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The endogenous opioid peptide system, comprised of enkephalins, endorphins, dynorphins, and nociceptin, is
a highly complex neurobiological system. Opioid peptides are derived from four precursor molecules and un-
dergo several processing events yielding over 20 unique opioid peptides. This diversity together with low in vivo
concentration and complex processing and release dynamics has challenged research into each peptide’s unique
function. Despite the subsequent challenges in detecting and quantifying opioid peptides in vivo, researchers have
pioneered several techniques to directly or indirectly assay the roles of opioid peptides during behavioral ma-

nipulations. In this review, we describe the limitations of the traditional techniques used to study the role of
endogenous opioid peptides in food and drug reward and bring focus to the wealth of new techniques to measure
endogenous opioid peptides in reward processing.

Introduction

While opiates, substances derived from opium, have been used for
their analgesic and rewarding properties for centuries, the endoge-
nous opioid system was not discovered until the 1970s [1-8]. The en-
dogenous opioid peptide system, consisting of endorphins, enkephalins,
dynorphins, and nociceptins, is a highly complex neurobiological sys-
tem acting through four opioid receptors systems, u, 6, k-opioid re-
ceptors, (MOR, DOR, and KOR) and the nociceptin opioid peptide
receptor (NOPR). Endogenous opioids are derived from four precur-
sors: proenkephalin (PENK), proopiomelanocortin (POMC), prodynor-
phin (PDYN), and pronociceptin (PNOC) [9,10]. Interestingly, the pre-
cursor molecules do not produce a single ligand that is specific to each of
the receptors. Rather, all four precursors consist of long amino acid se-
quences that can undergo a range of processing events to generate over
20 products of varying lengths from 5 to 30 amino acids [11]. We want
to stress that nociceptin and its corresponding receptor are considered
‘opioid-like’ as the receptor exhibits a high degree of structural homol-
ogy with the conventional opioid receptors [12] but does not carry the
same overlapping structural and binding properties as the canonical opi-
oid peptides [13-15]. Endorphins, enkephalins, and dynorphins all oc-

cur in multiple forms and should not be considered single neuropeptides.
As shown in Table 1, there are many neuropeptide products that can
be generated from the precursors. Furthermore, Table 1 also highlights
that all endogenous opioid peptides (except for nociceptin) share a com-
mon N-terminal Tyrosine-Glycine-Glycine-Phenylalanine amino acid se-
quence, reviewed in [16]. All the prodynorphin products share this com-
mon N-terminal sequence with the addition of leucine, and many have
a similar C-terminal residue conserved with dynorphinA;_;, [17]. This
feature allows for short peptides such as leu-enkephalin to be generated
from different precursors. Overall, the high similarity across endogenous
opioid peptides introduces several challenges. Firstly, it is difficult to de-
termine the origin of the shorter peptide forms as they may be derived
from the post-translational cleavage of multiple precursors. Secondly,
developing methods that distinguish between the unique peptides is ex-
tremely challenging.

Based on their highly similar amino acid sequences, endogenous opi-
oid peptides derived from PDYN, PENK, and POMC can interact with
MOR, DOR and KOR with different affinities [18]. The peptide and re-
ceptor interactions are also dictated by the expression patterns of the
two systems in different regions of the brain. For example, it has been
shown that MOR expressing cells in the network of intercalated cells
(ITC) in the amygdala are surrounded by cells expressing pPDYN mRNA.
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Table 1

Endogenous opioid peptides. Opioid peptide amino acid sequences derived from
proopiomelanocortin, proenkephalin, and prodynorphin share a common N-
terminal leu-enkephalin sequence (bolded) and C-terminal residues conserved
with dynorphin A 1-17 (italicized). Amino acid sequences are depicted us-
ing the letter amino acid notation. Additional amino acids are indicated in
plus sign where only a partial sequence is shown. A = Alanine, R = Arginine,
N = Asparagine, D = Aspartic acid, C = Cysteine, E = glutamic acid, Q = Glu-
tamine, G = glycine, H = Histidine, I = Isoleycine, L = leucine, K = lysine,
M = methionine, F = Phenylalanine, P = Proline, S = Serine, T = threonine,
W = Tryptophan, Y = Tyrosine, V = Valine.

Peptide Amino Acid Sequence

Proopiomelanocortin products
R-endorphin;_,4

R-endorphin,_,,

B-endorphin;_5;

Proenkephalin products

YGGFMTSEKSQTPLVTLFKNAIIKNA
YGGFMTSEKSQTPLVTLFKNAIIKNAY
YGGFMTSEKSQTPLVTLFKNALLKNAYKKGQ

Leu-enkephalin YGGFL

Met-enkephalin YGGFM
Met-enkephalin-Arg-Phe YGGFMRF
Met-enkephalin-Arg-Gly-Leu YGGFMRGL

BAM 12 YGGFMRRVGRPEWW
BAM 18 YGGFMRRVGRPEWW +4
BAM 20 YGGFMRRVGRPEWW +6
BAM 22 YGGFMRRVGRPEWW +8
Peptide E YGGFMRRVGRPEWW +10
Prodynorphin products

Leu-enkephalin YGGFL

Dynorphin A, _, YGGFLRR

Dynorphin A, g YGGFLRRI

Dynorphin A, 4 YGGFLRRIR

Dynorphin A;_;3 YGGFLRRIRPKLK
Dynorphin A;_;, YGGFLRRIRPKLKWDNQ
Big Dynorphin YGGFLRRIRPKLKWDNQKRYGGFLRRQFKVVT
Dynorphin B;_;3 YGGFLRRQFKVVT
Leu-morphin YGGFLRRQFKVVTR +15
a-Neoendorphin YGGFLRKYPK
3-Neoendorphin YGGFLRKYP
Pronociceptin products

Nociceptin FGGFTGARKSARKLANG
Nocistatin MPRVRSLVQVRDAEPGADAEPGADAE +15
Orphanin FQ2 FSEFMRQYLVLSMQSSQ

It was also shown that the same region showed heightened DYN im-
munoreactivity, suggesting that peptides derived from pDYN are likely
activating the MOR receptors in the region [19]. For an excellent and
thorough review of endogenous opioid peptide interactions with the dif-
ferent opioid receptors, see [19].

Upon release into the extracellular space, opioid peptides may be
rapidly cleaved either for degradation or to alter receptor binding activ-
ity, which may lead to enhanced binding affinity for a particular recep-
tor [21,22]. For example, the proenkephalin peptide product BAM18,
which contains the N-terminal met-enkephalin sequence, binds to MOR,
DOR, and KOR, but shows a slightly higher affinity for MOR and similar
affinities for DOR and KOR. Processing of this peptide to met-enkephalin
leads to a reduction in its affinity for MOR and KOR but an enhanced
affinity for DOR [20]. The POMC product R-endorphin binds both MOR
and DOR, and while dynorphins bind with the highest affinity for KOR,
they can also bind to MOR and DOR within physiological ranges [18,23].
The NOPR/nociceptin system is the only exception where nociceptin
binds specifically to NOPR and shows extremely low affinity to the other
opioid receptors [24-26].

Due to the complex nature of the endogenous opioid peptide system,
it has been challenging to develop tools for their reliable detection in
vivo. Here, we present both the limitations of traditional techniques and
more recent advances in detecting endogenous opioid peptides, specif-
ically within the context of reward. There are many excellent reviews
on opioid systems in food and drug reward and we refer to them here
for additional reading [27-30]. While the wealth of literature on opi-
oid peptides provides insight into their potential roles in food and drug
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Fig. 1. Endogenous opioid peptide expression and levels following exposure to
drugs of abuse. Drug-induced changes in opioid peptide levels have been mea-
sured in multiple brain regions. A region of focus is the Nucleus Accumbens
and striatum due to their role in reward processing. NAc=nucleus accum-
bens, CeA=Central Amygdala, VTA=ventral tegmental area, SN=substantia ni-
gra, PAG=Periaqueductal Gray. Figure created using Biorender.com.
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Fig. 2. Brain regions implicated in opioid receptor-mediated feeding behaviors. The
NAc acts as a central integrator of affective assessments of food (orange ar-
rows), homeostatic regulation of feeding behavior (green arrow), and sends ef-
ferent projections to brain regions that contribute to motor output (yellow ar-
rows), all of which show diverse opioid receptor expression (shown in faded
color). Region-specific, opioid-induced increases in feeding have been shown
using opioid receptor specific agonists (shown in full color). NAc=nucleus ac-
cumbens, VP=ventral pallidum, VTA=ventral tegmental area, SN=substantia ni-
gra, MRN=medial raphe nucleus, NTS=nucleus tractus solitarius. Figure created
using Biorender.com.

reward, it can be appreciated that there are still many unknowns with
respect to the function of each peptide in the different aspects of reward
processing. Novel techniques have started addressing some of the exist-
ing challenges, and we posit that they can be utilized to answer long-
standing questions about opioid peptide function. For ease of reading, a
glossary of terms used in the review can be referenced in Table 2.

Traditional opioid peptide experimentation and their challenges

Our current understanding of the role of endogenous opioid peptides
in reward and addiction is limited by the complexity of this neuropep-
tide system and experimental techniques at our disposal. The studies
using administration of opiates, stabilized peptides, and selective opi-
oid receptor agonists and antagonists suggest a modulatory role for 3-
endorphins, enkephalins, dynorphin, and nociceptin in different aspects
of reward behavior. A major area of study of opioid peptides is their role
in modulating drug reward. This is unsurprising since the discovery of
opioid peptides was prompted by the investigation of endogenous ana-
logues to morphine. Many of the studies that inferred a role for each pep-
tide class relied on radioimmunoassays or the measurement of transcript
levels of peptide precursor genes. Fig. 1 summarizes the brain regions in
which changes in peptide levels in response to drug exposure have been
reported. However, the endogenous peptide promiscuity at the different
receptors makes it challenging to conclude specific roles for each class
of peptide using these techniques. Another major area of focus on opioid
peptides is their role in food reward. Much of what we know regarding
the role of the opioid system in food reward has relied on opioid re-
ceptor pharmacology (Fig. 2) [31-53]. However, blocking one specific
receptor does not necessarily eliminate action of an endogenous opioid
peptide [22,54]. The use of agonists and antagonists to probe the role
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Table 2
Glossary of terms.
Term Definition
Affect Collective reference to an emotional feeling, can be positive or negative
Agonist a molecule that activates a receptor upon binding to it.
Antagonist a molecule that inhibits or interferes with the activity of a receptor upon binding to it.

