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The efficiency of μ-opioid receptor signalling is tightly regulated and ultimately limited by the coordinated phosphorylation of
intracellular serine and threonine residues. Here, we review and discuss recent progress in the generation and application of
phosphosite-specific μ-opioid receptor antibodies, which have proved to be excellent tools for monitoring the spatial and
temporal dynamics of receptor phosphorylation and dephosphorylation. Agonist-induced phosphorylation of μ-opioid
receptors occurs at a conserved 10 residue sequence 370TREHPSTANT379 in the receptor’s carboxyl-terminal cytoplasmic tail.
Diverse opioids induce receptor phosphorylation at S375, present in the middle of this sequence, but only high-efficacy
opioids have the ability to drive higher order phosphorylation on flanking residues (T370, T376 and T379). S375 is the
initiating residue in a hierarchical phosphorylation cascade. In contrast, agonist-independent heterologous μ-opioid receptor
phosphorylation occurs primarily at T370. The combination of phosphosite-specific antibodies and siRNA knockdown
screening also facilitated the identification of relevant kinases and phosphatases. In fact, morphine induces a selective S375
phosphorylation that is predominantly catalysed by GPCR kinase 5 (GRK5), whereas multisite phosphorylation induced by
high-efficacy opioids specifically requires GRK2/3. By contrast, T370 phosphorylation stimulated by phorbol esters or
heterologous activation of Gq-coupled receptors is mediated by PKCα. Rapid μ-opioid receptor dephosphorylation occurs at or
near the plasma membrane and is catalysed by protein phosphatase 1γ (PP1γ). These findings suggest that there are distinct
phosphorylation motifs for homologous and heterologous regulation of μ-opioid receptor phosphorylation. However, it
remains to be seen to what extent different μ-opioid receptor phosphorylation patterns contribute to the development of
tolerance and dependence in vivo.
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Introduction

The prototypical opioid is morphine, an alkaloid derived from
the opium poppy. In the early 19th century, morphine was
isolated from opium. Today, morphine is still among the most
potent clinically used analgesics. Morphine mediates all of its
therapeutic effects via the μ-opioid receptor (Alexander et al.,
2013). However, its adverse effects such as respiratory depres-
sion, obstipation, tolerance and addiction limit the clinical
use of the drug (Nestler, 1996; Nestler and Aghajanian, 1997;
Koob et al., 1998). Huge efforts in medicinal chemistry have
led to thousands of morphine analogues and structurally
distinct opioids (Corbett et al., 2006). Nevertheless, at present
there are no opioid analgesics without euphoriant and addic-
tive effects available. Heroin was introduced in 1898 as one of
the first morphine derivates with more pronounced addictive
properties than morphine. The long-lasting actions of metha-
done and buprenorphine favoured these drugs for use in
treating chronic pain and management of opioid dependence
(Pergolizzi et al., 2008). Fentanyl is rapidly taken up into body
fat limiting its action which makes this drug advantageous in
the operating room and certain outpatient procedures (Peng
and Sandler, 1999). Etonitazene is one of the most potent
opioids but is not used in clinical practice because it causes a
strong respiratory depression. The drug of choice for various
clinical indications and the safety of various opioids is influ-
enced by significant differences among opioids in potency
and efficacy. Buprenorphine is safer than methadone for man-
agement of opioid addicts because of its lower intrinsic effi-
cacy at μ-opioid receptors that produces less respiratory
depression. All μ-opioid receptor agonists produce adverse
effects that include the development of tolerance after long-
term use (Williams et al., 2001; von Zastrow et al., 2003;
Connor et al., 2004; Waldhoer et al., 2004; Bailey and Connor,
2005; Christie, 2008; Koch and Hollt, 2008; Morgan and
Christie, 2011).

