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Abstract:  
In the mid-1970s, an intense race to identify endogenous substances that activated the same receptors as 
opiates resulted in the identification of the first endogenous opioid peptides. Since then, >20 peptides with 
opioid receptor activity have been discovered, all of which are generated from three precursors: 
proenkephalin, prodynorphin, and proopiomelanocortin by sequential proteolytic processing by 
prohormone convertases and carboxypeptidase E. Each of these peptides binds to all three of the opioid 
receptor types (mu, delta, kappa), albeit with differing affinities. Peptides derived from proenkephalin and 
prodynorphin are broadly distributed in brain, and mRNA encoding all three precursors are highly 
expressed in some peripheral tissues. Various approaches have been utilized to explore the functions of 
the opioid peptides in specific behaviors and brain circuits. These methods include directly administering 
the peptides ex vivo (i.e. to excised tissue) or in vivo (in animals), using antagonists of opioid receptors to 
infer endogenous peptide activity, and genetic knock-out of opioid peptide precursors. Collectively, these 
studies add to our current understanding of the function of endogenous opioids, especially when similar 
results are found using different approaches. We briefly review the history of identification of opioid 
peptides, highlight the major findings, address several myths that are widely accepted but not supported 
by recent data, and discuss unanswered questions and future directions for research. 
 
Significance:  
Activation of the opioid receptors by opiates and synthetic drugs leads to central and peripheral biological 
effects including analgesia and respiratory depression, but these may not be the primary functions of the 
endogenous opioid peptides. Instead, the opioid peptides play complex and overlapping roles in a variety 
of systems, including reward pathways, and an important direction for research is the delineation of the 
role of individual peptides.  
 
Introduction 
In the 1960s, several lines of evidence suggested the existence of receptors that bound opiates and were 
responsible for their physiological effects. A logical assumption was that these receptors did not exist to 
bind a plant compound, but instead bound endogenous molecules. In 1964, the peptide lipotropin was first 
described (Li 1964). Although lipotropin does not have opioid-like activity, it was subsequently found to 
represent an intermediate in the production of β-endorphin, which does have opioid activity (Lazarus et 
al. 1976, Li and Chung 1976). In the mid-1970s two endogenous opioid peptides were identified and 
named Met- and Leu-enkephalin (Hughes et al. 1975). Soon after, two additional opioid peptides were 
found and named dynorphin A and dynorphin B (Goldstein et al. 1979, Minamino et al. 1980). Since this 
time, a number of additional opioid peptides have been identified in brain or other tissues and the field 
has greatly expanded, with over 40,000 publications on opioid peptides. In addition to the endogenous 
opioid peptides that are the focus of this review, a number of exogenous opioid-like peptides have been 
discovered in milk proteins (casomorphins), other food sources (e.g. exorphins), and frog skin (e.g. 
deltorphins). Other peptides reported to have opioid activity include endomorphin, kyotorphin, and 
opiorphin. Although endomorphin was reported to exist in brain (Zadina et al. 1997), years of effort to 
identify its precursor have not been successful and without evidence that this peptide is produced, 
endomorphin is not widely accepted as an endogenous peptide. Kyotorphin and opiorphin do not bind 
directly to opioid receptors; their mechanism of action is thought to be due in part to inhibition of 
enzymes that degrade enkephalins and/or other opioid peptides (Bosler et al. 2014, Perazzo et al. 2016). 

The present review is a brief overview of the field of endogenous peptides that bind to opioid 
receptors. A major focus is the current status of long-standing assumptions, some of which are myths that 
persist despite evidence to the contrary. We conclude with a discussion of several important directions for 
further research.  
 
Opioid peptides, from precursors to bioactive molecules  

All endogenous peptides that bind to opioid receptors are derived from three precursors: 
proenkephalin (PENK), prodynorphin (PDYN), and proopiomelanocortin (POMC). Each opioid peptide 
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precursor is processed into a variety of peptides within the secretory pathway (Figure 1). Some of these 
peptides bind to opioid receptors: mu (MOR), delta (DOR), and kappa (KOR). Other peptides produced 
from the three precursors act on other receptors, such as the POMC-derived peptides adrenocorticotropic 
hormone (ACTH) and α-melanocyte-stimulating hormone (α-MSH) which bind to the various 
melanocortin receptors (Dores et al. 2016).  In addition to these, a fourth gene (PNOC) encodes the 
precursor of the peptide named nociceptin (also known as orphanin FQ); this precursor shares amino acid 
sequence homology with the three opioid peptide precursors in the N-terminal domain (Supplemental 
Figure 1). The receptor for nociceptin also has sequence homology to the three opioid receptors. 
Nociceptin and the nociceptin receptor interact with opioid systems (Toll et al. 2016), but because 
nociceptin is not considered an opioid peptide, it is not the focus of the present review. 

The diversity of opioid peptides is partly due to differential processing of the three precursors into 
products of different lengths as well as variable post-translational modifications such as phosphorylation 
and acetylation (Fricker 2012). Proteolytic processing also occurs after the peptides are secreted. While 
some of the extracellular cleavages degrade the peptide, other cleavages serve to alter the receptor-
binding activity, in some cases enhancing the binding affinity for a particular receptor (Fricker 2012). 
Thus, the processing of the peptides is a complex process that influences the resulting bioactivity.  

The first processing step, removal of the N-terminal signal peptide, is mediated by the signal 
peptidase and occurs in the endoplasmic reticulum during translation of the precursor (Tuteja 2005). 
Glycosylation at specific Asn residues in proenkephalin and POMC occurs in the endoplasmic reticulum, 
and in the Golgi these carbohydrate side chains are modified (Fricker 2012). Proteolytic processing by 
endopeptidases and exopeptidases begins to a small extent in late Golgi/early secretory vesicles, but the 
vast majority of the processing occurs following packaging of the precursors and their processing 
enzymes into the regulated secretory vesicles and subsequent acidification of the vesicles (Fricker 2012).  

Proteolytic processing within the secretory pathway primarily occurs at cleavage sites containing 
one or more basic amino acids (Lys, Arg), and is mediated by two groups of enzymes: endopeptidases 
and carboxypeptidases. Endopeptidases initially cleave on the C-terminal side of the basic residues, 
producing intermediates containing C-terminal basic residues (Zhou et al. 1999, Hoshino and Lindberg 
2012). These basic residues are subsequently removed by a carboxypeptidase with specificity for basic 
residues; an exception is peptides that contain a proline (Pro) in the penultimate position, such as -
neoendorphin which ends in the sequence Pro-Arg (Fricker 2004). The presence of the penultimate Pro 
slows down the carboxypeptidase activity by several orders of magnitude, and the result is the presence of 
two peptides in roughly comparable levels: one with the basic residue attached (e.g. -neoendorphin) and 
one without (e.g. -neoendorphin) (Seizinger et al. 1984, Hollt 1986, Fricker 2004). Within the late Golgi, 
the primary endopeptidases are furin and related enzymes, followed by carboxypeptidase D, but these 
enzymes contribute only a small amount to the cleavage of the opioid peptide precursors (Fricker 2012). 
The major opioid peptide-processing enzymes are prohormone convertase 1, prohormone convertase 2, 
and carboxypeptidase E. All three of these enzymes are activated by the acidic pH and elevated Ca2+ 

levels in maturing secretory vesicles (Fricker 2012, Hoshino and Lindberg 2012).  
Following the proteolytic processing steps, the C-terminus of some peptides is amidated by 

peptidylglycine--amidating monooxygenase (Fricker 2012, Kumar et al. 2016). This enzyme recognizes 
peptides with a C-terminal Gly residue and removes the carbons of the Gly, leaving behind the nitrogen as 
an amide group on the C-terminus. Any peptide in the regulated secretory pathway that contains a C-
terminal Gly is a substrate for the amidating monooxygenase, including two non-opioid POMC-derived 
peptides (-MSH and joining-peptide) and one opioid peptide derived from PENK; this peptide was 
named metorphamide and is also known as adrenorphin (Weber et al. 1983). Another amidated PENK-
derived peptide with activity at opioid receptors was found in Bos taurus adrenal glands and named 
amidorphin (Seizinger et al. 1985). However, this peptide is only amidated in some species because the 
Gly residue required for amidation is not highly conserved. Humans, mice, and most other mammalian 
species have an Ala in place of the Gly, and therefore in these species PENK is processed into 
‘amidorphin’ that is one residue longer and is not amidated.  
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The N-terminus of some peptides has been found to be acetylated, but unlike C-terminal 
amidation the N-terminal acetylation is highly variable and there is not a clear consensus sequence 
(Fricker 2012). Of all peptides derived from PENK, PDYN, and POMC, only the POMC-derived peptides 
-MSH and -endorphin are known to be acetylated. The enzyme that performs this modification has not 
been conclusively identified. While acetylated -MSH is active and binds to melanocortin receptors, the 
N-terminal acetylation of -endorphin eliminates the ability of this peptide to bind to opioid receptors 
(Akil et al. 1984). A PENK-derived peptide named ‘peptide B’ and a shorter form of this peptide 
corresponding to residues 238-261 (Figure 1) is phosphorylated but the function of this modification is 
not known (D'Souza and Lindberg 1988). A POMC-derived peptide named corticotropin-like 
intermediate lobe peptide (CLIP) is also phosphorylated. Peptidomic analyses of mouse brain have 
detected both the phosphorylated and non-phosphorylated forms of each of these peptides (Fricker 2010).  

After secretion, peptides undergo additional proteolytic processing by endo- and exo-peptidases, 
all of which are relatively non-selective and cleave a large variety of neuropeptides. The major enzymes 
known to cleave opioid peptides at this stage include neprilysin, angiotensin converting enzyme, and 
aminopeptidase N but other enzymes may also contribute (e.g. endothelin converting enzymes 1 and 2) 
(Fricker 2012). Although inhibitors of neprilysin were originally developed as potential analgesics, they 
did not prove efficacious for this indication. Instead, neprilysin inhibitors treat diarrhea (racecadotril) and 
heart failure (sacubitril). While treatment of diarrhea with racecadotril is thought to be mediated by 
increased levels of enkephalin in the intestine, the ability of sacubitril to treat heart failure is presumably 
due to inhibition of the degradation of vasoactive peptides such as bradykinin, and not endogenous opioid 
peptides (Bayes-Genis et al. 2016).    