Appetitive feeding
Conditioned Place Preference
Conditioned Place Aversion
Dysphoria

Feeding hedonics

Feeding for regulation of energy
homeostasis

Food Reinforcer

Hedonia

Hyperphagia

Incentive motivation

Incentive value
Intracerebroventricular injection

Liking

Motivation

Naloxone

Opiate

Opioid

Orexigenic

Palatability

Progressive Ratio (PR) reinforcement

Real-time place preference

Reinforcement
Self-stimulation

Social defeat paradigm
Sucrose preference test
Wanting

an active searching process to consume food, indicative of desire for food

a classical conditioning behavioral paradigm used to assess the rewarding properties of a drug.

a classical conditioning behavioral paradigm to assess the aversive properties of a drug.

A negative affective state characterized by generalized discontent

consumption of food just for pleasure. In this condition, a subject will eat when not in a state of energy depletion but rather
food is consumed uniquely for its gustatory rewarding properties.

consumption of food to alleviate a state of energy depletion.

food that is used to increase desired behavior.

Pleasure, enjoyment, and satisfaction; absence of distress

increased appetite for food.

Behavior guided by a desire for reinforcement

the perceived value of a motivating stimulus or condition.

A type of injection that requires stereotaxic surgery to either directly inject a drug or place a cannula in the cerebral ventricles
to deliver drugs bypassing the blood brain barrier.

The actual pleasurable impact of reward consumption, separate and distinguishable from wanting

Process that initiates, guides, and maintains goal-oriented behaviors

Non-selective opioid receptor antagonist

a substance derived from the opium poppy plant.

natural or synthetic substances that act on opioid receptors.

appetite stimulant, describes a substance that increases appetite.

the quality of being agreeable to taste; tastiness

schedule of operant reinforcement in which the response requirement increases following each reinforcer. The increase in
response requirement is pre-determined by the experimenter as either step-wise or exponential. It is used to measure the
incentive value of the reinforcer and the motivation to obtain the reinforcer.

a behavioral test of reward/aversion. The animal is placed in a rectangular chamber with two physically identical halves.
Optogenetic stimulation is paired with one side of the chamber to test for rewarding or aversive properties of the stimulation
dependent on the amount of time the animal spends on each side of the chamber.

Anything that increases the likelihood that a response will occur

a behavioral test of reinforcement/reward. The animal is placed in an operant chamber with the opportunity to lever press or
nose poke for stimulation of a given brain region. When an animal operantly responds for stimulation, it is presumed that the
stimulation is rewarding/reinforcing.

a rodent model of social stress during which a naive mouse is exposed to a pre-determined aggressor mouse.

reward-based test, used as an indicator of ability to experience pleasure and/or palatability

A positive shift in the incentive salience state

of the opioid system in behavior provides valuable information on the
target receptor rather than which specific endogenous opioid peptide
may be involved. Here, we highlight the canonical methods by which
opioid peptide function is studied and how this research informs our
understanding of endogenous opioid peptides in food and drug reward.
We also clarify the gaps in our knowledge based on the traditional ex-
perimental tools available to study the endogenous opioid systems and
present a role for novel techniques.

Opiate and exogenous peptide administration

Much of what we know about how endogenous opioids regulate be-
havior is through systemic and central administration of opiates and
exogenous administration of opioid peptides. One of the first studies
implicating the opioid system in feeding were observations of increased
food intake after repeated injections of morphine [55]. While this study
implicates opioid activity at MOR in feeding, it does not provide insight
into which endogenous opioid peptide is responsible for this behavioral
effect. Thus, instances of exogenous peptides administration are impor-
tant. A potential role for the endogenous opioid system in food intake
was initially demonstrated by Grandison and Guidotti who showed that
administration of $-endorphin directly into the ventromedial hypothala-
mus stimulated food intake [56]. Others have shown that intraventric-
ular administration of dynorphin [57-61], and intracerebral microin-
jections of dynorphin in the ventromedial hypothalamus (VMH), par-
aventricular nucleus (PVN), ventral tegmental area (VTA), and the nu-
cleus accumbens (NAc) [57,62,63] increases food intake. This technique
has also been used in the drug reward field. For example, it has been
shown that pretreatment with nociceptin abolishes both morphine and

cocaine place preference. The results of these studies have aided in the
conclusion that nociception counteracts the acute rewarding effects of
drugs [64]. Still, exogenous peptide administration may not accurately
reflect the normal function of the endogenously released peptides. On
one hand, the concentration of injected peptide is usually much higher
than expected under endogenous conditions. Additionally, there is far
less spatial and temporal regulation of exogenously administered pep-
tides compared with endogenous release. Furthermore, the injected ex-
ogenous peptides are unstable and likely cleaved into shorter forms upon
administration thereby complicating interpretation. To overcome this,
many have tested the stabilized form of the peptides in animal models
to probe their physiologic and behavioral effects. Dynorphin A;_;5 and
Dynorphin A;_;, have both been shown to stimulate operant-controlled
feeding in pigs whereas the shorter dynorphin fragments did not [65].
Such biochemical modifications often lead to their own complications,
as biochemical modifications often alter the relative affinities of the pep-
tides at opioid receptors. For example, DAMGO is a modified enkephalin
molecule that is very stable in ex vivo and in vivo conditions, but un-
like endogenous enkephalin, it is very selective for MOR [66]. Though
DAMGO provides a useful way to study MOR signaling, it may not mimic
endogenous enkephalin action. Overall, careful consideration should be
made when making interpretations of endogenous opioid peptide func-
tion from exogenous administration of opioid peptides and opiates.

Opioid receptor agonists/antagonist pharmacology
In the same way that exogenously administered opiates often lead to

complications in the interpretation of results, the use of selective opi-
oid receptor agonists and antagonists (Table 3) in the study of endoge-
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List of commonly used and available opioid receptor agonist and antagonist and their interaction with opioid receptors. Based on
the pharmacology of commonly used opioid receptor agonists and antagonists, it can be appreciated that these ligands can
interact with one or more opioid receptors. Thus, it can often be difficult to discern the role of endogenous opioid peptides
based simply on receptor pharmacology. All agonist and antagonist information were obtained from Sigma Aldrich (St. Louis,

MO) and [9,116,117].

Mu Delta Kappa Nociceptin
Agonists
Morphine Agonist Weak Agonist
Codeine Weak Agonist Weak Agonist
Fentanyl Agonist
Remifentanil Agonist
Methadone Agonist
Hydrocodone Agonist
Oxycodone Agonist
DAMGO Agonist
U50,488H Agonist
Salvinorin A Agonist
DPDPE Agonist
SNC80 Agonist
MCOPPB Agonist
Ro 64-6198 Agonist
Ro 65-6570 Agonist
Antagonists
Naloxone Antagonist Weak Antagonist Antagonist
Naltrexone Antagonist Weak Antagonist Antagonist
nor-Binaltorphimini (nor-BNI) Antagonist
Buprenorphine Antagonist/partial agonist ~ Antagonist/partial agonist ~ Antagonist/partial agonist ~ Agonist
CTOP Antagonist
CTAP Antagonist
Naltriben Antagonist
Levallorphan Antagonist/partial agonist ~ Antagonist/partial agonist
p-Funaltrexamine Antagonist Agonist
p-Chlornaltrexamine Antagonist Antagonist Antagonist
AZ-MTAB Antagonist
LY255582 Antagonist Weak Antagonist Weak Antagonist
SB-612,111 Antagonist
LY2940094 Antagonist
LY2444296 Antagonist

nous opioid activity can be convoluted. It can be difficult to discern
which opioid peptide is responsible for receptor pharmacology effects
because nearly all endogenous opioid peptides interact with more than
one opioid receptor. For example the role of -endorphins in food re-
ward has been widely explored using pharmacological studies by target-
ing MOR [67]. These studies conclude that B-endorphins likely act via
MOR to stimulate feeding (including saccharin, salt, ethanol, and highly
palatable foods) [31-35,37,38,40,41,44,56,68]. However, we know that
enkephalins also act as a MOR ligand, so we must be cautious when in-
terpreting pharmacological data as it relates to opioid peptide activity.
Furthermore, effects observed with antagonist treatment may be due
to the block of ongoing actions of the peptides under baseline condi-
tions, or it may be a result of the action of peptides released specifi-
cally in response to a particular behavioral stimulus. The non-selective
opioid antagonist, naloxone was a major tool in early research investi-
gating the role of the opioid system in feeding behavior. Early research
showed that using naloxone to block opioid receptors significantly de-
creased food intake in food deprived [69] and non-deprived rats and
mice [70,71], suggesting a role for endogenous opioid peptides in feed-
ing. However, these data do not provide any information about which
discrete endogenous opioid peptide may mediate these effects. Arguably
more important, pharmacological studies do not provide information re-
garding which peptides are released. Rather, they provide information
of the target receptor at which activity is altered. To complicate things
further, when considering the possibility of heterodimerization, an an-
tagonist at one receptor may enhance binding or signaling at a different
receptor [72-74], making it possible for the antagonist to function as
a positive allosteric modulator in a relevant circuit. Thus, careful con-
sideration must be taken when interpreting results from experiments

utilizing pharmacological agonists and antagonists in the study of en-
dogenous opioid signaling.