Many mechanisms have evolved for the regulation of
signal transduction. Decreased responsiveness to agonists has
been correlated with desensitization and internalization of
GPCRs (Pitcher et al., 1998). At the level of the receptor, G
proteins are uncoupled from the receptor as a consequence of
receptor phosphorylation, which leads to the termination of
signal transduction. This process is referred to as desensitiza-
tion (Ferguson, 2001). The required intracellular phosphor-
ylation of the receptor can be induced both homologously
(agonist dependent) and heterologously (agonist independ-
ent) (Sibley and Lefkowitz, 1985). For this regulatory mecha-
nism, two major protein families are primarily involved:
GPCR kinases (GRKs) and second-messenger kinases such as
PKA or PKC (Ferguson et al., 1996; Ferguson and Caron, 1998;
Krupnick and Benovic, 1998; Liu and Anand, 2001; Koch and
Hollt, 2008). Desensitization and cellular tolerance can be
induced by both homologous and heterologous phosphoryla-
tion of μ-opioid receptors.

Homologous μ-opioid receptor
phosphorylation

Within the intracellular regions of the μ-opioid receptor,
there are about 20 serine, threonine and tyrosine residues,

which can potentially contribute to receptor desensitization
and endocytosis (Connor et al., 2004; Koch and Hollt, 2008).
In this review, we will focus on the carboxyl-terminal phos-
phorylation sites of the μ-opioid receptor. Opioid neuropep-
tides can increase the basal phosphorylation of μ-opioid
receptors. There are differences in the opioid drug-mediated
phosphorylation of the μ-opioid receptor. An increased phos-
phorylation generally correlates with their ability to induce
internalization (Zhang et al., 1998; McPherson et al., 2010).
Earlier studies have used whole cell phosphorylation assays to
elucidate agonist-induced μ-opioid receptor phosphoryla-
tion. From these studies, it became evident that the μ-opioid
receptor can undergo homologous agonist-driven as well as
heterologous PKC-mediated phosphorylation (Zhang et al.,
1996). Differential phosphorylation and desensitization of
the μ-opioid receptor can be induced by agonists and phorbol
esters (Zhang et al., 1996; El Kouhen et al., 2001; Pfeiffer et al.,
2003; Schulz et al., 2004). Analysis of site-directed mutants
first identified S375 as one major site of agonist-induced
phosphorylation and S363 as a site of basal phosphorylation
(El Kouhen et al., 2001; Schulz et al., 2004). More recent
studies using mass spectrometry revealed T370, T376 and
T379 as additional sites of agonist-driven phosphorylation
(Lau et al., 2011; Mouledous et al., 2012; Chen et al., 2013).
However, neither whole cell phosphorylation assays nor mass
spectrometry allows the examination of the spatial and tem-
poral dynamics of agonist-driven phosphorylation of indi-
vidual phosphate acceptor sites in the carboxyl-terminal
cytoplasmic tail of the μ-opioid receptor.

The recent generation of phosphosite-specific antibodies
confirmed that homologous agonist-induced phosphoryla-
tion of the μ-opioid receptor occurs primarily at a conserved
10 residue sequence 370TREHPSTANT379 within the carboxyl-
terminal cytoplasmic tail of the receptor, namely T370, S375,
T376 and T379 (Figure 1) (El Kouhen et al., 2001; Schulz
et al., 2004; Doll et al., 2011; 2012; Lau et al., 2011; Just et al.,
2013). This multisite phosphorylation is a hierarchical
process with S375 representing the initiating site required for
subsequent phosphorylation at T370, T376 and T379.
High-efficacy agonists like DAMGO induce a robust phos-
phorylation at S375 within 20 s after exposure followed by
phosphorylation at T370, while phosphorylation at T376
and T379 requires more extended periods. Interestingly, a
single point mutation of S375 (S375A) is sufficient to
promote a strong reduction of DAMGO-induced phosphor-
ylation of T370, T376 and T379. A variety of structurally
diverse agonists induce receptor phosphorylation at S375,
but only high-efficacy agonists can cause higher order phos-
phorylation including T370, T376 and T379 in cell lines (Yu
et al., 1997; Zhang et al., 1998; Whistler et al., 1999; Schulz
et al., 2004; Johnson et al., 2006; Doll et al., 2011; 2012;
Lau et al., 2011; Just et al., 2013). Lower efficacy agonists like
morphine only promote S375 phosphorylation in HEK293
cells (Doll et al., 2011).

