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Background
Since the time of the ancient Greeks, opi-
oids have been the mainstay of treatment 
for severe pain (1). The clinical utility of 
opioids is severely limited by intolera-
ble and potentially life-threatening side 
effects, such as analgesic tolerance, phys-
ical dependence, and addiction liability. 
Unfortunately, as opioid doses escalate 
over time to maintain pain relief, toler-
ance to other potentially devastating side 
effects, such as respiratory depression, 
constipation, and itching, do not develop 
as rapidly. As a consequence, the safety of 
opioid use decreases markedly, often leav-
ing people suffering from intractable pain.

The analgesic effects of opioids are 
mediated by the mu opioid receptor 
(MOR) (2). For over 30 years, investiga-
tors have been trying to dissociate the 
mechanisms that underlie analgesia from 
those that cause undesirable side effects 
(3). Several theories to explain opioid-
induced side effects, such as tolerance, 
have been proposed. It was initially sug-

gested that tolerance was a consequence 
of MOR desensitization and internaliza-
tion, which in turn should lead to the ter-
mination of opioid signaling (4); howev-
er, the so-called “morphine paradox,” in 
which morphine has been shown to cause 
profound tolerance without MOR inter-
nalization (1), and other data conflict with 
this hypothesis. It has also been proposed 
that sustained MOR signaling could cause 
tolerance (5), but again, there are many 
data that contradict this suggestion (see 
ref. 6 for a review). More recently, opioid 
tolerance and physical dependence were 
shown to be mediated by specific pathways 
(7–10). It has long been known that differ-
ent opioids can induce different profiles 
of side effects (11). As only one MOR-en-
coding gene (Oprm1) has been described, 
it was hypothesized that opioids do not 
bind to the MOR in a uniform fashion (12). 
Conformational changes induced by dif-
ferent agonists were thought to distinctly 
regulate downstream signaling, leading to 
variations in side-effect profiles. Another 

possible explanation for these findings is 
the existence of opioid receptor subtypes 
based on splice variants.

GPCRs, such as the MOR, are known 
to undergo alternative splicing (13). The 
concept that MOR splice variants could 
explain differential binding affinities and 
pharmacological and side-effect profiles 
of opioids in different brain regions was 
initially pioneered by Pasternak and col-
leagues (3, 14). While this idea has been 
slow to gain support in the field, a large 
amount of pharmacological and immu-
nohistochemical data have been gener-
ated by multiple investigators to support 
it (15). The mouse MOR-encoding gene 
(Oprm1) consists of at least 19 exons (Fig-
ure 1A), and no fewer than 34 alternatively 
spliced variants have been described so 
far (16). These variants have characteristic 
regional expression patterns (17) as well 
as different binding affinities and signal-
ing efficacies in response to opioids (18). 
Although the number of exons and introns 
vary among species, splice variants of the 
human MOR have also been identified 
(19). It has been shown that splice vari-
ants with 6 and 7 transmembrane (TM) 
domains initiate different signaling and 
analgesic responses to opioid agonists 
(20, 21). These differences have been 
attributed to N-terminal sequence vari-
ations of these receptors (22). Single TM 
MOR splice variants are thought to mod-
ulate analgesic responses mediated by the 
7TM MORs by minimizing the ER-associ-
ated degradation of the full-length recep-
tor (ref. 23 and Figure 1B).

The MOR C terminus and 
opioid side effects
It has been well established that differenc-
es in GPCR–second messenger coupling 
are in large part due to variations in the 
C-terminal sequence of these receptors, 
which alter the direct physical interac-
tions of the receptor with second messen-
ger systems (24). While it is known that a 
number of MOR variants contain alterna-
tively spliced C termini, the physiological 
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effectiveness of these compounds. The addiction liability of these drugs 
has led to the current epidemic of opioid abuse in the US. Extensive 
research efforts have focused on trying to dissociate the analgesic 
properties of opioids from their undesirable side effects. Splice variants 
of the mu opioid receptor (MOR), which mediates opioid actions, have 
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modulate side effects without altering analgesia. This discovery greatly 
improves our understanding of opioid side effects and suggests intriguing 
therapeutic approaches that could improve both the safety and long-term 
effectiveness of opioids.
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observed that the mE3M and mE4M trun-
cations enhanced morphine tolerance 
and reduced physical dependence, but 
had no effect upon the rewarding proper-
ties of morphine. In contrast, the mE7M 
truncation reduced tolerance and the 
rewarding properties of morphine, but 
had no effect upon physical dependence. 
Other side effects were also affected, with 
mE4M and mE7M mice showing decreas-
es in locomotor activity and mE4M mice 
showing less inhibition of gastrointes-
tinal (GI) transit. All of the C-terminal 
mutants caused a partial reduction in 

The mE3M and mE4M truncations, 
but not the mE7M mutation, reduced 
receptor binding and caused a similar 
reduction in GTPγs activation, suggest-
ing that C-terminal truncations of the 
MOR do not alter opioid-induced G pro-
tein coupling. Interestingly, only the 
complete C-terminal truncation (mE3M) 
altered the acute analgesic effect of opi-
oids, causing a slight increase in the ED50 
of morphine. Xu et al. then went on to 
establish an important role for specific 
C-terminal regions in mediating opioid 
side effects (Table 1). Remarkably, they 

significance of these variants has not been 
explored. In this issue, Xu et al. (25) address 
this important point by generating 3 differ-
ent congenic strains of mice on two genetic 
backgrounds (C57/BL6 and Sv129 mice) 
that are known to have different behavioral 
responses to opioids. Each congenic strain 
had a different truncation in the C-termi-
nal tail of the MOR. The exon 3 (mE3M) 
truncation completely eliminated the 
intracellular C-terminal tail of the MOR, 
while the mE4M and mE7M truncations 
eliminated the expression of variants that 
encoded exon 4 and exon 7, respectively.

Table 1. Summary of the impact of mutations mE3M, mE4M, and mE7M on opioid-induced side effects

mE3M (truncation of all C termini) mE4M (truncation of exon 4–encoding C termini) mE7M (truncation of exon 7–encoding C termini)
Acute analgesia Slight decrease No change No change
Locomotor activity No change Reduced Reduced
Tolerance Enhanced Enhanced Reduced
Physical dependence Reduced Reduced No change
Reward No change No change Reduced
Inhibition of GI transit No change Reduced No change
Catalepsy Reduced Reduced Reduced

Bold text denotes opioid effects that were reduced by mutation, italics represent actions that were enhanced by mutation, and regular text indicates 
actions that were overall unchanged by the indicated mutation.

Figure 1. Mouse MOR (Oprm1) gene schematic structure and alternative splicing. (A) Oprm1 gene structure. Exons are indicated by color-coded boxes. 
Exons 1 (blue), 2 (yellow), and 3 (green) constitute the TM domains of the receptor. The mouse Oprm1 gene contains ten alternatively spliced exons (red 
boxes) downstream of exon 3 that generate different C-terminal tails. In this issue, Xu et al. report on their generation of mouse models (mE3M, mE4M, 
and mE7M) that express alternatively spliced variants with different C termini (25). Arrows indicate the location of the STOP codons that were inserted to 
generate each truncation. Consequences of specific C-terminal truncations on opioid-induced side effects are summarized in Table 1. (B) The three classes 
of MOR splice variants include the classical 7TM form as well as 6TM and 1TM versions. Color-coded structures match the color-coded exons in A. The red 
rectangles represent the alternatively spliced C-terminal tails of the receptor variants.
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a major advance in our understanding of 
the very complex relationship between 
MOR signaling and the physiologic effects 
of opioids.
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