A common feature of neuropeptides is that the extent of processing of the precursor into the 
mature peptides has an impact on the biological properties of the resulting peptides (Fricker 2012). There 
are many examples of this with opioid peptides, where differently processed forms have altered affinities 
for the various opioid receptors (Mansour et al. 1995). For example, the peptide BAM18, an 18-residue 
peptide that contains the N-terminal Met-enkephalin sequence, binds to all three opioid receptors with 
slightly higher affinity for MOR, and comparable affinity for KOR and DOR (Figure 2). When this 
peptide is processed into metorphamide, the result is a substantial increase in potency towards all three 
receptors. Further processing to Met-enkephalin leads to slightly improved DOR binding but reduced 
MOR and KOR binding (Figure 2). Even a single amino acid shortening can have an impact on the 
relative affinity of a peptide towards the three receptors. For example, α- and β-neoendorphin differ by a 
single C-terminal Lys residue. Conversion of α-neoendorphin into β-neoendorphin by removal of the Lys 
residue causes a 4-5-fold decrease in potency towards MOR and KOR, but no change in potency towards 
DOR (Figure 2). If this peptide was further cleaved into Leu-enkephalin, the result would be a dramatic 
decrease in potency towards KOR, and smaller changes in binding affinity towards the other receptors 
(Figure 2). However, it is not clear if this latter cleavage occurs in vivo, because most of the Leu-
enkephalin in brain is likely to come from PENK, not PDYN (this is discussed in more detail in the 
section on ‘Future Directions’).  
 
Distribution  

The tissue distribution of endogenous opioid peptides and their receptors provides clues as to 
their physiological function. This section is divided into three parts. First, we discuss the distribution of 
the mRNAs that encode the peptide precursors, focusing on large-scale studies that compared multiple 
genes and tissues. Second, we briefly summarize the distribution of key opioid peptides and discuss 
similarities and discrepancies with the distribution of mRNA encoding the peptides. Finally, we briefly 
describe the results of studies comparing the distribution of opioid peptides and receptors.  
 
Distribution of mRNAs that encode the opioid peptide precursors 

Many researchers have investigated the distribution of mRNA encoding the opioid peptide 
precursors but most of the published studies examined specific tissues of interest, focusing mainly on 
brain regions and a few other tissues. To provide a comprehensive overview, we compiled data from 
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various ‘big data’ sources that investigated thousands of genes. One database we used was The Human 
Protein Atlas, which includes 62 tissues or sub-regions of these tissues (e.g. 11 brain regions) (Uhlen et 
al. 2015). We also used a large-scale microarray study that examined ~50 regions of mouse brain and 
related tissues (e.g. spinal cord, pineal gland, pituitary, retina) (Kasukawa et al. 2011). These data are 
summarized in Table S1. While mRNAs encoding all three opioid peptide precursors are expressed at 
high levels in some brain regions, they are not exclusively present in brain. For example in human tissues, 
PENK mRNA is most highly expressed in basal ganglia, and the next highest level of expression is the 
adrenal gland followed by testis. Non-brain tissues such as cervix/uterus, prostate, ovary, and heart are 
also in the top ten for PENK mRNA expression. PDYN mRNA expression is also highest in the basal 
ganglia and enriched in testis (Table S1). POMC mRNA expression is extremely high in the pituitary, 
with the next highest expression levels in pancreas and cells of the immune system. Data for opioid 
receptor mRNA, PNOC mRNA, and mRNA for key biosynthetic and extracellular peptidases are also 
included in Table S1. As with the distributions of PENK and PDYN mRNA, the genes for the various 
receptors and enzymes are highly expressed in some brain regions as well as many additional tissues 
including cells of the immune system and reproductive system. The distributions of the mRNAs encoding 
the opioid peptide precursors and the opioid receptors suggest that this system participates in a variety of 
physiological functions, beyond the CNS mediated effects that have been the overwhelming focus of 
research.  
 
Distribution of opioid peptides and the precursor mRNAs 

Many studies have examined the opioid peptide content across brain regions and other tissues, 
with most of the early studies using radioimmunoassays to detect the peptides. Often, the level of an 
opioid peptide in a brain region or tissue is proportional to the level of the mRNA that encodes the 
peptide precursor. However, some exceptions have been reported, especially in peripheral tissues that 
have high expression of precursor mRNAs but low or undetectable levels of peptides derived from these 
precursors. These exceptions include PENK mRNA in rat heart, and mRNA encoding all three opioid 
peptide precursors in the testis (Schafer et al. 1991). Potentially contributing to some of these mismatches 
are differences in the sizes of mRNA. Testis PENK mRNA is ~350 bases longer than in brain (Schafer et 
al. 1991) and testis POMC mRNA is ~400 bases shorter than in the pituitary (Garrett and Douglass 1989). 
The shorter testis POMC mRNA lacks the exon containing the signal peptide, which means that the 
resulting shorter protein is produced in the cytosol where it cannot be processed into the mature bioactive 
peptides. In cases where the mRNA encodes the full-length precursor, the mismatch between relatively 
high mRNA levels and low or undetectable peptide levels can potentially be due to inefficient translation 
or degradation of the precursor proteins and/or the peptides. These factors would reduce the amount of 
biologically active peptide produced in the tissue.  

Alternatively, it is possible that tissues with high levels of mRNA for the opioid peptide 
precursors are major sources of the secreted protein and/or peptides, despite low tissue levels. For 
example, opioid peptides have been detected in testicular interstitial fluid at levels several-fold higher 
than in plasma, presumably reflecting secretion from cells in the testis that produce but do not store high 
levels of the protein/peptide (Valenca and Negro-Vilar 1986). The cells in rat heart and testis with the 
highest amounts of PENK mRNA lack the typical storage secretory granules found in neuroendocrine 
secretory tissues (Schafer et al. 1991). This has two consequences; first, the proteolytic processing of the 
precursor will be limited by the lack of an appropriate environment for the enzymes to function. Because 
many radioimmunoassays specifically detect the cleaved peptides, these assays will under-report the level 
of precursors that are produced in these tissues. Second, without secretory vesicles to store the precursors 
and/or partially processed peptides, they will be secreted soon after biosynthesis. If these larger peptides 
are biologically active, then the tissues that have high mRNA levels of the precursors can potentially 
produce substantial amounts of protein/peptide in circulation. Thus, the levels of opioid peptides in 
peripheral tissues that lack peptide storage vesicles typical of neuroendocrine cells is not necessarily 
reflective of the overall production and secretion of bioactive peptides. 
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Individual opioid peptides often show regional variations that are distinct from other peptides 
produced from the same precursor protein. For example, in the case of POMC, the major opioid peptide 
detected in the anterior lobe of the pituitary is -endorphin1-31; this peptide is further processed into N-
acetyl--endorphin1-27 in the intermediate lobe due to the presence of additional enzymes (Schafer et al. 
1991). In the case of PENK derived peptides, the levels of metorphamide in bovine pituitary 
neurointermediate lobe, brain (caudate and hypothalamus), and spinal cord are much lower than the levels 
of octapeptide (Tyr-Gly-Gly-Phe-Met-Arg-Gly-Leu) or heptapeptide (Tyr-Gly-Gly-Phe-Met-Arg-Gly) 
(Sonders and Weber 1987). Conversely, in the rat olfactory bulb metorphamide levels are high but 
octapeptide is undetectable, suggesting either inefficient processing of metorphamide to shorter peptides 
or rapid degradation of octapeptide (Miyata et al. 1984). Variations in the levels of PDYN derived 
peptides have also been noted. While levels of dynorphin A1-17 and dynorphin A1-8 are similar in the 
pituitary, dynorphin A1-8  is the predominant peptide in many brain regions, although the ratio of 
dynorphin A1-8 to dynorphin A1-17 varies across brain regions (Weber et al. 1982, Cone et al. 1983, 
Seizinger et al. 1984, Hollt 1986). Levels of - and -neoendorphin levels are similar in posterior 
pituitary while -neoendorphin levels are generally higher than -neoendorphin in brain but the ratio of 
the two forms is variable among different regions (Seizinger et al. 1984, Hollt 1986). Because the 
conversion of -neoendorphin into -neoendorphin is a slow reaction catalyzed by carboxypeptidase E, 
these observations could be due to variations in the levels of carboxypeptidase E or in the average age of 
the secretory granules in the different cell types. Other factors may also influence enzymatic activity, 
including competition from other substrate peptides or pH (Greene et al. 1992). In summary, the ratio of 
the long/short forms of endogenous opioid peptides varies across tissues, and presumably varies within 
individual cell types within brain regions, as the ratio is ultimately dependent on the expression and 
availability of the various processing enzymes and/or the age of the secretory vesicles (Cone et al. 1983). 
 
Correlation between the distribution of opioid peptides and receptors 
A number of techniques have been used to study the distribution of opioid receptor expression, including 
immunocytochemistry, radioligand binding,  positron emission tomography, and transgenic mice 
expressing tagged receptors (McLean et al. 1987, Arvidsson et al. 1995, Svingos et al. 1995, Le Merrer et 
al. 2009, Erbs et al. 2015, Cumming et al. 2019). One study used values reported in the literature to 
compare the brain distribution of (i) opioid receptor protein using ligand autoradiography; (ii) opioid 
receptor mRNA in cell bodies using in situ hybridization data; (iii) opioid peptide precursors using 
immunohistochemistry; and (iv) opioid peptide precursors in the cell bodies using immunohistochemical 
and in situ hybridization (Le Merrer et al. 2009). While many of the studies revealed generally 
overlapping patterns of receptor and peptide expression, several exceptions were noted (McLean et al. 
1987, Arvidsson et al. 1995, Le Merrer et al. 2009). For example, in some brain regions KOR expression 
parallels the expression of PENK-derived peptides and not PDYN-derived peptides (Arvidsson et al. 
1995, Le Merrer et al. 2009). Hence, in these regions KOR could be activated by PENK-derived peptides 
rather than PDYN-derived peptides. The overlapping affinities of the various opioid peptides towards the 
three opioid receptors (Figure 2), the ability of these peptides to elicit signaling at the three opioid 
receptors (Figure 3) as well as the broad distribution of these molecules support the idea that endogenous 
opioid peptides derived from all three precursors can physiologically activate each of the opioid receptors 
in some tissues/brain regions.  
 