The combination of phosphosite-specific antibodies and
siRNA knockdown screening has led to the identification of
relevant kinases mediating these markedly drug-selective
phosphorylation patterns (Table 1). The initiating residue
S375 in the hierarchical phosphorylation cascade can be
phosphorylated by GRK2/3 as well as GRK5 isoforms in an
agonist-dependent manner (Schulz et al., 2004; McPherson
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et al., 2010; Doll et al., 2012). However, phosphorylation at
each of the other residues within the 370TREHPSTANT379 phos-
phorylation motif specifically necessitates GRK2/3 isoforms.
Thus, the morphine-induced S375 phosphorylation is pre-
dominantly catalysed by GRK5. Multisite phosphorylation
induced by high-efficacy opioids is catalysed by GRK2/3.

In transfected HEK293 cells and in primary neuronal cul-
tures, DAMGO induces a robust phosphorylation whereas
morphine stimulates μ-opioid receptor phosphorylation only
weakly. Overexpression of GRK2 or GRK3 strongly enhances
phosphorylation and facilitates morphine-induced internali-
zation (Schulz et al., 2004). So far, in in vivo intact mouse
brain, only S375 phosphorylation has been shown to occur
during agonist stimulation (Grecksch et al., 2011). Interest-
ingly, GRK5-deficient mice exhibit reduced levels of
morphine-induced S375 phosphorylation, suggesting that
phosphorylation of this residue in brain tissue is mediated in
part by GRK5 (Doll et al., 2012).

Analysis of point mutations of these residues indicates
that multiple phosphorylations within the 370TREHPSTANT379

sequence are necessary for the internalization-promoting

activity of opioids (Schulz et al., 2004; Doll et al., 2011; 2012;
Just et al., 2013). Mutation of all potential phosphate accep-
tor sites including T370, S375, T376 and T379 is required for
a complete inhibition of agonist-induced μ-opioid receptor
internalization (Just et al., 2013). Opioid drugs that cannot
induce higher order phosphorylation involving these resi-
dues, whether or not they are able to induce phosphorylation
at S375, are inefficient at promoting internalization of
μ-opioid receptor. The same phosphorylation sites also
control the opioid receptor internalization in relevant
neurons (Just et al., 2013).

In addition to the 370TREHPSTANT379 motif, agonist-
dependent phosphorylation of S356 and T357 within the
354TSST357 cluster was identified by mass spectrometry (Chen
et al., 2013). At present, phosphosite-specific antibodies for
pS356 and pT357 are not available for a more detailed
analysis. Nevertheless, phosphorylation of the 354TSST357

cluster is not required for μ-opioid receptor endocytosis
because a TSST-4A mutant μ-opioid receptor was still inter-
nalized to the same extent as the wild-type receptor (Lau
et al., 2011).

Figure 1
Schematic representation of the mouse μ-opioid receptor (mMOR) with putative phosphorylation sites in the C-terminus. Key: yellow: S356/T357
no antibodies available at the moment; blue: S363 constitutive phosphorylation; green: T370 homologous and heterologous phosphorylation site;
orange: S375, T376 and T379 only homologous phosphorylation; grey: no phosphorylation detectable; these sites were targeted for the
generation of phosphosite-specific antibodies (Doll et al., 2011; 2012; Just et al., 2013).

Table 1
Summary of agonist-induced phosphorylation site specific phosphorylation in which kinases are involved

Phosphorylation site Agonist Kinase Cell type

S363 Constitutive PKC HEK293 cells1,2/brain tissue2

PMA (heterologous) PKC CHO cells3

T370 DAMGO (homologous) GRK2/3 HEK293 cells4

PMA (heterologous) PKCα HEK293 cells2

S375 Morphine (homologous) GRK5 HEK293 cells4/brain tissue4

DAMGO (homologous) GRK2/3 HEK293 cells4

T376 DAMGO (homologous) GRK2/3 HEK293 cells5

T379 DAMGO (homologous) GRK2/3 HEK293 cells5

1Doll et al. (2011), 2Illing et al. (2013), 3Feng et al. (2011a), 4Doll et al. (2012), 5Just et al. (2013).
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Heterologous μ-opioid receptor
phosphorylation

There is considerable interest in the involvement of PKC
phosphorylation in the regulation of μ-opioid receptors by
morphine (Kelly et al., 2008). In native locus coeruleus
neurons, activation of PKC leads to an increased desensitiza-
tion of μ-opioid receptor signalling by morphine (Bailey et al.,
2004; 2009). Inhibition of PKC in HEK293 cells reduces the
morphine-induced but not the DAMGO-induced phosphor-
ylation and desensitization of the μ-opioid receptor (Johnson
et al., 2006). However, it is not known whether PKC can
phosphorylate μ-opioid receptors directly or indirectly.