Peptidase blockade

Another pharmacological method used to investigate the role of opi-
oid peptide signaling in neural activity and behavioral processes has
been the blockade of peptidases that break down endogenous opioid
peptides. With this approach, the extracellular concentration of opioid
peptides is elevated via inhibition of their degradation. However, pepti-
dases that degrade endogenous opioid peptides also break down many
non-opioid peptides. Thus, blocking these enzymes does not necessarily
result in a behavior exclusively driven by opioids. Some of these en-
zymes are often described as ‘enkephalinases’ suggesting that these en-
zymes are selective for the degradation of enkephalin. However, they are
responsible for the biosynthesis and cleavage of many neuropeptides.
For example, enkephalin convertase was renamed carboxypeptidases E
[75] and enkephalinase has since been renamed neprilysin [76]. Despite
these more recent publications, these enzymes are often still referred to
as ‘enkephalinases’.

Measurement of mRNA expression and peptide levels

Other studies using mRNA expression to quantify opioid peptides
based on the presence of their opioid precursors provide some evidence
for their role in reward and addiction, but they provide no insight on
the contribution of specific opioid peptides or where peptide release
occurs. For example, the role of dynorphin in drug reward diverges
from enkephalins, endorphins, and nociceptins. It is thought that dynor-
phins play more of a regulatory role after chronic exposure and during
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withdrawal from drugs of abuse. This conclusion has relied on a num-
ber of studies that showed increases in PDYN mRNA transcript levels
in the NAc during abstinence from morphine and methamphetamine
[77-79]. These data support the conclusion proposed by Wee and Koob
in [80] that dynorphin counteracts the rewarding effects of drugs and
that dynorphin is especially active during drug abstinence. Despite the
utility of measuring mRNA expression, a simple precursor/product re-
lationship does not exist within the opioid peptide system, and multiple
active forms can be generated depending on the degree of proteolytic
processing and post-translational processing events. Thus, quantifica-
tion of mRNA expression does not necessarily provide information on
which peptide is produced. Overall, this level of analysis provides no
direct detection of endogenous opioid peptides in a given experiment.
Despite these challenges, mRNA quantification has been supplemented
by direct measurement of peptide levels which has helped determine
the identity of the peptide in question.

Genetically modified rodent models

The generation of and experimentation with genetically modified
mice has provided a vast amount of evidence implicating the endoge-
nous opioid system in reward and addiction. However, because each
precursor can generate several different peptide products, results from
these types of studies carry some limitations as they do not provide in-
formation about the function of individual peptides. For example, in
PDYN-KO mice, other PDYN-derived peptides and their metabolites are
depleted. These data provide information on the collective function of
all peptides produced from the PDYN precursor that is eliminated. Thus,
we cannot exclude that some of the observed effects are only partially
mediated by dynorphin and KOR. While most of these peptides bind to
KOR, there are exceptions. For example, leumorphin has been shown to
generate effects independent of KOR binding [81].

Additionally, compensatory changes in these KO animal models may
obscure the peptides’ function or falsely implicate the system. For in-
stance, the role of both R-endorphins and enkephalins in feeding have
also been explored using transgenic KO mice. Using a progressive ra-
tio (PR) task in KO mice of enkephalins, R-endorphins, or both sug-
gested that both peptide classes contribute to the incentive motivation
to acquire food reinforcers [43,82]. Furthermore, KO of enkephalin, 3-
endorphin, or both only decreased operant responding in a non-food
deprived state, suggesting that these opioids play a role in mediat-
ing the hedonics of feeding rather than energy homeostasis. However,
follow-up studies utilizing the same methodology compared the role of
enkephalins and B-endorphins in mice of different genetic backgrounds.
In these studies, only mice lacking enkephalin, regardless of sex and
background strain, showed a decrease in motivation to bar press for
palatable food reinforcers in the PR task. Overall, the authors conclude
that enkephalins may play a larger role than 3-endorphins in motiva-
tion for food reward in PR than R-endorphin [83]. It is important to
highlight the lack of enkephalin specificity in these studies. The pre-
cise role of both leu- and met-enkephalin in food reward and motivated
feeding remains elusive. Additionally, the findings were based on com-
parisons of KO mice of two different genetic backgrounds and highlight
the complexity and careful consideration needed when studying the role
of endogenous opioid peptides when interpreting results for KO animal
studies. Similar studies have been conducted for the investigation of the
effects of genetic deletion of peptide precursor genes on drug reward.
It was shown that $-endorphin deficient mice showed more robust con-
ditioned place preference to morphine as shown by an increase in the
time spent in the drug-paired chamber than enkephalin-deficient and
wildtype mice [84]. This suggested that 3-endorphin may play a role
in the regulation of opioid-induced reward. Though these studies yield
valuable information and insight into the role of a specific peptide fam-
ily, in this example it is not possible to determine which opioid peptide
is responsible for the modulation of drug reward. It also opens up the
possibility of other regulatory functions that the precursor gene may
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have especially in the periphery. Finally, findings from knockout stud-
ies could have misleading conclusions on the roles of the peptides unless
corroborated with other techniques.

Current advances in opioid peptide investigation

In the sections to follow, we highlight the current techniques and
advances that have been developed for the investigation of endogenous
opioid peptides and peptidergic neurons. Still, we want to stress that
the traditional techniques discussed above have provided a vital founda-
tion for understanding the endogenous opioid peptide systems and have
been essential in guiding the development of these novel tools. Fig. 3
provides a summary of the advantages and major considerations of each
technique. It is important to note that we select examples from the liter-
ature for the use of the novel techniques and do not provide exhaustive
detail of all instances when these techniques were used. Additionally, it
should be noted that there are cost considerations and personnel train-
ing that apply to each of these techniques.

Photostimulation of peptidergic neurons

To address the limitations detailed in the previous section, several
techniques to investigate the role of opioid peptides have been devel-
oped. One such technique combines the use of transgenic mouse lines
that express cre recombinase under the control of opioid peptide pre-
cursor gene promoters with optogenetic manipulations. A light sensitive
opsin is delivered using a viral injection and transfects peptide express-
ing cells in a region-specific manner. This technique has successfully
been used by several studies to investigate the role of opioid peptide
expressing neurons. Using the PDYN-cre mouse line, it was shown that
dynorphin expressing neurons perform distinct roles in reward and aver-
sion in the subregions of the NAc shell where dorsal neurons were in-
volved in reward while ventral neurons were involved in aversion [85].
This technique has also been used for the investigation of the role of
enkephalins in the regulation of appetitive behavior using PENK-Cre
mice. Photostimulation of PENK expressing neurons was employed to
learn about enkephalinergic projections from the Dorsal Raphe Nucleus
to the medial NAc shell and their role in appetitive behaviors [86]. Al-
though these techniques offer both regional and cell-type specificity,
the activation of opioid peptide precursor gene expressing neurons of-
ten leads to the release of multiple types of opioid peptides, some of
which may be uncharacterized. This can often confound the interpre-
tations of these studies. For example, the activation of PENK express-
ing neurons leads to the release of both met- and leu-enkephalin, so
the downstream effects may not be attributed to one of the two pep-
tides. Similarly, it has been shown that the photostimulation of PDYN-
expressing neurons in the dorsal NAc shell leads to the co-release of
dynorphin, met-enkephalin, and leu-enkephalin while the photostim-
ulation of the ventral NAc shell leads to the co-release of dynorphin
and met-enkephalin [87]. In this study, the authors challenge the as-
sumption that leu-enkephalin is exclusively derived from PENK neurons
due to the co-release of leu-enkephalin during PDYN photostimulation.
Importantly, using optogenetic manipulation of peptide precursor ex-
pressing neurons offers insight about release properties and enhances
spatiotemporal resolution.

Microdialysis coupled with LC-MS

As mentioned above, specificity remains a concern when employing
tools that rely on the opioid peptide precursor genes such as optogenet-
ics in transgenic mouse lines. To address this, several groups have pi-
loted sensitive techniques for the detection of opioid peptide release. In
vivo microdialysis has been widely used, and it has previously been cou-
pled with radioimmunoassays or enzyme-linked immunosorbent assay
(ELISA) that rely on the selectivity of antibodies to distinguish between
the different opioid peptides. Despite the issue of antibody selectivity,
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Fig. 3. Detection and experimentation techniques for endogenous opioid peptides and peptidergic neuronal activity. There are several new techniques for the study of opioid
peptide dynamics such as (1) optogenetics which offers good temporal resolution but lacks specificity to one peptide, (2) microdialysis paired with LC/MS which
allows the sampling of regional interstitial fluid and offers high sensitivity with limited temporal resolution, (3) voltammetry which offers high temporal resolution
with limited specificity to a unique peptide, (4) fluorescent sensors which allow the real-time investigation of peptidergic neurons and peptide release with high
temporal resolution and limited specificity, and (5) Positron Emission Tomography which uses proxy measures of radiolabeled ligand displacement for the study of
endogenous peptide release offers translational potential with limited specificity. The dollar icon was used to indicate general costs of each technique relative to
the other techniques in the figure. Sensitivity here is defined as the ability to detect concentrations of opioid peptides. Adapted from [118]. Figure created using

Biorender.com.

this pioneering work laid the foundation for endogenous opioid pep-
tide detection using microdialysis. The early work systematically investi-
gated different types of custom microdialysis membranes and flow rates
to optimize peptide recovery and detection [88]. In 2005, the first report
of the use of microdialysis coupled with liquid chromatography/mass
spectrometry for the detection of enkephalins was introduced, without
the use of antibody-based techniques. The study demonstrated the abil-
ity to measure real-time changes in met- and leu-enkephalin release in
the rat striatum at the picoMolar (pM) range [89]. The same method
was slightly modified and used for the detection of met-enkephalin and
leu-enkephalin in the globus pallidus of rats [90]. Furthermore, this
technique has been developed and used to measure dynorphin; g in
addition to met- and leu-enkephalin in the dorsal striatum in rats and
showed that met- and leu-enkephalin act as signals to eat [91]. More
recently, LC-MS detection was further improved through the use of iso-
topically labeled internal standards of the opioid peptides to aid in more
accurate quantification of met- and leu-enkephalin in the rat hippocam-
pus [92]. It has also been demonstrated that it is possible to couple
photostimulation with microdialysis and nano-LC-MS for the detection
of met-enkephalin, leu-enkephalin, and dynorphin;_g simultaneously in
the mouse NAc shell in the pM range [87]. Despite the accuracy of quan-
tification this technique could be further improved with increased tem-

poral resolution. Improved temporal resolution would specifically aid in
the simultaneous measurement of both neuropeptides and neurotrans-
mitters from the same samples. An important consideration is how neu-
ropeptides differ from classical neurotransmitters and how that can im-
pact sample collection time. For example, neuropeptides are released at
much smaller concentrations compared to neurotransmitters, they have
slower dynamics, and are packaged in dense core vesicles rather than
synaptic vesicles [93], which together result in longer sample collection
times, less than ideal for faster neurotransmitters.

