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Phosphorylation: A molecular switch in opioid tolerance
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Abstract

Protein phosphorylation is a key posttranslational modification mechanism controlling the conformation and activity of many proteins.
Increasing evidence has implicated an essential role of phosphorylation by several major protein kinases in promoting and maintaining opioid
tolerance. We review some of the most recent studies on protein kinase C (PKC), cyclic AMP dependent protein kinase A (PKA), calcium/
calmodulin-dependent protein kinase II (CaMKII), protein kinase G (PKG), and G protein receptor kinase (GRK). These kinases act as the
molecular switches to modulate opioid tolerance. Pharmacological interventions at one or more of the protein kinases and phosphatases may
provide valuable strategies to improve opioid analgesia by attenuating tolerance to these drugs.
© 2006 Elsevier Inc. All rights reserved.
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Introduction

Opioid analgesics are highly efficacious for acute pain;
however, chronic treatment with opioids presents variable
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results. Drug tolerance invariably develops in almost all
chronic pain patients who receive opioids. The development
of drug tolerance will necessitate higher doses of the same drug
or use of a more efficacious opioid drug, which leads to
exacerbated adverse effects including respiratory depression,
cognitive changes, and increased vulnerability to drug
dependence. In some cases, even the highest tolerable dose
of an opioid drug cannot achieve the desirable analgesic effect
in patients. The mechanism underlying opioid tolerance,
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Table 1
Summary of tolerance models and protein kinase inhibitors used in the cited studies

Publication Animal Method to induce tolerance Kinase inhibitor Key findings

Aley and Levine, 1997a,b Rats Peripheral tolerance to DAMGO H-7 chelerythrine No effect
Bernstein and Welch, 1998a,b Mice Chronic (1 Mor plt×3 d+additional

MS injections)
– ↓ PKA-mediated μOR

phosphorylation
Fan et al. (1999) Rats Chronic (MS 10 mg/kg q12h×9 d) KN-62, KN93, antisense

to CaMKII
↓ Tolerance

Granados-Soto et al. (2000) Rats Chronic (MS 20 nmol/h
i.t. infusion×5 d)

Chelerythrine ↓ Tolerance
GF109203X ↓ Tolerance

Hua et al. (2002) Rats Chronic (MS 40 nmol/h
i.t. infusion×5 d)

PKCα antisense ↓ Tolerance

Inoue and Ueda (2000) Mice Acute peripheral tolerance(MS 3 nmol,
ipl, 4 h)

Calphostin C ↓ Tolerance
Go-6976 ↓ Tolerance
KT-5720 No effect

Li and Roerig (1999) Mice Chronic (1 Mor plt×4 d) – ↑ PKC activity
↓ Cytosolic PKCα, β, γ

Lou et al. (1999) Rats Chronic (MS 10 mg/kg q12h×9 d) – ↓ CaMKII activity and CaMKIIα
expression in hippocampus

Mao et al. (1995) Rats Chronic (MS 10 μg/d×8 d) – ↑ PKCγ i.r.
Mayer et al. (1995) Rats Chronic (MS i.t. 10 μg/d×7 d) GM1 ganglioside ↓ Tolerance
Narita et al. (1994a) Rats Chronic (MS i.c.v. infusion×3 d) – ↑ Cytosolic PKC activity
Narita et al. (1994b) Rats Chronic (MS i.c.v. infusion×3 d) H-7 ↓ Tolerance

Mice Acute (DAMGO 10 ng, i.t.×3 h) Calphostin C ↓ Tolerance
KT-5720 No effect

Shen et al. (2000) Mice Chronic (MS 1×25 mg/pellet+s.c.
infusion, 3 d)

Antisense deoxy-oligonucleotides
specific for alpha catalytic subunit
of mouse PKA

↓ Tolerance

Chronic (etorphine s.c. infusuin,
125 μg/kg/d×2 d)

↓ Tolerance

Chronic (etorphine s.c. Infusuin,
250 μg/kg/d×2 d)

Partially ↓ tolerance

Smith et al. (2002) Mice Chronic (1 Mor plt×3 d) Go-7874 sangivamycin ↓ Tolerance
↓ Tolerance

Smith et al. (2003) Mice Chronic (“45-fold morphine
tolerance”=1 Mor plt×3 d+additional
MS injections)

Gö6850, Go-7874 KT-5720,
4-cyano-3-methylisoquinoline
Combination

Partially ↓ tolerance
Partially ↓ tolerance
Partially ↓ tolerance
Fully ↓ tolerance

Tang et al., 2006a,b Mice Chronic (1 Mor plt×6 d) KN-93 ↓ Tolerance
Acute (MS 100 mg/kg×4–6 h) ↓ Tolerance