Recent evidence using phosphosite-specific antibodies
suggests that activation of PKC by PMA leads to a selective
and concentration-dependent phosphorylation of T370 in
HEK293 cells (Doll et al., 2011). In addition, Feng et al.
(2011a) showed a PMA-induced phosphorylation of S363
in CHO cells. HEK293 cells express a wide range of PKC
isoforms (Atwood et al., 2011). PMA activates both the
classical (α, β1, β2, γ) and the new PKC isoforms (ε, δ, η, θ)
(Nishizuka, 1992). A limited siRNA knockdown screen
revealed that PKCα is specifically required for PMA-driven
T370 phosphorylation of μ-opioid receptors. The PMA-
induced heterologous T370 phosphorylation is considerably
slower than the DAMGO-induced homologous phosphoryla-
tion of the same residue. Under conditions when chemical
PKC inhibitors blocked PMA-mediated T370 phosphoryla-
tion, DAMGO still facilitated T370 phosphorylation to the
same extent, suggesting that homologous phosphorylation
occurred independently of PKC. Heterologous PKC-driven
phosphorylation also facilitated internalization of the wild-
type μ-opioid receptor but not of the T370A mutant (Illing
et al., 2013).

Interestingly, a similar PKC-dependent T370 phosphor-
ylation also occurs after heterologous activation of Gq

protein-coupled receptors co-expressed with μ-opioid
receptors in the cell. Illing et al. observed a selective and
concentration-dependent phosphorylation of T370 after
stimulation of neurokinin-1 receptors with substance P
(SP). siRNA knockdown revealed that the SP-driven T370
phosphorylation was also mediated by PKCα in HEK293 cells.
SP-induced μ-opioid receptor phosphorylation and internali-
zation were completely blocked in the presence of chemical
PKC inhibitors. In addition, several other studies reported
heterologous-induced phosphorylation of the μ-opioid recep-
tor after activation of other GPCRs (Pfeiffer et al., 2002; Chen
et al., 2004; Mouledous et al., 2012).

Basal μ-opioid receptor
phosphorylation

Earlier studies using whole cell phosphorylation assays and
site-directed mutagenesis suggested that S363 is phosphor-
ylated under basal conditions (El Kouhen et al., 2001). Using
mass spectrometry, Chen et al. (2013) showed that both S363
and T370 are phosphorylated under basal conditions. By
using in vitro phosphorylation assays they also demonstrated
that S363 is phosphorylated by PKC, but in contrast, that

T370 is the substrate of calcium-calmodulin kinase II
(CaMKII). Doll et al. (2011) generated phosphosite-specific
antibodies for S363 and observed that S363 is constitutively
phosphorylated under basal conditions in HEK293 cells.
However, PKC-mediated S363 phosphorylation of the
μ-opioid receptor appears to depend on the cellular environ-
ment. While S363 phosphorylation occurs constitutively in
HEK293 cells (Doll et al., 2011; Feng et al., 2011b), it requires
activation of PKC by phorbol esters in CHO cells (Doll et al.,
2011; Feng et al., 2011b). Nevertheless, more recent evidence
suggests that S363 is also constitutively phosphorylated in
mouse brain in vivo (Illing et al., 2013). S363 phosphorylation
in HEK293 cells can be blocked by prolonged inhibition of
PKC activity. Results obtained from siRNA knockdown studies
suggest that both classical and new PKC isoforms may con-
tribute to constitutive phosphorylation at S363 in HEK293
cells (Illing et al., 2013).