Voltammetry

Another promising advancement in detecting endogenous opioid
peptide release in vivo utilizes the electrochemical technique of voltam-
metry. More commonly used for the detection of monoamines like
dopamine [94-100], modified multiple-scan-rate voltammetry has been
used for real-time detection of enkephalins in adrenal tissue and in the
dorsal striatum of anesthetized and free moving rats [101,102]. By ap-
plying an electrical potential to a microelectrode, electroactive compo-
nents of opioid peptides like tyrosine and methionine oxidize at unique
potentials that are detected as current. This electrochemical technique
is an invaluable advancement in opioid peptide detection because it im-
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proves the sampling rates to a subsecond temporal resolution, which is
especially important in the monitoring of endogenous opioid peptides
that are rapidly cleaved and/or degraded upon release. Furthermore,
the small carbon fiber electrodes used in voltammetry generate little to
no gliosis, enabling detection much closer to release sites than previ-
ously possible with microdialysis probes [101,102]. While these studies
have been able to distinguish met- and leu-enkephalin, accurate iden-
tification of a specific peptide may be less certain compared with post-
microdialysis sample processing. Electrochemical techniques like these
alongside microdialysis provide faster and slower indices of endogenous
opioid peptide release dynamics, respectively. Furthermore, both may
be employed beyond preclinical studies and may prove to be useful in
the analysis of clinical samples to further our understanding of endoge-
nous opioid peptide profiles in different patient populations.

Using both microdialysis and electrochemical techniques, the dor-
somedial striatum has been identified as a key sight of endogenous
enkephalin release during palatable food consumption. Increases in
enkephalin release are seen in the dorsomedial striatum when rats con-
sume chocolate [91], and met-enkephalin specifically, has been elec-
trochemically detected in the dorsomedial striatum of rats consuming
sweet palatable food [101]. Future studies like these will provide greater
insight into the precise opioid peptide signaling dynamics governing re-
ward behaviors.

Fluorescent sensors

The ability to study opioid peptide dynamics in vivo in real time is
essential to determine their role in behavioral processes. The develop-
ment of fluorescent sensor technology has enabled the study of peptider-
gic neuronal activity and peptide release in real-time. Here, we focus
on the sensors developed for the study of opioid peptides and peptide-
expressing neurons, however, several fluorescent sensors have also been
developed for opioid receptor localization and to enable microscopic
evaluation of endogenous receptors [103]. The use of fluorescent cal-
cium indicators has allowed for real-time investigation of neuronal cell
activity in a cell-type specific manner. The genetically encoded GCaMP
was first introduced as a calcium indicator in 2001 [104]. The sensor
functions through a calmodulin protein with a green fluorescent protein
tag that binds Ca2*molecules. Binding to calcium induces a conforma-
tional change in the calmodulin protein which consequently causes a
conformational change in the GFP tag, thereby altering its fluorescence
intensity. To measure the fluorescence intensity, the sensor is packaged
in a virus that transfects the cell population of interest, and a fiber pho-
tometry probe is surgically implanted above the site of viral injection.
Conveniently, this approach allows for the measurement of cell activity
in any brain region regardless of depth. It has since been used for the
investigation of opioid peptide precursor expressing neurons. For in-
stance, a group used the PDYN Cre transgenic line to investigate PDYN
expressing neurons in the parabrachial nucleus and their role in inges-
tive behavior. They showed that these neurons gate feeding upon receiv-
ing mechanosensory inputs of food intake behaviors from the digestive
tract by monitoring their calcium activity using fiber photometry [105].
Although this technique does not allow for the direct measurement of
opioid peptide levels, the calcium signal acts as a proxy measure of neu-
ronal activation and potential release of peptides.

This technology has since been expanded to include sensors for neu-
rotransmitters such as dopamine [106,107], norepinephrine [108], and
ligands that bind the KOR [109]. Recently a study used kLight, a fluores-
cent sensor composed of an inert form of KOR and a green fluorescent
protein tag, to measure kLight activity as a proxy of dynorphin release
in the PFC during precipitated morphine withdrawal [110]. The sen-
sorkLight functions similarly to GCaMP, whereby ligand binding to the
inert KOR induces a conformational change that ultimately alters flu-
orescence intensity. The authors concluded that the increase in kLight
activity as measured by fiber photometry correlated with withdrawal-
induced dynorphin release. As a positive control for the sensor’s activity,
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they also showed that U50-488H (a KOR agonist) shows an increase in
kLight activity.

This study offers a tremendous advance in the real-time investigation
of opioid peptide release and the ability to couple it with behavioral
assays. However, in line with our earlier discussions of the lack of opioid
peptide selectivity to one receptor, it is possible that the kLight signal
occurs due to its activation by other endogenous opioid peptides and not
exclusively dynorphin. This challenge may be addressed if fluorescent
sensor experiments are coupled with in vivo detection techniques such as
microdialysis coupled with LC-MS. Another group has also introduced
a fluorescent opioid sensor, MSPOTIT2, which has been validated to
increase in fluorescence upon the application of leu-enkephalin and g-
endorphin in HEK cell culture [111]. The sensor also showed increased
fluorescence in rat cortical neurons upon fentanyl application in vitro.
Therefore, using fluorescent indicators addresses the issue of temporal
resolution seen in other techniques with the caveat that they may not be
selective for a certain peptide. However, coupled with other detection
techniques, the findings from studies using the fluorescent indicators
could be further validated.

Positron emission tomography

The methods outlined so far have been used in preclinical models.
The investigation of endogenous opioid peptide release using Positron
Emission Tomography (PET) offers a technique that can be used in hu-
mans. PET allows for the indirect measurement of endogenous opioid
peptides by measuring changes in opioid receptor occupancy using ra-
diolabeled agonists [112]. Similar to the issue outlined in using fluo-
rescent sensors, the use of a receptor-based technique does not provide
information about the specifics of the opioid peptide being released. It
provides a general idea of endogenous opioid peptides that bind to the
receptor which is targeted by the radiolabeled ligand. This method has
been used in humans to investigate the effects of a genetic variant on the
release of opioid peptides following alcohol use. The study shows that
individuals carrying an allele associated with alcohol use disorder have
greater release of opioid peptides in the right NAc following alcohol con-
sumption and decreased release in the medial orbitofrontal cortex. The
measurements were done using radiolabeled carfentanil and changes
in its binding to MORs were measured [113]. In another study, it was
shown that a 3-day cocaine binge regimen led to a decrease in radio-
labeled ligand binding to KORs in the striatum. The authors concluded
that the result may be due to an increase in the release of dynorphins in
the striatum following cocaine use [114]. In another human study using
PET imaging, it was shown that participants who suffered from cocaine
use disorder had elevated levels of NOPR particularly in the midbrain,
ventral striatum, and in the cerebellum. This effect was shown by us-
ing a radiolabeled Nociceptin to determine changes in binding to NOPR
[115]. In conclusion, this technique offers the potential to translate in-
vestigations of opioid peptide changes from preclinical models to hu-
mans.

Summary

In this review, we present the technical approaches, both old and
new, used to study the role of endogenous opioid peptides in reward.
Traditional techniques have provided foundational knowledge about the
roles for the four classes of opioid peptides (enkephalins, dynorphins,
endorphins, and nociceptins) in food and drug reward. However, little
is known about the distinct roles of the opioid peptide fragments. Ad-
ditionally, we found it particularly challenging to describe studies that
inferred peptide function from receptor manipulations or peptide pre-
cursor gene expression. Thus, we provide schematics to summarize the
existing literature as it relates to critical brain regions for opioid pep-
tide action in drug and food reward (Figs. 1 and 2). Critical assessment
of that literature led to the conclusion that many studies equate recep-
tor activation with endogenous opioid peptide release. We highlight the
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limitations of these studies when the inferences specified a role for a
unique peptide without following the study with direct measurements
of the peptide in question. However, as techniques improved, the early
findings have since been coupled with direct measurement of opioid
peptide release at different temporal resolutions. This has allowed for
specific measurement of opioid peptide subtypes. To address the gaps
in our knowledge, we shed light on the wealth of new techniques that
offer a variety of spatial and temporal resolution for the study of opioid
peptide release (Fig. 3). The new techniques offer the groundwork for
future investigations of specific peptides in reward processes.

Declaration of Competing Interest

We (SMC, MOM, and RA) have no conflicts of interest or limitations
on distribution of data or materials to disclose.

Funding

This work was supported by the National Institutes of Health
RO0O DA038725 (RA), R21DA048650 (RA), F32DA053093-01A1 (SC),
NARSAD Young Investigator Grant from the Brain and Behavior Re-
search Foundation, grant no. 28,243 (RA), Cognitive, Computational,
and Systems Neuroscience Fellowship from The McDonnell Center of
Systems Neuroscience at Washington University School of Medicine
(MM).

References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

L.H. Lazarus, N. Ling, R. Guillemin, Beta-Lipotropin as a prohormone for the
morphinomimetic peptides endorphins and enkephalins, Proc. Natl. Acad. Sci. 73
(1976) 2156-2159, doi:10.1073/PNAS.73.6.2156.

