gorelick DA, Stauffer R, Ravert HT, Dannals RF, Frost JJ (1996) Increased mu opioid 
receptor binding detected by PET in cocaine-dependent men is associated with cocaine crav-
ing. Nat Med 2:1225–1229

Zubieta JK, Dannals RF, Frost JJ (1999) Gender and age influences on human brain mu-opioid 
receptor binding measured by PET. Am J Psychiatry 156:842–848

Zubieta J, Greenwald MK, Lombardi U, Woods JH, Kilbourn MR, Jewett DM et  al (2000) 
Buprenorphine-induced changes in mu-opioid receptor availability in male heroin-dependent 
volunteers: a preliminary study. Neuropsychopharmacology 23:326–334

Zubieta JK, Smith YR, Bueller JA, Xu Y, Kilbourn MR, Jewett DM et  al (2001) Regional mu 
opioid receptor regulation of sensory and affective dimensions of pain. Science 293:311–315

Zubieta JK, Smith YR, Bueller JA, Xu Y, Kilbourn MR, Jewett DM et al (2002) mu-opioid receptor-
mediated antinociceptive responses differ in men and women. J Neurosci 22:5100–5107

Zubieta JK, Ketter TA, Bueller JA, Xu Y, Kilbourn MR, Young EA et  al (2003) Regulation of 
human affective responses by anterior cingulate and limbic mu-opioid neurotransmission. Arch 
Gen Psychiatry 60:1145–1153

21  Positron Emission Tomography (PET) Imaging of Opioid Receptors