Function of opioid peptides 

Based on the broad distribution of the opioid peptides, it is likely that each peptide performs a 
wide variety of overlapping functions. While some functions have been identified and are described 
below, it is difficult to fully investigate the behavioral roles of endogenous opioids due to limitations of 
current techniques. These techniques fall into three broad categories: i) adding peptides to an organism by 
microinjection or other approaches and looking at the impact on physiology/behavior; ii) eliminating 
peptide signaling using receptor antagonists or gene knockout approaches and observing the 
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physiological/behavioral changes; and iii) measuring the release of endogenous peptides under various 
physiological states. Each of these approaches is described below, along with caveats that limit the 
interpretation of the results.  
 
Studies testing the consequences of adding peptides  

Bioassays testing the effect of added peptides have provided essential information, starting with 
the initial discovery of the enkephalins in the 1970s. This discovery used a functional assay involving 
electrically evoked contractions of dissected guinea pig ileum or mouse vas deferens, which were 
previously shown to be slowed by the addition of opiates, and the opiate effect was reversed by naloxone 
(Schaumann 1955, Henderson et al. 1972). Brain extracts were able to mimic the effect of opiates, and 
after purification and sequencing, Met- and Leu-enkephalin were identified (Hughes et al. 1975). The 
differential sensitivity of the guinea pig ileum versus the mouse vas deferens assays to various chemical 
species contributed to the hypothesis that there were multiple opioid receptors (Lord et al. 1977). These 
and other assays led to the conclusion that while there is some preferential binding/activity of the different 
endogenous opioid peptides for the three opioid receptors, overall none of the endogenous peptides is 
highly selective for any of the receptors (Kosterlitz 1985).  

Soon after the endogenous opioid peptides were identified, studies were conducted to investigate 
their function in animal models. Central administration of various opioid peptides produces 
antinociception (Belluzzi et al. 1976, Buscher et al. 1976) and rewarding effects in self-administration and 
place conditioning paradigms (Belluzzi and Stein 1977, Phillips et al. 1983). Opioid peptides also 
promote reward and food consumption (Kastin et al. 1976, McKay et al. 1981). Opioid peptide function 
has been intensely studied within the midbrain dopamine system, supporting their role in reward and 
reinforcement signaling. For instance, microinjection of [D-Ala2]-Met-enkephalin into the ventral 
tegmental area increases food consumption and operant responding for delivery of food pellets (Cador et 
al. 1986, Kelley et al. 1989).  

While these studies provide valuable information on potential functions of the peptide, there are 
several shortcomings to the approach of microinjecting synthetic peptides into brain. First, the 
concentrations of injected peptides are usually much higher than expected under endogenous conditions. 
Second, there is far less spatial and temporal regulation of the exogenously applied peptide compared to 
endogenously secreted peptides. Furthermore, the applied peptides (like their endogenous counterparts) 
are unstable and are cleaved into shorter forms that usually have distinct activities from the administered 
peptide, leading to complications in the interpretation of the data. For these reasons, studies testing 
exogenous peptides are important but may not accurately reflect the normal function of the endogenously 
released peptides.  

Because the endogenous peptides are unstable and can be broken down, stabilized forms of the 
peptides have been utilized in many animal studies. However, such modifications often alter the relative 
affinities of the peptides at the opioid receptors. For instance, [D-Ala2, N-MePhe4, Gly-ol]-enkephalin 
(DAMGO) is a modified enkephalin molecule that is very stable in ex vivo and in vivo conditions, but 
unlike enkephalin, it is very selective for MOR (Handa et al. 1981). Peptides from frog skin (deltorphins) 
were found to be highly selective for DOR; these peptides contain either a D-Ala or D-Met in the second 
position which enhances their stability. Another DOR-selective compound commonly used in animal 
studies is the synthetic peptide [D-Pen2,D- Pen5]-enkephalin (DPDPE) (Mosberg et al. 1983). Although 
such stabilized peptides have been used to probe the physiological and behavioral effects of the different 
opioid receptor systems to great success, it should be noted that given their altered biochemistry and 
specificity, they are not true proxies for the endogenous peptides (King et al. 1979).  

To avoid some of the problems inherent to studies involving microinjection of synthetic peptides, 
optogenetic techniques have recently been used to selectively stimulate neurons that express opioid 
peptides (Al-Hasani et al. 2015, Parker et al. 2019). Driving the release of endogenous peptides has 
several advantages over microinjection of synthetic peptides. However, because neurons typically express 
a number of different neurotransmitters and neuropeptides, many of which are presumably co-released 
upon optogenetic stimulation, the interpretation of the results is complicated. The use of specific receptor 
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antagonists together with optogenetic approaches can identify the receptor involved, and thus provide 
more information.  

An alternative strategy to investigate peptide function is to block the peptidases that break down 
the endogenous opioid peptides. This approach is intended to elevate extracellular concentrations of 
peptides that are released by normal behavioral stimuli and prolong their lifetime, thus preserving the 
spatial/temporal signaling of the endogenous peptides. For instance, microinjection of the neprilysin 
inhibitor, thiorphan, into the ventral tegmental area is rewarding, producing conditioned place preference 
(Glimcher et al. 1984). However, since the peptidases that degrade the endogenous opioid peptides also 
break down many non-opioid peptides in brain, blocking these enzymes does not necessarily result in a 
behavior driven exclusively by the opioid system. 
 
Studies testing the consequences of blocking peptide signaling 

A completely different approach to explore the function of endogenous opioid peptides is to 
determine the consequences of reduction or elimination of the signal. One way to accomplish this is with 
antagonists that block a specific receptor, ideally using antagonists that are highly selective and devoid of 
partial or inverse agonist properties. Early studies used naloxone, an antagonist with greatest potency at 
MOR, slightly lower potency at DOR, and weaker binding to KOR. The administration of naloxone was 
able to reverse the analgesic effect that was induced by electroacupuncture, both in animal and in human 
studies (Pomeranz and Chiu 1976, Ulett et al. 1998). Analgesia induced by placebo treatments also 
appears to be mediated in part by the endogenous opioid peptides, with post-operative pain scores 
elevated by naloxone specifically in individuals who demonstrated placebo analgesia (Levine et al. 1978, 
Levine et al. 1979). Placebo antinociception in experimentally induced pain is also reversed by naloxone 
(Benedetti 1996). However, in the absence of the expectation of pain relief or antinociception, naloxone 
does not generate hyperalgesia (ter Riet et al. 1998). Taken together, these studies suggest a link between 
placebo-induced analgesia and endogenous opioid peptide release, but do not support a major role for 
endogenous opioid peptides in setting baseline pain sensitivity.  

Animal studies with antagonists have further enabled the study of behavioral states where 
endogenous opioids may be released and drive changes in neural circuit activity and behavioral responses. 
For example, the role of the endogenous opioid system on physiological and behavioral responses to 
stressors has been investigated with opioid antagonists. Endogenous opioids appear to drive dopamine 
release in the prefrontal cortex in response to an aversive stressor, based on the finding that naloxone 
prevented stressor-induced dopamine release (Miller et al. 1984). In this study, stress did not drive 
dopamine release in the nucleus accumbens or caudate nucleus (Miller et al. 1984). Other studies using 
selective KOR antagonists also found evidence that endogenous opioid peptides contribute to the 
encoding of aversive experiences (McLaughlin et al. 2006, Land et al. 2008, Chavkin 2018, Robble et al. 
2020).  
 The contribution of endogenous opioid peptides to the motivational qualities of ethanol has been 
well-established. Selective opioid receptor antagonists alter ethanol consumption in many animal models 
(Margolis et al. 2008, Walker and Koob 2008), and the non-selective opioid receptor antagonist 
naltrexone is an FDA approved treatment for alcohol use disorder (Klemperer et al. 2018, Kranzler and 
Soyka 2018). It is thought that opioid antagonism works in people by decreasing the positive 
reinforcement experienced from the alcohol consumption (Myrick et al. 2008, Lukas et al. 2013, Schacht 
et al. 2017). Animal studies also implicate endogenous opioids in the rewarding effects of other drugs of 
abuse, including cocaine and amphetamine, as naltrexone administration that is not aversive on its own 
blocked conditioned place preference to these drugs (Trujillo et al. 1991, Gerrits et al. 1995, Biala and 
Langwinski 1996, Windisch et al. 2018). 