C.H. Li, D. Chung, Isolation and structure of an untriakontapeptide with opiate
activity from camel pituitary glands, Proc. Natl. Acad. Sci. 73 (1976) 1145-1148,
doi:10.1073/pnas.73.4.1145.

J. Hughes, T.W. Smith, H.W. Kosterlitz, L.A. Fothergill, B.A. Morgan, H.R. Morris,
Identification of two related pentapeptides from the brain with potent opiate ago-
nist activity, Nature 258 (1975) 5536 258 (1975) 577-579, doi:10.1038/258577a0.
E.J. Simon, J.M. Hiller, Stereospecific binding of the potent narcotic analgesic
[31H]etorphine to rat-brain homogenate (opiate receptor/morphine/antagonist),
1973.

C.J. Evans, D.E. Keith, H. Morrison, K. Magendzo, R.H. Edwards, Cloning of a
delta opioid receptor by functional expression, Science 258 (1992) 1952-1955,
doi:10.1126/science.1335167.

A. Goldstein, S. Tachibana, L.I. Lowney, M. Hunkapillert, L. Hoodt,
Dynorphin-(1-13), an extraordinarily —potent opioid peptide (endor-
phin/[Leujenkephalin/pituitary/neuropeptide/endogenous morphine-like pep-
tide), 1979.

A. Goldstein, W. Fischli, L.I. Lowney, M. Hunkapillert, L. Hoodt, Porcine pituitary
dynorphin: complete amino acid sequence of the biologically active heptadecapep-
tide (endorphin/[Leu]enkephalin/neuropeptide/opioid peptide), 1981.

B.M. Cox, K.E. Opheim, H. Teechenacher, A. Goldstein, A peptide-like substance
from pituitary that acts like INRPHINE 2. Purification and properties, n.d.

C. Stein, Opioid receptors, Annu. Rev. Med. 67 (2016) 433-451, doi:10.1146/an-
nurev-med-062613-093100.

S.S. Shenoy, F. Lui, Biochemistry, Endogenous Opioids, 2021.

L.D. Fricker, Neuropeptides and other bioactive
from discovery to function, Collog. Ser. Neuropept. 1
doi:10.4199/C00058ED1V01Y201205NPE003.

C. Mollereau, M. Parmentier, P. Mailleux, J.L. Butour, C. Moisand, P. Chalon, D. Ca-
put, G. Vassart, J.C. Meunier, ORL1, a novel member of the opioid receptor family,
FEBS Lett. 341 (1994), do0i:10.1016/0014-5793(94)80235-1.

Y. Chen, Y. Fan, J. Liu, A. Mestek, M. Tian, C.A. Kozak, L. Yu, Molecular cloning,
tissue distribution and chromosomal localization of a novel member of the opioid
receptor gene family, FEBS Lett. 347 (1994), doi:10.1016,/0014-5793(94)00560-5.
K. Fukuda, S. Kato, K. Mori, M. Nishi, H. Takeshima, N. Iwabe, T. Miy-
ata, T. Houtani, T. Sugimoto, cDNA cloning and regional distribution of
a novel member of the opioid receptor family, FEBS Lett. 343 (1994),
doi:10.1016/0014-5793(94)80603-9.

J.E. Lachowicz, Y. Shen, F.J. Monsma, D.R. Sibley, Molecular cloning of a novel G
protein-coupled receptor related to the opiate receptor family, J. Neurochem. 64
(2002), doi:10.1046/j.1471-4159.1995.64010034.x.

C. Stein, New concepts in opioid analgesia, Expert Opin. Investig. Drugs 27 (2018),
doi:10.1080/13543784.2018.1516204.

P. Coward, H.G. Wada, M.S. Falk, S.D.H. Chan, F. Meng, H. Akil, B.R. Conklin,
Controlling signaling with a specifically designed Gi-coupled receptor, Proc. Natl.
Acad. Sci. U. S. A. 95 (1998) 352-357, doi:10.1073/pnas.95.1.352.

I. Gomes, S. Sierra, L. Lueptow, A. Gupta, S. Gouty, E.B. Margolis, B.M. Cox,
L.A. Devi, Biased signaling by endogenous opioid peptides, Proc. Natl. Acad. Sci.
U. S. A. 117 (2020), doi:10.1073/pnas.2000712117.

peptides:
(2012),

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]
[31]
[32]

[33]

[34]

[35]
[36]

[37]

[38]
[39]
[40]

[41]

[42]

[43]

[44]

[45]
[46]

[47]

[48]

[49]

Addiction Neuroscience 2 (2022) 100016

I. Gomes, S. Sierra, L. Lueptow, A. Gupta, S. Gouty, E.B. Margolis, B.M. Cox,
L.A. Devi, Biased signaling by endogenous opioid peptides, Proc. Natl. Acad. Sci.
U. S. A. 117 (2020), doi:10.1073/pnas.2000712117.

L.D. Fricker, E.B. Margolis, I. Gomes, L.A. Devi, Five decades of research on opioid
peptides: current knowledge and unanswered questions, Mol. Pharmacol. 98 (2020)
96-108, doi:10.1124/MOL.120.119388.

L. Devi, A. Goldstein, Conversion of leumorphin (Dynorphin B-29) to dynor-
phin B and dynorphin B-14 by thiol protease activity, J. Neurochem. 47 (2006),
d0i:10.1111/j.1471-4159.1986.tb02843.x.

A. Mansour, C.A. Fox, H. Akil, S.J. Watson, Opioid-receptor mRNA expression in
the rat CNS: anatomical and functional implications, Trends Neurosci. 18 (1995),
doi:10.1016,/0166-2236(95)93946-U.

K. Raynor, H. Kong, Y. Chen, K. Yasuda, L. Yu, G.I. Bell, T. Reisine, Pharmacolog-
ical characterization of the cloned kappa-, delta-, and mu-opioid receptors, Mol.
Pharmacol. 45 (1994).

G.C. Rossi, L. Leventhal, E. Bolan, G.W. Pasternak, Pharmacological characteriza-
tion of orphanin FQ/nociceptin and its fragments, (1994).

R.K. Reinscheid, H.P. Nothacker, A. Bourson, A. Ardati, R.A. Henningsen, J.R. Bun-
zow, D.K. Grandy, H. Langen, F.J. Monsma, O. Civelli, Orphanin FQ: a neuropep-
tide that activates an opioidlike G protein-coupled receptor, Science 270 (1979)
792-794 1995, doi:10.1126/SCIENCE.270.5237.792.

J.C. Meunier, C. Mollereau, L. Toll, C. Suaudeau, C. Moisand, P. Alvinerie, J.L. Bu-
tour, J.C. Guillemot, P. Ferrara, B. Monsarrat, H. Mazarguil, G. Vassart, M. Par-
mentier, J. Costentin, Isolation and structure of the endogenous agonist of opi-
oid receptor-like ORL1 receptor, Nature 377 (1995) 6549 377 (1995) 532-535,
doi:10.1038/377532a0.

J.M. van Ree, R.J.M. Niesink, L. van Wolfswinkel, N.F. Ramsey, M.L.M.W. Ko-
rnet, W.R. van Furth, L.J.M.J. Vanderschuren, M.A.F.M. Gerrits, C.L. van den
Berg, Endogenous opioids and reward, Eur. J. Pharmacol. 405 (2000) 89-101,
doi:10.1016,/50014-2999(00)00544-6.

C. Gianoulakis, Endogenous opioids and addiction to alcohol and other drugs of
abuse, Curr. Top. Med. Chem. 4 (2005) 39-50, doi:10.2174/1568026043451573.
R.I. Anderson, H.C. Becker, Role of the dynorphin/kappa opioid receptor system in
the motivational effects of ethanol, Alcohol. Clin. Exp. Res. 41 (2017) 1402-1418,
doi:10.1111/acer.13406.

A.N. Karkhanis, R. Al-Hasani, Dynorphin and its role in alcohol use disorder, Brain
Res. 1735 (2020), doi:10.1016/j.brainres.2020.146742.

A. Badiani, P. Leone, M.B. Noel, J. Stewart, Ventral Tegmental Area Opioid Mech-
anisms and Modulation of Ingestive Behavior, Elsevier, 1995.

V.P. Bakshi, A.E. Kelley, Striatal regulation of morphine-induced hyperphagia: an
anatomical mapping study, Psychopharmacology 111 (1993) 207-214 (Berl).
V.P. Bakshi, A.E. Kelley, Feeding induced by opiold stimulation of the ventral
striatum: role of opiate receptor subtypesl, J. Pharmacol. Exp. Ther. 265 (2021)
n.d..

A.E. Kelley, V.P. Bakshi, S.N. Haber, T.L. Steininger, M.J. Will, M. Zhang, Opioid
modulation of taste hedonics within the ventral striatum, Physiol. Behav. 76 (2002)
365-377, doi:10.1016/5S0031-9384(02)00751-5.

D.P. Devine, R.A. Wise, Self-administration of morphine, DAMGO, and DPDPE into
the ventral tegmental area of rats, 1994.

K.R. Evans, F.J. Vaccarino, Amphetamine-and Morphine-Induced Feeding: Evi-
dence for Involvement of Reward Mechanisms, t~ Pergamon Press plc, 1990.

P. Nencini, J. Stewart, Chronic systemic administration of amphetamine increases
food imake to morphine, but not to U50-488H, microinjected into the ventral
tegmental area in rats, Brain Res. 527 (1990) 254-258.

M.B. Noel, R.A. Wise, Ventral tegmental injections of morphine but not U-50,488H
enhance feeding in food-deprived rats, Brain Res. 632 (1993) 68-73.

M.B. Noel, R.A. Wise, Ventral tegmental injections of a selective tx or opioid en-
hance feeding in food-deprived rats, Brain Res. 673 (1995) 304-312.