Mechanisms of μ-opioid receptor
dephosphorylation

Although the regulation of agonist-induced phosphorylation
has been studied in detail for many GPCRs, the molecular
mechanisms and functional consequences of receptor
dephosphorylation are far from being understood. Complete
dephosphorylation of the T370 and S375 of the μ-opioid
receptor occurs within 3–5 min after agonist removal (Doll
et al., 2011). In HEK293 cells, the phosphatase activity
required for this rapid dephosphorylation was inhibited in a
concentration-dependent manner only by calyculin A but
not by okadaic acid (Doll et al., 2012). Both calyculin A and
okadaic acid can effectively block protein phosphatase 2
(PP2), PP4 and PP5 activities. In contrast to okadaic acid,
calyculin A is also a potent inhibitor of PP1 activity, suggest-
ing that PP1 activity is required for dephosphorylation of the
μ-opioid receptor. Three distinct catalytic subunits named α,
β and γ are known for PP1. Selective inhibition of PP1α or
PP1β expression had no effect on dephosphorylation. In con-
trast, inhibition of PP1γ expression resulted in a clearly
delayed T370 and S375 dephosphorylation after agonist
removal (Doll et al., 2012). Inhibition of PP2α, PP2β, PP4 or
PP5 expression did not alter the time course of μ-opioid
receptor dephosphorylation. Thus, these findings identify
PP1γ as the bona fide GPCR phosphatase for the 370TREHP-
STANT379 motif in HEK293 cells.

Inhibition of PP1γ expression facilitates detection of
phosphorylated μ-opioid receptors at the plasma membrane
already 5 min after agonist exposure (Doll et al., 2012). This
enhanced ability to detect phosphorylated μ-opioid receptors
at the plasma membrane persists throughout extended treat-
ment periods. These results strongly suggest that dephospho-
rylation of the μ-opioid receptor is initiated directly after
receptor activation at or near the plasma membrane. Consist-
ent with these observations, T370 and S375 dephosphoryla-
tion were not affected by treatment of acutely stimulated cells
with concanavallin A, which largely prevents receptor inter-
nalization (Doll et al., 2011). Nevertheless, PP1γ-mediated
dephosphorylation facilitates μ-opioid receptor recycling
(Doll et al., 2012).
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Outstanding issues and questions

• To what extent does the phosphorylation of the 370TREHP-
STANT379 motif and/or the phosphorylation of the
354TSST357 cluster contribute to β-arrestin recruitment and
desensitization of the μ-opioid receptor?

• What is the biological significance of PKC-mediated phos-
phorylation of the μ-opioid receptor? Does it contribute to
morphine-induced desensitization?

• How is the PP1 complex assembled and recruited to phos-
phorylated μ-opioid receptors?

• How is μ-opioid receptor phosphorylation regulated in dif-
ferent brain regions in vivo?

• To what extent are opioid-mediated behaviours such as
tolerance and dependence determined by distinct μ-opioid
receptor phosphorylation patterns?

Concluding remarks

GPCRs regulate a myriad of physiological processes. Termina-
tion of signalling of activated GPCRs is essential for mainte-
nance of cellular homeostasis. Desensitization of GPCR
signalling causes a reduction in receptor response to repeated
or long-lasting stimuli. Agonist-induced phosphorylation
allows binding of β-arrestin to the receptor that promotes
desensitization of G protein signalling and induces receptor
internalization. The classical paradigm of the GPCR life cycle
dictates that receptors have to internalize into an acidic endo-
somal compartment to become dephosphorylated.

Emerging evidence suggests that distinct opioid analge-
sics induce strikingly different patterns of μ-opioid receptor
phosphorylation that result in different spatial and temporal
dynamics of β-arrestin trafficking, internalization and recy-
cling. In fact, morphine induces a selective S375 phosphor-
ylation that is predominantly catalysed by GRK5, whereas
multisite phosphorylation induced by high-efficacy opioids
is mediated by GRK2/3. Rapid dephosphorylation of the
μ-opioid receptor is initiated at or near the plasma membrane
and specifically requires PP1γ. So far, only agonist-induced
S375 phosphorylation has been shown in mouse brain in vivo.
It remains to be seen to what extent different μ-opioid recep-
tor phosphorylation patterns contribute to the development
of opioid tolerance and dependence.
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