While these studies provide important information, it is unclear if the antagonists block ongoing 
actions of the peptides under baseline conditions or actions of those released specifically in response to a 
particular behavioral stimulus. These studies also do not provide information regarding which peptides 
are released, only the target receptor whose activity is blocked. Finally, under some circumstances such as 
heterodimerization, an antagonist at one receptor may augment binding or signaling at a different receptor 
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(Gomes et al. 2000, Gomes et al. 2004, Gomes et al. 2011), raising the possibility that the antagonist 
could function as a positive allosteric modulator in the relevant circuit.  
 Function can also be explored using genetic approaches to eliminate the expression of opioid 
peptides (i.e. ‘knockout’ mice), or to express tools such as optogenetic channels to reduce the neuronal 
firing that drives the secretion of peptides. Behaviors that are impaired or altered in knockout mice where 
the peptide precursor molecules are deleted are highly suggestive of the endogenous opioid peptide 
functions. These studies usually do not provide information about the function of individual peptides, but 
only on the collective function of all peptides produced from the precursor that is eliminated, or from the 
portion of the precursor that was deleted. For example, β-endorphin was selectively deleted from the 
POMC gene by the introduction of a stop codon preceding this peptide, thereby preserving the production 
of the non-opioid peptides, and the resulting mouse line shows an interesting phenotype (described 
below). However, it is not clear if the observed behavioral changes are due to the loss of β-endorphin1-31 
or one of the other forms (e.g. β-endorphin1-27, β-endorphin1-26, acetylated β-endorphin peptides, or shorter 
forms such as α- and γ-endorphin) (Rubinstein et al. 1996). Another caveat with genetic approaches is 
that compensatory changes may obscure the peptides’ function or even falsely implicate the system; this 
is a complication of all genetically modified animal strains, especially with non-conditional knock-out 
animals. 
 Mice with a truncation of POMC that eliminates production of the β-endorphin peptides are 
generally normal in their response to the antinociceptive effects of systemic morphine (Rubinstein et al. 
1996, Mogil et al. 2000). One study reported that these mice do not develop analgesia in response to a 
mild swim stress (Rubinstein et al. 1996, Mogil et al. 2000), but another study reported stress-induced 
analgesia in these mice (Rubinstein et al. 1996, Mogil et al. 2000). Mice lacking β-endorphin also show a 
paradoxical naloxone-induced analgesia, suggesting compensatory upregulation of alternative pathways 
(Rubinstein et al. 1996). These mice also exhibit an increase in oral ethanol self-administration (Grisel et 
al. 1999) and gain more weight on a high fat diet than wild type mice (Appleyard et al. 2003). Dual 
knockouts of PENK and POMC show diminished reward from ethanol in the place conditioning model 
(Tseng et al. 2013). However, ethanol consumption and the motivational drive to consume ethanol are not 
affected in double knockout mice, raising the possibility that the opioid peptides specifically play a role in 
reinforcement learning (Hayward et al. 2004). Genetic deletion of PDYN increases ethanol place 
conditioning, raising the possibility that the dynorphin system limits the rewarding effects of ethanol 
(Nguyen et al. 2012). These observations are consistent with a general proposition that MOR and KOR 
systems function in opposition in many brain regions and behavioral conditions (Shippenberg et al. 1992, 
Pan et al. 1997). Genetic deletion of PDYN also diminishes responses to aversive stressors in mice 
(McLaughlin et al. 2003), most likely by decreasing activation of the KOR system (Bruchas et al. 2007); 
such an idea is supported by studies using KOR antagonists (Xie et al. 2017, Navratilova et al. 2019, Page 
et al. 2019). Taken together, studies of mice lacking opioid peptide precursors have been informative, 
although some are difficult to interpret in light of the seeming incongruencies with observations from 
other techniques.  

Studies examining release of endogenous opioid peptides 
Another approach to explore the function of cell-cell signaling molecules is to determine when 

the molecules are released into the synapse. For aminergic modulators such as dopamine, it is relatively 
easy to measure release from neurons using microdialysis or electrochemical approaches. However, these 
techniques are much more difficult to apply to neuropeptides due to their low abundance, instability, and 
tendency to stick to plastic tubing. Recent improvements in microdialysis sample analysis have enabled 
peptide detection, however sampling intervals remain long (20 min) in order to accumulate sufficient 
peptide for detection (DiFeliceantonio et al. 2012, Al-Hasani et al. 2018). With this approach, increases in 
enkephalin, but not dynorphin, release were observed in the dorsomedial striatum when rats consumed 
chocolate (DiFeliceantonio et al. 2012). Alternative approaches that utilize electrochemistry are 
promising for improving sampling rates to sub-second resolution, and the small carbon fiber electrodes 
utilized in this approach generate little to no gliosis, enabling detection much closer to release sites than 
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possible with microdialysis probes (Schmidt et al. 2014, Calhoun et al. 2019). This approach has been 
used to detect Met-enkephalin release in rats in the dorsomedial striatum concurrent with consumption of 
a sweet palatable food (Calhoun et al. 2019). One drawback to electrochemistry is that accurate 
identification of a specific peptide is less certain compared to post-microdialysis sample processing, and 
while the electrochemical waveform of Met-enkephalin can be distinguished from Leu-enkephalin, it is 
possible that other peptides which contain both Tyr and Met (e.g. metorphamide) could contribute to the 
Met-enkephalin signal (Calhoun et al. 2019).  
 An indirect approach to detect the release of endogenous peptides is to use positron-emission 
tomography (PET) to measure changes in receptor occupancy; this has been used to study the endogenous 
opioid system in humans and rodents (Schmitt et al. 2017). PET studies in humans demonstrated that 
acute alcohol consumption decreases binding of [11C]-carfentanil in various brain regions including the 
ventral striatum and orbital frontal cortex, suggesting endogenous opioid peptides are released in response 
to alcohol drinking (Mitchell et al. 2013). PET studies also support the proposal that endogenous opioid 
peptide binding to KOR increases in response to cocaine (in cocaine use disorder subjects), especially in 
the striatum (Martinez et al. 2019). Because it is a receptor-based technique, PET studies do not provide 
information on the specific opioid peptides that are released, but only the general involvement of 
endogenous opioid peptides that bind to the receptor which is targeted by the radiolabeled ligand. 
 
Myths, mysteries, and future directions  

Much has been learned in the past five decades of research on opioid peptides, but several myths 
persist. Many of these myths are logical hypotheses that were subsequently found to be incorrect, but the 
ideas have persisted in spite of the evidence. One very common error made in the popular press is the use 
of the term ‘endorphins’ to refer to all endogenous opioid peptides and not specifically to the molecules 
named endorphin (e.g. β-endorphin1-31 and shorter forms). When sports writers refer to endorphins 
causing runner’s high, they really mean opioid peptides in general and may also be referring to sensations 
generated by other rewarding endogenous molecules such as endocannabinoids. The persistence of the 
term ‘endorphin’ in the lay press is likely due to its catchy name, derived from a contraction of 
endogenous morphine. 

Other common myths and misconceptions regarding the opioid peptides are described below. In 
addition, we describe some major unanswered questions in the field and areas in need of further research.  
 
Specificity/selectivity of the peptides, receptors, and enzymes 

One misconception concerns the selectivity of the various components of the opioid system. In 
the early days of the field, there were initial reports that enzymes were specific for enkephalins, either 
their biosynthesis (i.e. ‘enkephalin convertase’) (Fricker and Snyder 1982) or degradation (i.e. 
‘enkephalinase’) (Malfroy et al. 1978). The enzymes described in these early reports are still implicated in 
the production and degradation of the enkephalins, but it is now clear that neither enzyme is specific. 
Enkephalin convertase was renamed carboxypeptidase E because it is responsible for the biosynthesis of 
the vast majority of neuropeptides and peptide hormones (Fricker 2018). Enkephalinase, now known as 
neprilysin, cleaves a large number of biologically active peptides (Bayes-Genis et al. 2016). Despite this, 
there are dozens of recent papers that use the name ‘enkephalinase’ in the title, giving the false impression 
that this enzyme is selective for the degradation of enkephalin.  

A related misconception concerns the selectivity of individual peptides for MOR, DOR, and 
KOR. Because there are three precursor proteins and three opioid receptors, or four if nociceptin and its 
receptor are included, scientists hypothesized that each precursor generated products that were highly 
selective for one of the receptors. While this is true for nociceptin and its receptor, it is not the case for the 
other three. Although the major dynorphin peptides bind with highest affinity to KOR, they also bind with 
high affinity to MOR and DOR (Figure 3). Similarly, it is an over-simplification to state that POMC-
derived -endorphin1-31 binds to MOR whereas the enkephalins bind to DOR. Based on the binding and 
activity properties of the various peptides, it is clear that the system is much more complex than ‘one 
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ligand one receptor,’ with a number of different endogenous opioid peptides serving as ligands for each of 
the three opioid receptors (Figure 3). 
  
The diversity of peptide products  

A common oversimplification is that PENK makes enkephalin, PDYN makes dynorphin, and 
POMC makes β-endorphin (in addition to ACTH and α-MSH). Rather than a simple precursor/product 
relationship, many of the opioid peptides exist in multiple active forms depending on the degree of 
proteolytic processing or other post-translational processing events (Figure 1), and these forms have 
different affinities for each of the receptors (Figures 2 and 3).  
 The earliest evidence supporting the processing of PENK into multiple bioactive peptides came 
from studies examining relative levels of each peptide. For example, the 7 residue ‘heptapeptide’ is 
present in brain at ~1/5th the level of Met-enkephalin, and because there are ultimately 6 copies of Met-
enkephalin within PENK (Figure 1), this implies that the heptapeptide is not efficiently converted into 
Met-enkephalin (Stern et al. 1979). Although the level of Leu-enkephalin is higher than the various 
dynorphin peptides in most brain regions, which was initially interpreted to mean that dynorphin is 
converted into Leu-enkephalin, this assumption ignores the contribution from PENK which contains 1 
copy of Leu-enkephalin flanked by consensus sites for the processing enzymes (Figure 1). Because the 
level of Leu-enkephalin is typically similar to the level of heptapeptide in most brain regions (Hughes et 
al. 1977, Stern et al. 1979), the amount of Leu-enkephalin in brain is consistent with the complete 
conversion of PENK into Leu-enkephalin without any conversion of the dynorphin peptides into Leu-
enkephalin. Although it is possible that some of these dynorphin peptides are processed into the 
pentapeptide, peptidomic analysis of mouse brain has failed to find evidence of this (e.g. fragments such 
as Dynorphin A8-17 are not detected). In contrast, peptidomic analysis of fragments produced from PENK 
has found evidence that BAM18 is processed into metorphamide and Met-enkephalin, based on the 
detection of PENK fragments 221-28 and 218-28, respectively (Figure 1).  
 
The regulation of peptide processing 

The extent of processing of the precursors into various products is not the same in all tissues or 
cell types, which increases the complexity of the system. Furthermore, the extent of processing can also 
vary within the same cell type under different conditions. The endopeptidases prohormone convertases 1 
and 2 have distinct substrate specificities and efficiencies towards the cleavage sites within the precursors, 
and the presence/absence of these enzymes in different cell types greatly alters the products. The age of 
the secretory granules is also a factor in the extent of processing of the precursor, with younger granules 
containing larger peptides compared to the older granules. As a side point, studies on a variety of other 
neuroendocrine cell types have shown that peptides stored in younger granules are preferentially secreted 
under basal conditions, while older granules preferentially release their peptide content upon stimulation 
(Sando et al. 1972, Gold et al. 1982, Noel and Mains 1991, Duncan et al. 2003, Che et al. 2004). It is 
therefore possible that the extent of neuronal stimulation will affect the forms of peptides that are 
released, and this is an area for further research.  