M. Zhang, A.E. Kelley, Opiate agonists microinjected into the nucleus accumbens
enhance sucrose drinking in rats, Psychopharmacology 132 (1997) 350-360 (Berl).
M. Zhang, A.E. Kelley, Intake of saccharin, salt, and ethanol solutions is increased
by infusion of a mu opioid agonist into the nucleus accumbens, Psychopharmacol-
ogy 159 (2002) 415-423 (Berl).

M. Zhang, A.E. Kelley, Enhanced intake of high-fat food following striatal mu-
opioid stimulations: microinjection mappaing and fos expression, Neuroscience 99
(2000) 267-277 www.elsevier.com/locate/neuroscience.

M. Zhang, C. Balmadrid, A.E. Kelley, Nucleus accumbens opioid, GABAergic,
and dopaminergic modulation of palatable food motivation: contrasting effects
revealed by a progressive ratio study in the rat, Behav. Neurosci. 117 (2003),
doi:10.1037/0735-7044.117.2.202.

M. Zhang, B.A. Gosnell, A.E. Kelley, Intake of high-fat food is selectively enhanced
by Mu opioid receptor stimulation within the nucleus accumbens, J. Pharmacol.
Exp. Ther. 285 (1998) 908-914 http://www.jpet.org.

K.C. Berridge, Pleasures of the brain, Brain Cogn. 52 (2003) 106-128,
doi:10.1016,/50278-2626(03)00014-9.

P.W. Kalivas, N.D. Volkow, Reviews and overviews the neural basis of addiction: a
pathology of motivation and choice, 2005. http://ajp.psychiatryonline.org.

M.A. Klitenick, D. Wirtshafter, Behavioral and neurochemical effects of opiolds
in the paramedian midbrain tegmentum including the median raphe nucleus and
ventral tegmental area, J. Pharmacol. Exp. Ther. 273 (1995).

P. Mattar, S. Uribe-Cerda, C. Pezoa, T. Guarnieri, C.M. Kotz, J.A. Teske,
E. Morselli, C. Perez-Leighton, Brain site-specific regulation of hedonic intake by
orexin and DYN peptides: role of the PVN and obesity, Nutr. Neurosci. (2020),
doi:10.1080/1028415X.2020.1840049.

C.M. Kotz, C.J. Billington, A.S. Levine, Opioids in the nucleus of the solitary tract
are involved in feeding in the rat, Am. J. Physiol. 272 (1997) 1028-1032.


https://doi.org/10.1073/PNAS.73.6.2156
https://doi.org/10.1073/pnas.73.4.1145
https://doi.org/10.1038/258577a0
https://doi.org/10.1126/science.1335167
https://doi.org/10.1146/annurev-med-062613-093100
http://refhub.elsevier.com/S2772-3925(22)00011-6/sbref0010
https://doi.org/10.4199/C00058ED1V01Y201205NPE003
https://doi.org/10.1016/0014-5793(94)80235-1
https://doi.org/10.1016/0014-5793(94)00560-5
https://doi.org/10.1016/0014-5793(94)80603-9
https://doi.org/10.1046/j.1471-4159.1995.64010034.x
https://doi.org/10.1080/13543784.2018.1516204
https://doi.org/10.1073/pnas.95.1.352
https://doi.org/10.1073/pnas.2000712117
https://doi.org/10.1073/pnas.2000712117
https://doi.org/10.1124/MOL.120.119388
https://doi.org/10.1111/j.1471-4159.1986.tb02843.x
https://doi.org/10.1016/0166-2236(95)93946-U
http://refhub.elsevier.com/S2772-3925(22)00011-6/sbref0023
https://doi.org/10.1126/SCIENCE.270.5237.792
https://doi.org/10.1038/377532a0
https://doi.org/10.1016/S0014-2999(00)00544-6
https://doi.org/10.2174/1568026043451573
https://doi.org/10.1111/acer.13406
https://doi.org/10.1016/j.brainres.2020.146742
http://refhub.elsevier.com/S2772-3925(22)00011-6/sbref0031
http://refhub.elsevier.com/S2772-3925(22)00011-6/sbref0032
http://refhub.elsevier.com/S2772-3925(22)00011-6/sbref0033
https://doi.org/10.1016/S0031-9384(02)00751-5
http://refhub.elsevier.com/S2772-3925(22)00011-6/sbref0036
http://refhub.elsevier.com/S2772-3925(22)00011-6/sbref0037
http://refhub.elsevier.com/S2772-3925(22)00011-6/sbref0038
http://refhub.elsevier.com/S2772-3925(22)00011-6/sbref0039
http://refhub.elsevier.com/S2772-3925(22)00011-6/sbref0040
http://refhub.elsevier.com/S2772-3925(22)00011-6/sbref0041
http://www.elsevier.com/locate/neuroscience
https://doi.org/10.1037/0735-7044.117.2.202
http://www.jpet.org
https://doi.org/10.1016/S0278-2626(03)00014-9
http://ajp.psychiatryonline.org
http://refhub.elsevier.com/S2772-3925(22)00011-6/sbref0047
https://doi.org/10.1080/1028415X.2020.1840049
http://refhub.elsevier.com/S2772-3925(22)00011-6/sbref0049

S.M. Conway, M.O. Mikati and R. Al-Hasani

[501

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

671

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[771

[78]

[79]

J.S. Brog, A. Salyapongse, A.Y. Deutch, D.S. Zahm, The patterns of afferent inner-
vation of the core and shell in the "Accumbens” part of the rat ventral striatum:
immunohistochemical detection of retrogradely transported fluoro-gold, J. Comp.
Neurol. 338 (1993), doi:10.1002/cne.903380209.

C. Wright, A. Beijer, H. Groenewegen, Basal amygdaloid complex afferents to the
rat nucleus accumbens are compartmentally organized, J. Neurosci. 16 (1996),
doi:10.1523/JNEUROSCI.16-05-01877.1996.

S.N. Haber, E. Lynd, C. Klein, H.J. Groenewegen, Topographic organization of the
ventral striatal efferent projections in the rhesus monkey: an anterograde tracing
study, J. Comp. Neurol. 293 (1990), doi:10.1002/cne.902930210.

L. Heimer, D.S. Zahm, L. Churchill, P.W. Kalivas, C. Wohltmann, Specificity in the
projection patterns of accumbal core and shell in the rat, Neuroscience 41 (1991),
doi:10.1016/0306-4522(91)90202-Y.

H. Kosterlitz, The wellcome foundation lecture, 1982 opioid peptides
and their receptors, Proc. R. Soc. Lond. Ser. B Biol. Sci. 225 (1982),
doi:10.1098/rspb.1985.0048.

W.R. Martin, A. Wikler, C.G. Eades, F.T. Pescor, Tolerance to and phys-
ical dependence on morphine in rats, Psychopharmacologia 4 (1963),
doi:10.1007/BF00408180.

L. Grandison, A. Guidotti, Stimulation of food intake by muscimol and
beta endorphin, Neuropharmacology 16 (1977), doi:10.1016/0028-3908(77)
90019-3.

B.A. Gosnell, A.S. Levine, J.E. Morley, The stimulation of food intake by se-
lective agonists of mu, kappa and delta opioid receptors, Life Sci. 38 (1986),
doi:10.1016,/0024-3205(86)90243-2.

J.E. Morley, A.S. Levine, Dynorphin-(1-13) induces spontaneous feeding in rats,
Life Sci. 29 (1981), doi:10.1016,/0024-3205(81)90522-1.

J.E. Morley, A.S. Levine, M. Grace, J. Kniep, An investigation of the role of
kappa opiate receptor agonists in the initiation of feeding, Life Sci. 31 (1982),
doi:10.1016/0024-3205(82)90737-8.

J.M. Walker, R.J. Katz, H. AKkil, Behavioral effects
in the mouse and rat: initial observations, Peptides
doi:10.1016/0196-9781(80)90012-1.

J.E. Morley, A.S. Levine, Involvement of dynorphin and the kappa opioid receptor
in feeding, Peptides 4 (1983) (N.Y.), doi:10.1016,/0196-9781(83)90069-4.

M.E. Hamilton, M.A. Bozarth, Feeding elicited by dynorphin (1-13) mi-
croinjections into the ventral tegmental area in rats, Life Sci. 43 (1988),
doi:10.1016/0024-3205(88)90271-8.

N.H. Majeed, B. Przewklocka, K. Wedzony, R. Przewklocki, Stimulation of food
intake following opioid microinjection into the nucleus accumbens septi in rats,
Peptides 7 (1986) (N.Y.), doi:10.1016/0196-9781(86)90083-5.

A. di Giannuario, S. Pieretti, Nociceptin differentially affects morphine-induced
dopamine release from the nucleus accumbens and nucleus caudate in rats, 2000.
B.A. Baldwin, C. de La Riva, L.S. Ebenezer, Effects of intracerebroventricular injec-
tion of dynorphin, leumorphin and « neo-endorphin on operant feeding in pigs,
Physiol. Behav. 48 (1990), doi:10.1016,/0031-9384(90)90233-T.

B.K. Handa, A.C. Lane, J.A.H. Lord, B.A. Morgan, M.J. Rance, C.F.C. Smith, Ana-
logues of f-LPH61-64 posessing selective agonist activity at u-opiate receptors, Eur.
J. Pharmacol. 70 (1981), doi:10.1016,/0014-2999(81)90364-2.

A.N. Schoffelmeer, G. Warden, F. Hogenboom, A.H. Mulder, Beta-endorphin: a
highly selective endogenous opioid agonist for presynaptic mu opioid receptors,
J. Pharmacol. Exp. Ther. 258 (1991).

E.M. Kim, M.K. Grace, E. O’Hare, C.J. Billington, A.S. Levine, Injection of a-MSH,
but not p-endorphin, into the PVN decreases POMC gene expression in the ARC,
Neuroreport 13 (2002), doi:10.1097/00001756-200203250-00028.

S.G. Holtzman, Behavioral effects of separate and combined administration of
naloxone and d-amphetamine, J. Pharmacol. Exp. Ther. 189 (1974).

D.R. Brown, S.G. Holtzman, Opiate antagonists: central sites of ac-
tion in suppressing water intake of the rat, Brain Res. 221 (1981),
doi:10.1016,/0006-8993(81)90796-4.

P.J. Fletcher, Opiate antagonists inhibit feeding induced by 8-OH-DPAT:
possible mediation in the nucleus accumbens, Brain Res. 560 (1991),
doi:10.1016/0006-8993(91)91241-R.

1. Gomes, A.P. IJzerman, K. Ye, E.L. Maillet, L.A. Devi, G protein-coupled receptor
heteromerization: a role in allosteric modulation of ligand binding, Mol. Pharma-
col. 79 (2011), doi:10.1124/mol.110.070847.

I. Gomes, A. Gupta, J. Filipovska, H.H. Szeto, J.E. Pintar, L.A. Devi, A role for het-
erodimerization of mu and delta opiate receptors in enhancing morphine analgesia,
Proc. Natl. Acad. Sci. 101 (2004), doi:10.1073/pnas.0307601101.

1. Gomes, B.A. Jordan, A. Gupta, N. Trapaidze, V. Nagy, L.A. Devi, Heterodimeriza-
tion of y and & opioid receptors: a role in opiate synergy, J. Neurosci. 20 (2000),
doi:10.1523/JNEUROSCI.20-22-j0007.2000.

L.D. Fricker, Carboxypeptidase E and the identification of novel neuropeptides as
potential therapeutic targets, in: 2018. 10.1016/bs.apha.2017.09.001.

A. Bayes-Genis, J. Barallat, A.M. Richards, A test in context: neprilysin:
function, inhibition, and biomarker, J. Am. Coll. Cardiol. 68 (2016),
doi:10.1016/j.jacc.2016.04.060.

A. Contarino, F. Papaleo, The corticotropin-releasing factor receptor-1 pathway
mediates the negative affective states of opiate withdrawal, Proc. Natl. Acad. Sci.
U. S. A. 102 (2005) 18649-18654, doi:10.1073/pnas.0506999102.

G.Y. Zan, Q. Wang, Y.J. Wang, Y. Liu, A. Hang, X.H. Shu, J.G. Liu, Antagonism of
k opioid receptor in the nucleus accumbens prevents the depressive-like behaviors
following prolonged morphine abstinence, Behav. Brain Res. 291 (2015) 334-341,
doi:10.1016/j.bbr.2015.05.053.

A.P. Daiwile, S. Jayanthi, B. Ladenheim, M.T. McCoy, C. Brannock, J. Schroeder,
J.L. Cadet, Sex differences in escalated methamphetamine self-administration and

of dynorphinl-13
1 (1980) (N.Y.),

[80]

[81]

[82]

[83]

[84]

[85]

[86]

871

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[971

[98]

991

[100]

[101]

[102]

[103]

[104]

[105]

[106]

Addiction Neuroscience 2 (2022) 100016

altered gene expression associated with incubation of methamphetamine seeking,
Int. J. Neuropsychopharmacol. 22 (2019) 710-723, doi:10.1093/ijnp/pyz050.

S. Wee, G.F. Koob, The role of the dynorphin-x opioid system in the reinforc-
ing effects of drugs of abuse, Psychopharmacology 210 (2010) 121-135 (Berl),
doi:10.1007/500213-010-1825-8.

B.D. Lee, S. Kim, E.M. Hur, Y.S. Park, Y.H. Kim, T.G. Lee, K.T. Kim, P.G. Suh,
S.H. Ryu, Leumorphin has an anti-apoptotic effect by activating epidermal growth
factor receptor kinase in rat pheochromocytoma PC12 cells, J. Neurochem. 95
(2005), doi:10.1111/§.1471-4159.2005.03339.x.

M.D. Hayward, J.E. Pintar, M.J. Low, Selective reward deficit in mice lacking g-
endorphin and enkephalin, J. Neurosci. 22 (2002) 8251-8258, doi:10.1523/jneu-
rosci.22-18-08251.2002.

M.D. Hayward, M.J. Low, The contribution of endogenous opioids to food re-
ward is dependent on sex and background strain, Neuroscience 144 (2007) 17-25,
doi:10.1016/j.neuroscience.2006.08.067.

P.D. Skoubis, H.A. Lam, J. Shoblock, S. Narayanan, N.T. Maidment, Endogenous
enkephalins, not endorphins, modulate basal hedonic state in mice, Eur. J. Neu-
rosci. 21 (2005) 1379-1384, doi:10.1111/J.1460-9568.2005.03956.X.

R. Al-Hasani, J.G. McCall, G. Shin, A.M. Gomez, G.P. Schmitz, J.M. Bernardi,
C.0. Pyo, S. Il Park, C.M. Marcinkiewcz, N.A. Crowley, M.J. Krashes, B.B. Lowell,
T.L. Kash, J.A. Rogers, M.R. Bruchas, Distinct subpopulations of nucleus accum-
bens dynorphin neurons drive aversion and reward, Neuron 87 (2015) 1063-1077,
doi:10.1016/j.neuron.2015.08.019.

D.C. Castro, et al., An endogenous opioid circuit determines state-dependent re-
ward consumption, Nature (2021), doi:10.1038/541586-021-04013-0.

R. Al-Hasani, J.M.T. Wong, O.S. Mabrouk, J.G. McCall, G.P. Schmitz, K.A. Porter-
Stransky, B.J. Aragona, R.T. Kennedy, M.R. Bruchas, In vivo detection of optically-
evoked opioid peptide release, Elife 7 (2018), doi:10.7554/¢life.36520.

N.T. Maidment, D.R. Brumbaugh, V.D. Rudolph, E. Erdelyi, C.J. Evans, Microdialy-
sis of extracellular endogenous opioid peptides from rat brain in vivo, Neuroscience
33 (1989) 549-557, doi:10.1016/0306-4522(89)90407-7.

H.M. Baseski, et al., Capillary liquid chromatography with MS3 for the determina-
tion of enkephalins in microdialysis samples from the striatum of anesthetized and
freely-moving rats, J. Mass Spectrom. 40 (2005) 146-153, doi:10.1002/JMS.733.
0.S. Mabrouk, Q. Li, P. Song, R.T. Kennedy, Microdialysis and mass spectro-
metric monitoring of dopamine and enkephalins in the globus pallidus reveal
reciprocal interactions that regulate movement, J. Neurochem. 118 (2011) 24,
doi:10.1111/J.1471-4159.2011.07293.X.

A.G. Difeliceantonio, 0.S. Mabrouk, R.T. Kennedy, K.C. Berridge, Enkephalin
surges in dorsal neostriatum as a signal to eat, Curr. Biol. 22 (2012) 1918-1924,
doi:10.1016/j.cub.2012.08.014.

R. Wilson, E.A. Jaquins-Gerstl, S.G. Weber, On-column dimethylation with capil-
lary liquid chromatography-tandem mass spectrometry for online determination
of neuropeptides in rat brain microdialysate, Anal. Chem. 90 (2018) 4561-4568,
doi:10.1021/ACS.ANALCHEM.7B04965.

A.F. Russo, Overview of neuropeptides: awakening the senses? Headache 57 (2017)
37-46, doi:10.1111/HEAD.13084.

W.G. Kuhr, R.M. Wightman, Real time measurement of dopamine release in rat
brain, Brain Res. 381 (1986) 168-171, doi:10.1016,/0006-8993(86)90707-9.
M.L.A.V. Heien, M.A. Johnson, R.M. Wightman, Resolving neurotransmitters
detected by fast-scan cyclic voltammetry, Anal. Chem. 76 (2004) 5697-5704,
doi:10.1021/ac0491509.

R. Wightman, C. Amatore, R. Engstrom, P. Hale, E. Kristensen, W. Kuhr, L. May,
Real-time characterization of dopamine overflow and uptake in the rat striatum,
Neuroscience 25 (1988) 513-523.

M.F. Roitman, R.A. Wheeler, R.M. Wightman, R.M. Carelli, Real-time chemical re-
sponses in the nucleus accumbens differentiate rewarding and aversive stimuli,
Nat. Neurosci. 11 (2008) 1376-1377, doi:10.1038/nn.2219.

C.A. Owesson-White, M.F. Roitman, L.A. Sombers, A.M. Belle, R.B. Keithley,
J.L. Peele, R.M. Carelli, R.M. Wightman, Sources contributing to the average extra-
cellular concentration of dopamine in the nucleus accumbens, J. Neurochem. 121
(2012) 252-262, doi:10.1111/§.1471-4159.2012.07677 .x.

J.G. Roberts, L.A. Sombers, Fast-scan cyclic voltammetry: chemical
sensing in the brain and beyond, Anal. Chem. 90 (2018) 490-504,
doi:10.1021/acs.analchem.7b04732.

J.B. Venton, Q. Cao, Fundamentals of fast-scan cyclic voltammetry for dopamine
detection, Analyst (2020), doi:10.1039/c9an01586h.

S.E. Calhoun, C.J. Meunier, C.A. Lee, G.S. McCarty, L.A. Sombers, Characteriza-
tion of a multiple-scan-rate voltammetric waveform for real-time detection of met-
enkephalin, ACS Chem. Neurosci. (2019), doi:10.1021/acschemneuro.8b00351.
A.C. Schmidt, L.E. Dunaway, J.G. Roberts, G.S. McCarty, L.A. Sombers, Multiple
scan rate voltammetry for selective quantification of real-time enkephalin dynam-
ics, Anal. Chem. 86 (2014) 7806-7812, doi:10.1021/ac501725u.
A. Drakopoulos, M. Decker, Development and biological
of fluorescent opioid ligands, Chempluschem 85 (2020)
doi:10.1002/CPLU.202000212.

J. Nakai, M. Ohkura, K. Imoto, A high signal-to-noise Ca>* probe composed of a
single green fluorescent protein, Nat. Biotechnol. 19 (2001) 2 19 (2001) 137-141,
doi:10.1038/84397.