Another factor affecting the forms of opioid peptides produced within a cell is the presence of 
catecholamines. Treatment of cells with reserpine, which reduces the level of catecholamines within 
secretory granules, increases the levels of enkephalin and other opioid peptides (Wilson et al. 1980, Eiden 
et al. 1984, Eiden and Zamir 1986, Lindberg 1986). Subsequently, it was found that catecholamines 
function as competitive inhibitors of the prohormone convertases and carboxypeptidase E (Helwig et al. 
2011). Thus, intracellular processing of opioid peptide precursors is a dynamic process that can be 
regulated by a variety of factors.  
 In addition to the variability of processing prior to secretion, there is even more complexity 
following secretion. A plethora of extracellular peptidases cleave opioid peptides and produce a large 
number of products, some of which retain receptor-binding properties. The cleavage of opioid peptides by 
extracellular peptidases is an area in need of additional studies; this is a difficult topic to pursue due to the 
transient nature of the secreted peptides and overlapping specificity of many of the peptidases.  
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Endocytic processing 

Another common misconception relates to events that follow peptide binding to a receptor. It is 
generally thought that once receptors are internalized, even if the peptide remains bound to the receptor 
the concentration of the peptide in the endocytic compartment will be too low to signal. The reasoning is 
that if a stoichiometric amount of peptide and receptor were internalized, there would only be one peptide 
molecule in an endocytic vesicle containing one receptor molecule. However, a single molecule of 
peptide in a small endocytic vesicle is calculated to be in the nanomolar range, depending on the size of 
the endocytic compartment, and this level is sufficient to stimulate the receptor as it moves through the 
endocytic pathways. Peptidases such as endothelin converting enzyme 2 are present in endocytic 
compartments where they can potentially cleave the peptide, thereby altering the ligand (Gupta et al. 
2014, Gupta et al. 2015). Several recent studies found that inhibition of endothelin converting enzyme 2 
affected opioid receptor signaling and trafficking (Gupta et al. 2014, Gupta et al. 2015). Further studies 
are needed to explore the role of endocytic processing events and their impact on receptor function.  
 
Functions of individual opioid peptides 

When a PENK-expressing neuron is stimulated, the cell releases multiple peptides containing the 
Met- and Leu-enkephalin sequences, as well as other peptides processed from the precursors (discussed in 
the next subsection). Similarly, PDYN- and POMC-expressing neurons also release multiple peptides. A 
mystery in the field has been the biological function of all the different endogenous opioid peptides.  
Because each opioid peptide has a different affinity for MOR, DOR, and KOR (Figure 2 and 3), these 
peptides will likely have distinct biological activities. Furthermore, it is possible that each opioid peptide 
stabilizes different conformations of the opioid receptors that activate distinct signaling cascades. A study 
examining signaling pathways activated by a panel of opioid peptides at MORs found that some peptides 
exhibited differences in functional selectivity compared to the standard, DAMGO (Thompson et al. 
2015). This raises several questions: (i) are the signaling cascades activated by individual opioid peptides 
the same for all three opioid receptors, (ii) what are the spatio-temporal dynamics of this signaling, and 
(iii) do these peptides exhibit biased signaling? Recent studies have begun to explore the intricacies of 
endogenous opioid peptide signaling at the different opioid receptors. One recent study tested 20 opioid 
peptides derived from the three precursors and found that each peptide was able to activate G protein 
signaling by all three opioid receptors, albeit with different potencies (Gomes et al. 2020). However, there 
was much greater variability in the recruitment of β-arrestin and hence a wide range of biased signaling 
(Gomes et al. 2020). The preference of 14 representative opioid peptides to signal through G proteins 
versus β-arrestin is shown in Figure 3.  

The idea that different forms of an opioid peptide produce divergent biological effects was first 
reported for -endorphin, but these initial findings have not been confirmed using other approaches. The 
original studies reported that the unacetylated form of -endorphin1-31 was an agonist at MOR while the 
shorter -endorphin1-27 was an antagonist and -endorphin1-26 was inactive (i.e. neither an agonist nor 
antagonist) (Hammonds et al. 1984, Nicolas and Li 1985). At the time, this was considered an excellent 
example where the degree of enzymatic processing altered the biological activity, but these conclusions 
were based on indirect studies involving administering peptides to animals. Subsequent studies in animals 
(Hirsch and Millington 1991) and in vitro (Alt et al. 1998) found that -endorphin1-27 is a full agonist at 
MORs with similar potency to -endorphin1-31. This has recently been confirmed and extended by 
measuring signaling through G protein and β-arrestin pathways in cell culture as well as synaptic 
physiology in acute brain slices, with the finding that -endorphin1-26 and -endorphin1-27 are full agonists 
with potencies similar to -endorphin1-31 (Gomes et al. 2020)(Figure 3).  
 
Potential functions of the non-opioid peptides  

It is generally assumed that the non-opioid portions of the precursors that lack the ‘YGGF’ motif 
are devoid of biological activity. Although peptides without this domain do not bind to MOR, DOR, or 
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KOR, they may have other functions. Some of the non-opioid peptides generated from the precursors 
(Figure 1) are highly conserved through evolution suggesting possible functions. One potential function 
could be as ligands for non-opioid receptors. This concept is analogous to the POMC-derived peptides α-
MSH and ACTH which bind to various melanocortin receptors. Alternatively, it is also possible that the 
‘inert’ peptides co-secreted with the opioid peptides affect receptor activities by serving as competitors of 
extracellular peptidases. The secreted opioid peptides are not stable and are cleaved by peptidases located 
in the extracellular environment. Peptides that reduce the degradation of opioid peptides would therefore 
enhance opioid receptor activation. This is analogous to the reported opioid-like function of opiorphin and 
kyotorphin; these peptides do not directly bind to opioid receptors but instead prevent the degradation of 
endogenous opioid peptides. Within each of the precursors, there are numerous peptides that could serve 
as competitive inhibitors of neprilysin and the other extracellular peptidases, and further studies testing 
this possibility are needed.  
 A notable motif that is highly conserved among all precursors is the Cys residues located in the 
N-terminal region (Figure S1). These Cys form intramolecular disulfide bridges, with 3 pairs of disulfides 
in PENK, PDYN, and PNOC, and 2 pairs in POMC. Although this region has been proposed to be 
involved in the sorting of PENK into the regulated secretory pathway (Lecchi et al. 1997), other studies 
have shown that this region is not important for sorting (Albert and Liston 1993). Instead, it is possible 
that this region of PENK, PDYN, POMC, and PNOC functions after secretion from cells. The 
neuropeptides Agouti-related peptide (AgRP) and cocaine-and-amphetamine regulated transcript (CART) 
also contain Cys-rich domains with 3-5 disulfide pairs that are essential to their biological function as 
neuropeptides. AgRP folds into a structure known as an inhibitor cystine knot, which is related to a 
structure found in invertebrate toxins that is stable and able to inhibit proteases (Yu and Millhauser 2007). 
While the spacing of Cys disulfide bonds in PENK, PDYN, and PNOC is very different from that of 
AgRP or CART, there is some similarity to other proteins that form ‘knottin’ structures. Further studies 
are needed to test if the N-terminal Cys-rich regions of PENK, PDYN, and PNOC form actual knot-like 
structures (POMC, with only 2 pairs of disulfides, would not be capable of forming a knot-like structure). 
It is likely that this region serves an important function based on the high degree of conservation of the 
Cys residues and spacing, as well as the presence of other residues in this N-terminal region that are 
conserved between diverse species (Figure S1). Further studies are needed to explore this novel direction.  
 
Roles of opioid peptides in peripheral tissues 

Many studies have explored the functions of opioid peptides in peripheral tissues but much less is 
known compared to the central functions. One exception is the intestine, where opioid peptides and their 
receptors play a role in gastrointestinal motility and the secretion of ions and fluid (Holzer 2009). Much 
less is known about the role of opioid peptides in the immune system, the reproductive system, and other 
tissues that express high levels of the peptide precursors and the receptors (Table S1). To fully understand 
the function of opioid peptides in all tissues in the body may take another 5 decades of research, if not 
longer, as this is a highly complex and intricate system.  
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Figure 1. Representative peptides derived from mouse proenkephalin, prodynorphin, 
proopiomelanocortin, and pronociceptin/orphanin FQ.  Major cleavage sites (K, Lys; R, Arg) are 
indicated, along with glycine (G) that is converted into C-terminal amide residues. Abbreviations: ME, 
Met-enkephalin; OP, octapeptide; LE, Leu-enkephalin; HP, heptapeptide; MA, metorphamide; NE, 
neoendorphin; MSH, melanocyte-stimulating hormone; J-peptide, joining peptide; CLIP, corticotropin-
like intermediate lobe peptide; LPH, lipotropin; End, endorphin; N/OFQ, nociceptin, also known as 
orphanin FQ. All three of the β-endorphin peptides (1-31, 1-27, and 1-26) are detected with and without 
N-terminal acetylation, as is α-MSH (the name α-MSH refers to the peptide with an N-terminal acetyl 
group; the peptide without the acetyl group is named des-acetyl-α-MSH). Peptides without common 
names are referred to by number. In some cases the number is based on the name assigned to the peptide 
(i.e. dynorphin B15-28, which is the C-terminal part of dynorphin B1-28 after cleavage to produce dynorphin 
B1-13). For peptides without formal names, the number refers to the numbering of the preprohormone (i.e. 
proenkephalin 143-184). These numbers include the signal peptide which is removed prior to formation 
of the prohormone. Regions of the precursor that contain the Met-enkephalin sequence YGGFM are 
shown in red, regions that contain the Leu-enkephalin sequence YGGFL are shown in blue, and the 
region of pronociceptin/orphanin FQ that contains the pentapeptide sequence FGGFT is show in purple. 
However, all of these regions are not cleaved into the pentapeptides, especially β-endorphin and 
nociceptin/orphanin FQ which lack consensus cleavage sites at the appropriate positions. Note that the 
precursors/peptides shown here are mouse; other species have differences in specific peptides (e.g. 
dynorphin B1-29 in humans, B1-28 in mouse) or cleavage sites (e.g. β-MSH is a major cleavage product in 
human POMC but is not produced in mouse due to the absence of the appropriate cleavage site in mouse 
POMC).  
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Figure 2. Binding affinities of representative opioid peptides for the mu (MOR), delta (DOR), and kappa 
(KOR) opioid receptors. Binding affinity data of representative peptides from Mansour et al (Mansour et 
al. 1995) were plotted on radar charts (middle and right panels). In brief, Mansour et al transfected COS-1 
cells with cDNA expressing the three opioid receptors. Binding assays used the tritiated ligands 
DAMGO, DPDPE, and U69,593 for MOR, DOR, and KOR, respectively, and competition studies used a 
minimum of 12 concentrations of the indicated peptide to determine its Ki value for each receptor. These 
graphs use a log scale in which the outer triangle represents a Ki of 10 pM, and each inner triangle 
represents 10-fold higher Ki (scale is shown on the left panel), with the innermost triangle representing 1 
µM. Thus, ligands that bind most potently to the three receptors occupy a larger space than ligands that 
bind with weaker affinity. In addition, those ligands that are selective for one receptor show narrow 
triangles. This is illustrated by the three standards shown in the left panel: DAMGO, Deltorphin II 
(DeltII), and U69,593. Because the Mansour et al paper did not report the affinity of selective synthetic 
ligands for each of the three receptors, the data for the left panel were obtained from a similar radioligand 
binding study using tritiated diprenorphine as the radioligand and 12-15 concentrations of the indicated 
compound to determine its Ki value for each receptor (Gomes et al. 2020). The middle panel compares 
BAM18, metorphamide and Met-enkephalin, three peptides that represent different cleavage forms of the 
same region of the precursor (see Figure 1). The right panel compares two highly related peptides, α- and 
β-neoendorphin, representing the difference of a single residue on the C-terminus. In addition, Leu-
enkephalin is included in this panel, although it is not clear if either α- or β-neoendorphin is processed 
into Leu-enkephalin.  
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Figure 3. Summary of the major opioid peptides’ affinity for the various opioid receptors. For each 
peptide, two radar graphs are shown; both use the same scale as Figure 2. The graphs on the left with blue 
lines represents data from Mansour et al (1995). The graphs on the right show signaling through G 
proteins (green) and β-arrestin (red) using data from the supplementary tables of Gomes et al (2020).  
Assays were carried out using cells for (-arrestin recruitment) or membranes of cells (for GTPS 
binding) expressing, , or  opioid receptors that were C-terminally tagged with a ProLink/-gal donor 
(PK) fragment and -arrestin 2 tagged with a complementary -gal activator (EA) fragment as described 
(Gomes et al. 2020). -arrestin recruitment and GTPS binding were conducted as described (Gomes et 
al. 2013).  
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Supplemental Figure 1: Alignment of N-term regions of proenkephalin, prodynorphin, 
proopiomelanocortin, and pronociceptin/orphanin FQ. The sequences shown represent the N-terminal 
regions of the proteins after removal of the signal peptide by the signal peptidase; this step occurs prior to 
the production of the protein in the endoplasmic reticulum. Conserved Cys are highlighted. The three 
disulfide bridges are located between Cys2-Cys24, Cys6-Cys28, and Cys9-Cys41 in PENK (Lecchi et al. 
1997). Abbreviations: h, human; m, mouse; x, xenopus. PENK, proenkephalin; PDYN, prodynorphin; 
POMC, proopiomelanocortin; PNOC, pronociceptin/orphanin FQ.  
 
 
hPENK ECSQDCATCSYRLV-RPADINFLACVMECEGKLPSLKIWETCKELLQLSKPELPQDGTSTLRENSKPEESHLLAKR 
mPENK ECSQDCAKCSYRLV-RPGDINFLACTLECEGQLPSFKIWETCKDLLQVSRPEFPWDNIDMYKDSSKQDESHLLAKK 
xPENK DCSKDCASCALHLG-QQREINSLACTLECEGKLPSAKAWGTCKELLLLTKVDNVQDGEKYQDNN----DSHYAAKK 
hPDYN DCLSRCSLCAVKTQDGPKPINPLICSLQCQAALLPSEEWERCQSFLSFFTPSTLGLNDKEDLGSKSVGEGPYSELAKLSGSFLKELEK 
mPDYN DCLSLCSLCAVRIQDGPRPINPLICSLECQDLVPPSEEWETCRGFSSFLTLTVSGLRGKDDLEDEVALEEGISAHAKLLEPVLKELEK 
xPDYN  DCVSKCFSCSLQMKALSAKFNPLVCSLQCEGSLLQDDEWERCGQLLSSQEEILEVKREQELVSPLSDSQVMLVKRYGGFIRKPDKYK 
hPOMC WCLE-SSQCQDLTT----ESNLLECIRACKPDLSAETPMFPGNGDEQPLTENPRK 
mPOMC WCLE-SSQCQDLTT----ESNLLACIRACKLDLSLETPVFPGNGDEQPLTENPRK 
xPOMC QCWE-SSRCADLSS----EDGVLECIKACKTDLSAESPVFPGNGHLQPLSESIRK 
hPNOC SCQRDCLTCQEKLHPALDSFDLEVCILECEEKVFPSPLWTPCTKVMARSSWQLSPAAPEHVAAALYQPRASEMQHLRR 
mPNOC SCPRDCLTCQEKLHPAPDSFNLKTCILQCEEKVFPRPLWTVCTKVMASGSGQLSPADPELVSAALYQPKASEMQHLKR 
xPNOC DCQKDCMTCNKHLY-KQHNFNTLLCIVECEGKIYSSSMWSVCKTVLVKSSVQLSMDSFEEEEDFKPINIEDRQFASNFKR 
 

 
 

 

Supplemental Table S1 

Worksheet 1 shows relative levels of mRNA in human tissues, and worksheet 2 shows levels in mouse 
tissues. Data are from The Human Protein Atlas downloaded November 2019 (Uhlen et al. 2015) and 
from a study examining mRNA in mouse brain (Kasukawa et al. 2011). 
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TABLE S1 - WORKSHEET 1: 
HUMAN - Distribution of mRNA for opioid peptide precursors, receptors, intracellular peptide processing enzymes, 
and extracellular peptidases       
Data from The Human Protein Atlas (downloaded November 2019) Uhlen M, Fagerberg L, Hallstrom BM, Lindskog C, Oksvold P, Mardinoglu A, Sivertsson 
A, Kampf C, Sjostedt E, Asplund A, et al. Proteomics. Tissue-based map of the human proteome. Science. (2015) 347:1260419. 10.1126/science.1260419. 
Numbers refer to "normalized expression" -- see bottom of spreadsheet for description of methods used to 
derive these numbers.         

                     

 Precursors    Receptors    

Peptide processing 
enzymes 

Extracellular 
peptidases    

Tissue or brain region PENK PDYN POMC PNOC  OPRM1 OPRD1 OPRK1 OPRL1  PCSK1 PCSK2 CPE  MME ECE1 ECE2 ACE   

amygdala 2.8 13.2 0.3 4.0  7.0 5.5 15.9 4.7  1.3 16.3 123  0.4 10.3 9.1 0.5   

basal ganglia 172 55.9 0.3 7.4  17.5 3.9 18.0 9.4  10.1 20.5 136  7.4 14.5 17.1 4.2   

cerebellum 3.9 0.0 0.3 0.9  37.9 0.4 2.2 6.0  0.5 7.7 82.9  0.4 3.6 17.6 0.5   

cerebral cortex 7.8 40.3 0.7 22.6  7.6 8.7 8.8 17.5  36.6 27.8 204  0.7 15.6 10.5 1.1   

corpus callosum 0.9 1.2 0.3 1.0  0.8 0.0 0.3 3.6  0.5 1.6 31.6  0.1 19.2 2.2 0.7   

hippocampal formation 1.2 5.0 0.3 3.1  2.6 3.0 4.5 4.5  2.8 18.0 117  0.3 12.4 4.6 0.6   

hypothalamus 9.1 3.9 1.8 8.4  2.3 1.3 6.2 8.9  27.1 11.1 56.3  0.4 8.0 25.1 0.7   

midbrain 2.5 0.7 0.3 5.9  0.6 0.6 1.7 3.9  3.1 4.1 56.9  2.1 13.9 10.3 0.4   

pons and medulla 8.4 0.2 0.3 7.5  5.2 4.7 3.1 4.0  7.5 9.0 53.0  8.6 14.6 7.5 0.8   

substantia nigra 2.5 0.7 0.3 5.9  0.6 0.6 1.7 3.9  3.1 4.1 56.9  2.1 13.9 10.3 0.4   

thalamus 14.7 1.1 0.3 0.0   0.5 0.2 1.6 1.5   0.4 3.8 53.3   1.2 14.7 3.3 1.3   

adrenal gland 124 0.4 3.2 0.6  3.4 2.4 0.7 2.6  8.5 35.0 33.8  0.4 49.9 14.4 2.0   

olfactory region 0.4 3.7 0.3 3.2  9.3 5.9 5.8 0.9  14.0 16.2 70.7  0.2 13.4 3.0 0.7   

pancreas 0.6 0.4 22.2 0.2  0.7 1.3 0.3 4.2  9.8 23.7 35.5  0.6 42.1 29.0 3.0   

parathyroid gland 0.2 0.4 0.0 0.1  0.4 0.2 0.4 0.8  0.3 0.9 33.9  0.0 114 0.7 3.6   

pituitary gland 1.5 0.0 811 0.2  0.6 0.5 0.8 1.5  10.9 1.7 40.0  0.6 21.6 7.6 3.6   

retina 2.2 0.0 0.3 0.0  0.0 0.1 0.0 0.2  0.1 16.6 13.2  1.3 26.5 1.4 1.7   

salivary gland 0.9 0.4 0.4 2.5  0.6 1.0 0.3 5.0  2.8 2.7 12.0  3.7 14.7 1.1 2.5   

spinal cord 7.0 2.2 0.3 4.3  1.9 0.4 0.5 2.7  1.3 5.4 40.5  0.9 13.2 2.9 0.6   

thymus 0.0 0.0 0.3 0.6  0.0 0.0 0.2 1.9  0.0 0.0 0.9  13.2 9.5 0.0 0.5   

thyroid gland 0.6 0.5 0.3 0.6   1.0 0.6 0.9 0.8   1.9 79.5 40.7   1.0 23.2 0.7 6.9   