D.Y. Kim, G. Heo, M. Kim, H. Kim, J.A. Jin, H.K. Kim, S. Jung, M. An, B.H. Ahn,
J.H. Park, H.E. Park, M. Lee, J.W. Lee, G.J. Schwartz, S.Y. Kim, A neural circuit
mechanism for mechanosensory feedback control of ingestion, Nature 580 (2020)
7803 580 (2020) 376-380, doi:10.1038/s41586-020-2167-2.

T. Patriarchi, J.R. Cho, K. Merten, M.W. Howe, A. Marley, W.H. Xiong, R.W. Folk,
G.J. Broussard, R. Liang, M.J. Jang, H. Zhong, D. Dombeck, M. von Zastrow,
A. Nimmerjahn, V. Gradinaru, J.T. Williams, L. Tian, Ultrafast neuronal imaging

applications
1354-1364,


https://doi.org/10.1002/cne.903380209
https://doi.org/10.1523/JNEUROSCI.16-05-01877.1996
https://doi.org/10.1002/cne.902930210
https://doi.org/10.1016/0306-4522(91)90202-Y
https://doi.org/10.1098/rspb.1985.0048
https://doi.org/10.1007/BF00408180
https://doi.org/10.1016/0028-3908(77)\penalty -\@M 90019-3
https://doi.org/10.1016/0024-3205(86)90243-2
https://doi.org/10.1016/0024-3205(81)90522-1
https://doi.org/10.1016/0024-3205(82)90737-8
https://doi.org/10.1016/0196-9781(80)90012-1
https://doi.org/10.1016/0196-9781(83)90069-4
https://doi.org/10.1016/0024-3205(88)90271-8
https://doi.org/10.1016/0196-9781(86)90083-5
https://doi.org/10.1016/0031-9384(90)90233-T
https://doi.org/10.1016/0014-2999(81)90364-2
http://refhub.elsevier.com/S2772-3925(22)00011-6/sbref0067
https://doi.org/10.1097/00001756-200203250-00028
http://refhub.elsevier.com/S2772-3925(22)00011-6/sbref0069
https://doi.org/10.1016/0006-8993(81)90796-4
https://doi.org/10.1016/0006-8993(91)91241-R
https://doi.org/10.1124/mol.110.070847
https://doi.org/10.1073/pnas.0307601101
https://doi.org/10.1523/JNEUROSCI.20-22-j0007.2000
https://doi.org/10.1016/j.jacc.2016.04.060
https://doi.org/10.1073/pnas.0506999102
https://doi.org/10.1016/j.bbr.2015.05.053
https://doi.org/10.1093/ijnp/pyz050
https://doi.org/10.1007/s00213-010-1825-8
https://doi.org/10.1111/j.1471-4159.2005.03339.x
https://doi.org/10.1523/jneurosci.22-18-08251.2002
https://doi.org/10.1016/j.neuroscience.2006.08.067
https://doi.org/10.1111/J.1460-9568.2005.03956.X
https://doi.org/10.1016/j.neuron.2015.08.019
https://doi.org/10.1038/S41586-021-04013-0
https://doi.org/10.7554/elife.36520
https://doi.org/10.1016/0306-4522(89)90407-7
https://doi.org/10.1002/JMS.733
https://doi.org/10.1111/J.1471-4159.2011.07293.X
https://doi.org/10.1016/j.cub.2012.08.014
https://doi.org/10.1021/ACS.ANALCHEM.7B04965
https://doi.org/10.1111/HEAD.13084
https://doi.org/10.1016/0006-8993(86)90707-9
https://doi.org/10.1021/ac0491509
http://refhub.elsevier.com/S2772-3925(22)00011-6/sbref0096
https://doi.org/10.1038/nn.2219
https://doi.org/10.1111/j.1471-4159.2012.07677.x
https://doi.org/10.1021/acs.analchem.7b04732
https://doi.org/10.1039/c9an01586h
https://doi.org/10.1021/acschemneuro.8b00351
https://doi.org/10.1021/ac501725u
https://doi.org/10.1002/CPLU.202000212
https://doi.org/10.1038/84397
https://doi.org/10.1038/s41586-020-2167-2

S.M. Conway, M.O. Mikati and R. Al-Hasani

[107]

[108]

[109]

[110]

[111]

[112]

of dopamine dynamics with designed genetically encoded sensors, Science (1979)
360 2018, doi:10.1126/SCIENCE.AAT4422.

F. Sun, J. Zeng, M. Jing, J. Zhou, J. Feng, S.F. Owen, Y. Luo, F. Li, H. Wang,
T. Yamaguchi, Z. Yong, Y. Gao, W. Peng, L. Wang, S. Zhang, J. Du, D. Lin,
M. Xu, A.C. Kreitzer, G. Cui, Y. Li, A genetically encoded fluorescent sensor en-
ables rapid and specific detection of dopamine in flies, fish, and mice, Cell 174
(2018), doi:10.1016/j.cell.2018.06.042.

J. Feng, C. Zhang, J.E. Lischinsky, et al., A genetically encoded fluorescent sensor
for rapid and specific in vivo detection of norepinephrine, Neuron 102 (2019) 745-
761 €8, doi:10.1016/J.NEURON.2019.02.037.

A.D. Abraham, S.M. Casello, S.S. Schattauer, B.A. Wong, G.O. Mizuno, K. Mahe,
L. Tian, B.B. Land, C. Chavkin, Release of endogenous dynorphin opioids in the
prefrontal cortex disrupts cognition, Neuropsychopharmacology 2021 (2021) 1-
10, doi:10.1038/s41386-021-01168-2.

A.D. Abraham, S.M. Casello, S.S. Schattauer, B.A. Wong, G.O. Mizuno, K. Mahe,
L. Tian, B.B. Land, C. Chavkin, Release of endogenous dynorphin opioids in the
prefrontal cortex disrupts cognition, Neuropsychopharmacology 2021 (2021) 1-
10, do0i:10.1038/s41386-021-01168-2.

K.E. Kroning, M. Li, D.I. Petrescu, W. Wang, A genetically encoded sensor with
improved fluorescence intensity for opioid detection at cellular resolution, Chem.
Commun. 57 (2021) 10560-10563, doi:10.1039/D1CC04524E.

S. Schmitt, J. Delamare, O. Tirel, F. Fillesoye, M. Dhilly, C. Perrio, N-[18F]-
FluoropropylJDTic for x-opioid receptor PET imaging: radiosynthesis, pre-clinical

10

[113]

[114]

[115]

[116]

[117]

[118]

Addiction Neuroscience 2 (2022) 100016

evaluation, and metabolic investigation in comparison with parent JDTic, Nucl.
Med. Biol. 44 (2017) 50-61, doi:10.1016/J.NUCMEDBIO.2016.09.005.

J.M. Mitchell, J.P. O’Neil, W.J. Jagust, H.L. Fields, Catechol-O-Methyltransferase
genotype modulates opioid release in decision circuitry, Clin. Transl. Sci. 6 (2013)
400-403, doi:10.1111/CTS.12075.

D. Martinez, M. Slifstein, D. Matuskey, N. Nabulsi, M.Q. Zheng, S. Lin, J. Ropchan,
N. Urban, A. Grassetti, D. Chang, M. Salling, R. Foltin, R.E. Carson, Y. Huang,
Kappa-opioid receptors, dynorphin, and cocaine addiction: a positron emission to-
mography study, Neuropsychopharmacology 44 (2019) 10 44 (2019) 1720-1727,
doi:10.1038/541386-019-0398-4.

R. Narendran, S. Tollefson, M.L. Himes, J. Paris, B. Lopresti, R. Ci-
ccocioppo, N.S. Mason, Nociceptin receptors upregulated in cocaine
use disorder: a positron emission tomography imaging study using
[11CINOP-1A, 10.1176/Appi.Ajp.2019.18081007. 176 (2019) 468-476.

10.1176/APPI.AJP.2019.18081007.

AM. Trescot, S. Datta, M. Lee, H. Hansen, Opioid pharmacology, (n.d.).
www.painphysicianjournal.com.

A.AH. Azzam, J. McDonald, D.G. Lambert, Hot topics in opioid pharma-
cology: mixed and biased opioids, Br. J. Anaesth. 122 (2019) el36-el45,
do0i:10.1016/j.bja.2019.03.006.

A. Inutsuka, D. Ino, T. Onaka, Detection of neuropeptides in vivo and open ques-
tions for current and upcoming fluorescent sensors for neuropeptides, Peptides 136
(2021) 170456 (N.Y.), doi:10.1016/J.PEPTIDES.2020.170456.


https://doi.org/10.1126/SCIENCE.AAT4422
https://doi.org/10.1016/j.cell.2018.06.042
https://doi.org/10.1016/J.NEURON.2019.02.037
https://doi.org/10.1038/s41386-021-01168-2
https://doi.org/10.1038/s41386-021-01168-2
https://doi.org/10.1039/D1CC04524E
https://doi.org/10.1016/J.NUCMEDBIO.2016.09.005
https://doi.org/10.1111/CTS.12075
https://doi.org/10.1038/s41386-019-0398-4
http://www.painphysicianjournal.com
https://doi.org/10.1016/j.bja.2019.03.006
https://doi.org/10.1016/J.PEPTIDES.2020.170456

	Challenges and new opportunities for detecting endogenous opioid peptides in reward
	Please let us know how this document benefits you.
	Recommended Citation

	Challenges and new opportunities for detecting endogenous opioid peptides in reward
	Introduction
	Traditional opioid peptide experimentation and their challenges
	Opiate and exogenous peptide administration
	Opioid receptor agonists/antagonist pharmacology
	Peptidase blockade
	Measurement of mRNA expression and peptide levels
	Genetically modified rodent models

	Current advances in opioid peptide investigation
	Photostimulation of peptidergic neurons
	Microdialysis coupled with LC-MS
	Voltammetry
	Fluorescent sensors
	Positron emission tomography

	Summary
	Declaration of Competing Interest
	Funding
	References