appendix 1.7 0.4 0.8 7.2  0.6 0.6 0.3 2.9  6.0 1.7 4.4  3.4 18.7 0.9 2.4   

colon 2.2 0.4 0.3 2.3  0.6 0.6 0.4 0.8  3.3 4.2 9.6  65.6 27.5 1.1 83.2   
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duodenum 0.6 0.4 0.1 3.3  0.6 0.5 0.4 1.1  6.7 6.2 5.0  74.0 12.4 0.8 46.4   

esophagus 0.9 0.4 0.3 1.2  3.7 0.4 0.5 0.9  0.4 2.1 16.4  0.7 15.6 0.8 1.7   

rectum 0.9 0.4 0.0 1.3  0.4 0.5 0.4 0.8  3.3 2.8 8.8  0.4 14.6 0.9 1.4   

small intestine 0.9 0.4 0.3 6.5  0.5 0.6 0.5 1.4  4.6 3.3 6.2  136 23.2 0.8 206   

stomach 1.1 0.4 0.4 2.4   1.0 0.8 0.3 0.9   8.4 11.9 19.2   0.7 18.9 1.0 1.9   

cervix, uterine 14.3 0.4 0.3 0.3  0.5 0.4 0.4 1.7  1.2 2.9 10.7  4.8 29.5 0.7 5.3   

ductus deferens 0.1 0.0 0.3 0.0  0.0 0.0 0.0 0.7  0.0 0.0 5.3  18.4 11.2 0.0 37.7   

endometrium 3.0 0.4 0.3 0.2  0.7 0.4 0.4 1.7  0.5 0.9 13.3  2.8 24.0 0.7 4.5   

epididymis 0.9 0.4 0.5 0.0  1.4 0.4 0.6 1.4  8.8 1.2 94.3  8.1 10.5 1.6 5.1   

fallopian tube 2.6 0.4 0.0 13.5  0.5 0.4 0.7 1.4  0.4 2.0 15.7  0.9 19.1 0.9 1.5   

ovary 8.2 0.4 0.3 2.2  0.8 0.5 0.4 1.1  0.6 11.6 23.4  0.9 34.2 0.7 1.4   

placenta 1.1 0.4 0.9 0.0  0.5 0.5 2.8 2.4  0.4 1.5 2.2  35.0 27.0 0.7 3.6   

prostate 11.7 0.4 0.3 0.3  0.7 0.4 6.7 1.3  0.5 1.3 66.5  18.3 27.9 1.6 3.4   

seminal vesicle 8.1 0.4 0.3 0.1  0.2 0.2 0.4 1.2  0.5 2.3 20.1  11.3 11.4 1.1 20.1   

testis 29.9 3.2 2.9 0.7  8.0 0.8 2.8 9.2  0.5 4.7 30.4  1.0 19.1 0.8 32.6   

vagina 0.6 0.0 0.3 0.4   0.5 0.4 0.1 1.3   0.6 1.8 9.4   4.9 37.0 0.0 1.6   

B-cells 3.1 0.0 13.7 47.9  0.5 1.2 0.2 0.9  0.0 0.0 0.0  0.1 4.6 0.0 3.7   

bone marrow 0.3 0.4 0.5 2.0  1.8 1.9 0.4 3.6  0.5 1.3 0.9  1.9 17.3 0.7 0.0   

dendritic cells 1.2 0.0 22.2 33.7  0.2 1.1 0.8 4.9  0.0 0.0 0.0  0.4 2.0 0.0 0.1   

granulocytes 0.0 0.0 6.6 0.4  2.1 3.1 1.2 5.6  1.8 2.2 0.0  61.1 21.5 0.0 0.0   

lymph node 0.3 0.4 0.6 18.1  0.9 0.7 0.4 6.3  0.4 0.8 7.6  3.0 14.4 0.7 2.2   

monocytes 1.2 0.0 10.1 2.4  0.1 0.5 0.2 11.9  0.5 0.0 0.0  0.0 7.5 0.0 2.0   

NK-cells 0.0 0.0 12.6 0.2  0.1 1.1 0.1 0.0  0.0 0.0 0.0  0.0 1.0 0.0 0.0   

spleen 0.3 0.4 1.3 16.9  0.6 0.7 0.6 8.2  0.5 0.9 2.8  2.7 23.5 0.7 1.4   

T-cells 0.0 0.0 10.5 0.1  0.7 0.7 0.4 0.4  0.0 0.0 1.5  0.0 6.1 0.0 1.9   

total PBMC 0.5 0.0 7.6 2.4   0.0 0.1 0.0 1.8   0.0 0.0 0.0   0.0 4.2 0.0 0.4   

adipose tissue 2.5 0.4 1.0 0.4  0.5 0.4 0.7 2.1  2.3 1.6 27.7  26.5 44.0 0.7 6.8   

breast 0.9 0.4 0.3 0.5  0.9 0.4 0.3 1.5  1.3 1.3 21.5  14.7 33.7 0.7 2.9   

gallbladder 4.0 0.4 0.3 0.9  1.0 0.6 0.4 1.8  0.6 1.4 14.0  8.5 23.0 0.7 4.4   

heart muscle 9.1 0.4 0.3 0.3  0.5 0.4 0.8 0.9  1.0 3.1 19.6  1.8 30.9 1.5 4.7   

kidney 0.3 0.4 0.5 1.2  0.5 0.4 0.3 1.6  0.5 1.1 12.0  64.9 14.9 0.7 2.6   

liver 0.2 0.4 0.3 0.4  0.5 0.4 0.5 1.1  0.4 1.0 6.3  11.5 41.8 0.7 1.4   
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lung 1.0 0.4 0.3 0.9  0.5 0.5 0.8 2.5  0.8 2.2 11.0  13.7 30.1 0.7 16.3   

skeletal muscle 1.1 0.4 3.6 0.2  0.9 3.2 3.8 0.7  0.5 1.0 11.0  11.7 15.2 0.7 3.6   

skin 0.5 0.6 0.9 0.2  1.8 1.0 0.4 0.7  1.7 16.6 5.5  1.4 14.8 0.7 1.3   

smooth muscle 1.7 0.4 0.3 0.4  0.3 0.4 0.5 1.1  1.0 1.3 18.5  0.6 24.1 0.9 2.4   

tongue 0.3 0.0 0.4 0.0  0.0 0.0 0.0 0.3  0.0 0.0 4.3  5.3 10.7 0.0 3.1   

tonsil 0.3 0.4 0.3 18.1  0.3 0.2 0.3 5.2  0.3 0.9 7.7  2.3 19.1 0.7 2.2   

urinary bladder 0.5 0.4 0.3 5.2  0.5 0.4 0.3 1.6  0.9 1.9 6.3  3.4 34.2 0.7 1.7   

                     

The normalized expression levels were derived from three transcriptomics datasets (HPA, GTEx and FANTOM5), as described in the Human Protein Atlas 
website. In brief, for each dataset the average TPM (Tags Per Million) value of all individual samples for each human tissue type was used to estimate the 
gene expression level. To combine the datasets into consensus transcript expression levels, a pipeline was set up to normalize the data for all samples. In 
brief, all TPM values per sample were scaled to a sum of 1 million TPM (denoted pTPM) to compensate for the non-coding transcripts that had been 
previously removed. Next, all TPM values of all the samples within each data source (HPA human tissues, HPA blood cells, GTEx, and FANTOM5 
respectively) were TMM normalized, followed by Pareto scaling of each gene within each data source. Tissue data from the three transcriptomics datasets 
were subsequently integrated using batch correction through the removeBatchEffect function of R package Limma, using the data source as a batch 
parameter. The blood RNA-seq dataset was not limma-adjusted. The resulting transcript expression values, denoted Normalized eXpression (NX), were 
calculated for each gene in every sample. 
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WORKSHEET 2: MOUSE - Distribution of mRNA for opioid peptide precursors, receptors, intracellular peptide processing enzymes, and extracellular 
peptidases  

Data from Kasukawa T, Masumoto KH, Nikaido I, Nagano M et al. Quantitative expression profile of distinct functional regions in the adult mouse brain. PLoS 
One 2011;6(8):e23228. PMID: 21858037 

Rank refers to expression relative to all other mRNAs detected in study; 100 is maximum 

  Precursors    Receptors    
Peptide processing 
enzymes Extracellular peptidases 

  Penk Pdyn Pomc Pnoc Oprm1 Oprd1 Oprk1 Oprl1 Pcsk1 Pcsk2 Cpe Mme ECE1 ECE2 ACE 

Sample Rank Rank Rank Rank Rank Rank Rank Rank Rank Rank Rank Rank Rank Rank Rank 

Amygdala, anterior 97 33 15 71 41 35 68 87 65 89 78 18 90 82 57 

Amygdala, anterior 96 31 14 70 45 37 68 87 67 87 75 18 89 83 53 

Amygdala, posterior 79 27 13 45 43 37 68 81 64 91 83 15 91 77 59 

Amygdala, posterior 73 22 14 42 46 34 63 80 57 93 83 13 91 75 55 

Arcuate nucleus 85 44 99 68 44 33 74 89 80 75 76 9 88 82 62 

Arcuate nucleus 85 44 99 74 45 32 72 91 83 80 70 7 86 83 58 

CA1 (hippocampus) 84 23 13 48 35 30 57 76 53 92 72 24 91 65 53 

CA1 (hippocampus) 81 27 14 54 33 33 59 76 50 91 73 27 91 66 65 

CA2-3 (hippocampus) 86 25 12 42 39 30 63 77 59 93 78 18 93 69 64 

CA2-3 (hippocampus) 85 27 11 37 35 31 58 78 56 94 75 22 94 69 78 

Caudate putamen - lateral 100 50 11 38 42 38 80 44 58 96 77 84 87 71 71 

Caudate putamen - lateral 99 35 14 37 40 40 75 42 60 94 76 88 87 76 74 

Caudate putamen - medial 100 51 15 37 40 36 75 61 51 95 72 72 84 76 58 

Caudate putamen - medial 100 53 18 37 46 40 79 55 52 96 79 65 85 75 58 

Cerebellar cortex - lobe 94 27 14 32 33 28 57 46 51 83 63 4 88 79 51 

Cerebellar cortex - lobe 93 27 15 36 31 28 55 45 52 79 63 6 88 81 56 

Cerebellar cortex - motor 80 34 14 44 34 34 67 74 72 96 75 21 90 69 54 

Cerebellar cortex - motor 78 36 12 47 35 37 67 74 70 96 74 16 89 71 53 

Cerebellar cortex cingulate 81 30 15 55 32 35 63 74 70 96 73 14 91 71 61 

Cerebellar cortex cingulate 76 32 14 56 32 35 65 77 62 96 68 17 88 66 54 

Cerebellar cortex vermis 94 31 14 39 32 30 57 56 50 82 66 9 88 81 53 

Cerebellar cortex vermis 94 26 12 41 35 29 57 46 53 81 72 6 89 84 55 
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Cerebellar nucleus 88 29 16 53 31 32 66 77 52 85 77 32 91 76 63 

Cerebellar nucleus 87 28 25 57 30 33 63 79 55 89 78 33 92 77 60 

Dentate gyrus (Hippocampus) 63 33 16 40 36 32 61 63 46 94 79 17 89 75 53 

Dentate gyrus (Hippocampus) 62 32 12 38 35 35 60 61 43 93 78 15 87 75 52 

Dorsomedial hypothalamus 93 34 16 61 44 29 71 91 80 89 74 29 92 89 68 

Dorsomedial hypothalamus 92 48 20 66 45 30 72 92 78 90 66 26 91 88 68 

Globus pallidus 99 43 16 33 44 33 70 72 54 81 81 62 90 78 50 

Globus pallidus 99 44 16 31 39 33 68 74 48 84 81 66 88 77 56 

Habenular nucleus 60 24 16 24 72 26 60 86 75 96 72 77 93 90 67 

Habenular nucleus 53 25 20 27 70 28 58 86 68 96 77 71 93 88 64 

Inferior colliculus 92 31 14 61 39 34 61 82 55 92 81 21 90 77 61 

Inferior colliculus 90 33 16 66 38 32 59 83 57 93 76 28 91 77 60 

Lateral geniculate body 79 27 15 78 37 31 66 80 48 94 74 9 93 81 55 

Lateral geniculate body 78 30 16 80 34 33 72 79 51 91 83 17 93 81 53 

Lateral hypothalamus 95 27 20 79 44 32 75 90 71 85 69 28 89 87 61 

Lateral hypothalamus 94 28 17 83 47 36 78 88 70 80 75 21 88 88 62 

Lateral septal nucleus 94 31 13 90 42 29 69 88 51 85 69 12 87 86 51 

Lateral septal nucleus 93 27 14 86 41 34 68 84 51 87 75 14 88 81 55 

Mammillary body 89 30 51 63 41 28 71 89 75 93 74 45 87 82 58 

Mammillary body 72 28 18 58 44 31 67 86 69 95 74 57 90 81 57 

Medial geniculate nucleus 75 28 16 61 38 34 64 80 48 91 82 13 92 77 56 

Medial geniculate nucleus 63 27 16 53 38 32 65 78 52 92 83 9 93 77 56 

Medial preoptic area 94 39 27 81 43 33 76 92 82 88 70 7 87 87 59 

Medial preoptic area 92 35 22 81 49 30 81 91 78 87 67 4 87 89 57 

Medial vestibular nucleus 88 26 20 69 39 33 65 84 64 85 77 40 93 80 65 

Medial vestibular nucleus 83 25 17 71 33 36 69 84 63 84 78 42 92 80 61 

Median eminence 87 33 98 49 41 28 63 84 72 67 76 13 90 84 63 

Median eminence 85 36 98 53 47 30 69 84 75 66 80 8 90 85 65 

Mediodorsal thalamic nucleus 41 31 20 51 48 32 62 78 50 97 77 9 92 77 52 

Mediodorsal thalamic nucleus 32 29 18 45 58 33 62 80 48 97 79 14 92 78 54 

Olfactory bulb - anterior 97 25 14 42 37 31 61 65 61 78 72 23 89 74 59 

Olfactory bulb - anterior 97 27 14 35 40 29 59 57 63 79 73 23 89 75 56 
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Olfactory bulb - posterior 98 27 15 44 39 33 62 62 63 77 71 17 90 75 61 

Olfactory bulb - posterior 97 27 18 43 37 33 53 60 59 80 73 23 89 72 58 

Olfactory tubercle 99 54 14 43 35 32 72 66 48 94 78 68 86 69 58 

Olfactory tubercle 99 46 16 37 30 38 72 67 52 93 74 71 89 70 51 

Paraventricular hypothalamus 92 40 23 69 48 34 76 90 83 87 77 13 89 85 66 

Paraventricular hypothalamus 91 37 22 66 44 33 78 90 88 87 81 13 88 87 63 

Periaqueductal gray 92 30 20 68 39 32 70 88 70 88 79 35 91 82 65 

Periaqueductal gray 91 25 17 71 36 34 71 89 77 89 80 39 90 84 63 

Pineal 73 24 54 25 38 27 63 19 48 8 75 15 92 71 76 

Pineal 70 27 59 23 34 25 58 17 46 13 72 19 91 66 73 

Piriform cortex 97 27 13 40 43 33 62 72 62 89 82 13 91 76 60 

Piriform cortex 96 26 12 41 37 33 65 75 60 90 80 13 91 71 54 

Pituitary 82 27 100 27 32 28 55 18 97 71 79 44 90 72 64 

Pituitary 78 27 100 26 32 25 51 19 97 86 73 56 90 70 66 

Pontine nucleus 78 29 9 35 44 37 58 80 70 85 79 48 96 80 63 

Pontine nucleus 75 25 15 39 42 35 63 78 64 83 81 40 94 79 62 

Retina 98 27 99 36 31 26 57 24 52 18 68 29 87 65 70 

Retina 97 20 99 25 31 24 55 27 62 32 65 61 83 59 65 

Retrosplenial cortex 84 36 16 51 33 36 62 75 74 94 74 20 91 67 56 

Retrosplenial cortex 80 39 12 45 32 33 61 74 71 94 81 18 91 63 52 

Spinal cord - anterior 92 26 15 53 37 36 67 84 63 84 79 22 93 73 57 

Spinal cord - anterior 92 31 16 54 38 32 69 83 59 84 71 24 92 77 57 

Spinal cord - posterior 97 37 15 63 43 34 71 83 67 84 77 37 92 78 61 

Spinal cord - posterior 97 36 16 69 35 34 70 85 66 88 75 49 91 79 57 

Subparaventricular zone - dorsal 82 38 44 41 44 25 77 93 62 91 77 9 91 87 59 

Subparaventricular zone - dorsal 82 49 41 43 39 30 77 94 64 91 75 8 91 86 60 

Subparaventricular zone - ventral 95 29 16 55 47 30 74 90 66 91 79 10 91 88 62 

Subparaventricular zone - ventral 94 31 34 59 44 28 76 92 69 91 81 8 91 87 60 

Substantia nigra 84 27 19 59 34 31 81 84 78 83 79 23 90 84 60 

Substantia nigra 75 26 19 52 35 32 78 81 64 75 78 27 90 80 57 

Superior coliculus 82 24 11 59 48 29 68 86 62 92 77 31 91 85 61 

Superior coliculus 63 26 12 59 48 31 64 83 57 92 80 28 93 85 62 
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Suprachiasmatic nucleus 87 31 77 52 32 27 62 88 76 92 65 9 89 87 62 

Suprachiasmatic nucleus 87 30 82 50 35 28 64 88 73 90 68 8 90 87 68 

Supraoptic nucleus 81 45 17 64 38 36 76 70 91 64 72 9 85 84 67 

Supraoptic nucleus 78 49 19 62 38 30 75 75 91 64 76 9 86 85 69 

Tegmental nucleus - dorsal 96 38 20 72 44 30 63 90 70 90 76 51 93 81 62 

Tegmental nucleus - dorsal 95 32 16 69 43 32 68 86 71 88 83 47 94 85 62 

Ventral anterior thalamic nucleus 48 29 17 77 37 34 64 74 51 95 79 11 95 81 57 

Ventral anterior thalamic nucleus 39 29 17 77 35 28 63 76 52 96 78 17 94 80 52 
Ventral posterolateral thalamic 
nucleus 46 27 19 72 32 30 63 77 52 94 79 17 93 78 55 
Ventral posterolateral thalamic 
nucleus 45 31 18 73 35 33 61 75 43 93 82 20 94 77 55 

Ventral subiculum 74 25 11 40 40 34 61 79 59 89 86 18 94 75 59 

Ventral subiculum 62 27 10 38 42 38 60 81 57 86 85 19 94 74 57 

Ventral tegmental area 77 30 20 54 48 29 74 89 76 92 77 33 89 82 63 

Ventral tegmental area 77 25 19 55 44 25 79 88 78 91 74 29 90 83 65 

Ventromedial hypothalamus 89 38 75 65 44 30 83 95 74 91 74 7 87 86 62 

Ventromedial hypothalamus 83 40 82 58 42 37 82 94 71 92 73 6 89 85 57 
 

 

Methods: The authors of the study used cylindrical punch samples, 0.5-mm thick and 0.5 mm in diameter, from 51 distinct CNS regions, and the 
entire procedure was performed twice (each replicate is indicated in the table). To reduce problems from circadian regulation of gene expression, 
the authors collected samples from each region every 4 hours for 24 hours (6 time-point samples for each region) and pooled all timepoints. The 
authors sampled 5–25 mice for each CNS region at each time point (every 4 hours during one day), resulting in samples from 30–150 mice being 
collected for each replicate of a single CNS region. Total RNA was prepared from the pooled samples for each region, cDNA synthesis and cRNA 
labeling reactions were performed as described in the manuscript. Affymetrix high-density oligonucleotide arrays for Mus musculus (GeneChip 
Mouse Genome 430 2.0) were hybridized, stained, and washed according to the manufacturer's protocol. The expression values were deposited 
in the GEO database (accession number GSE16496). The numbers shown in this table represent the rank order of all genes detected in the study 
(>9,000). "100" represents a gene highly expressed in that region (i.e. in the top 1%) while a score of "1" would represent a gene expressed at 
very low levels (i.e. in the bottom 1%).  
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