↑ CaMKII expression and activity
Wang et al., 1994; Bilsky et al.,
1996

Mice Acute (MS, 100 mg/kg, 4–6 h) H-7 ↓ Tolerance
H-8 No effect

Gene-deletion studies Gene deleted
Yukhananov and Kissin (2003) PKCγ−/−mice Chronic (1 Mor plt×6 d) PKCγ No effect
Zeitz et al. (2001) PKCγ−/−mice Chronic (1 Mor plt×4 d) PKCγ ↓ Tolerance

MS: morphine sulfate; Mor plt: morphine pellet containing 75 mg morphine base/pellet, implanted s.c.; ipl: intraplantarly; i.r.: immunoreactivity; i.t.: intrathecally.
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especially to analgesia, has been the subject of numerous
studies. Phosphorylation of the G protein coupled receptors
(GPCRs) by various kinases has been linked to receptor
uncoupling and internalization, which affects cellular desensi-
tization and resensitization (Lefkowitz, 1998; Gainetdinov et
al., 2004). What was initially proposed as a desensitization
mechanism for the adrenergic receptors has been found to also
work for many other GPCRs as well (Lefkowitz et al., 1990;
Gainetdinov et al., 2004). The initial evidence that receptor
phosphorylation could affect cellular and antinociceptive
tolerance to opioids came from studies applying non-selective
protein kinase inhibitors (Wang et al., 1994). Subsequent
studies, employing more selective chemical inhibitors or gene-
specific down-regulation or deletion methods, have firmly
implicated several major serine/threonine kinases and phos-
phatases in promoting and/or maintaining opioid tolerance.
This short review will summarize some key findings in the past
decade or so.

Protein kinase C (PKC)

PKC is a family of serine/threonine protein kinases with 11
isoforms (Nishizuka, 1995). Based on primary structure and
activation co-factors, these kinases can be divided into three
groups. The conventional PKC (cPKC) group includes PKCα,
βI, βII, and γ, which are activated by calcium and diacylgly-
cerol. In contrast, the novel PKCs (nPKC) including δ, ε, η, θ,
and μ isoforms do not appear to require calcium for their
activation. The two least characterized isoforms, ζ and ı (λ for
the murine ortholog), belong to the class of atypical PKC
(aPKC) and are activated by yet to be defined mechanisms.
Activation of PKC results in the translocation of the kinase from
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the cytosol to the plasma membrane, which has been used as an
indicator for the activation of PKC (Nishizuka, 1995). Indeed,
membrane-bound PKC, as revealed by the [3H]PDBu autora-
diography, is increased in opioid-tolerant animals (Mayer et al.,
1995)1. Activation of PKC by chronic administration of opioids
has been reported by other studies using enzymatic assays
(Narita et al., 1994a; Li and Roerig, 1999; Granados-Soto et al.,
2000) or by monitoring PKC translocation (Kramer and Simon,
1999b). The essential role of PKC in opioid tolerance can be
directly demonstrated by utilizing PKC inhibitors to reverse
and/or prevent opioid tolerance in various animal models
(Narita et al., 1994b, 1995; Wang et al., 1994; Bilsky et al.,
1996; Granados-Soto et al., 2000; Smith et al., 2002). The
involvement of PKC in antinociceptive tolerance developed to
peripherally administered opioids has also been studied.
Morphine (3 nmol intraplantarly) induces acute (within 4 h)
tolerance to peripheral analgesia in the bradykinin-nociception
test in mice (Inoue and Ueda, 2000). The effect is blocked by
the PKC inhibitors calphostin C and Go-6976. In the same
setting, peripherally administered [D-Ala2,NMePhe4,Gly(ol)5]
enkephalin (DAMGO) does not produce tolerance (Ueda et al.,
2001). The lack of DAMGO peripheral tolerance correlates with
its high potency in internalizing the mu opioid receptor, whereas
morphine does not cause receptor internalization in these cells
(Ueda et al., 2001). This differences on the receptor
internalization exhibited by different opioids have been
previously reported in other cells (e.g., Arden et al., 1995;
Keith et al., 1998). Interestingly, significant DAMGO-induced
acute tolerance was observed when DAMGO internalization
mechanisms were impaired (by the antisense or dominant
negative inhibition of dynamin) (Ueda et al., 2001). These data
are in agreement with the concept that receptor internalization is
a mechanism for receptor resensitization through dephosphor-
ylation (Krueger et al., 1997; Zhang et al., 1998; Grecksch et al.,
2006). Arguing against this internalization/resensitization
hypothesis, DAMGO has been reported in other studies to
induce tolerance when administered centrally (Vanderah et al.,
2000) or peripherally (Aley and Levine, 1997a,b). In the studies
by Aley and Levine, PKC was found not to be important in
DAMGO-induced acute tolerance to its peripheral antinocicep-
tive effect against prostaglandin E2-induced mechanical
hyperalgesia in rats peripherally (Aley and Levine, 1997a,b).
It should also be noted that morphine was recently found to be
capable of inducing receptor internalization in certain cells
(Haberstock-Debic et al., 2003, 2005).

The exact PKC isoform(s) promoting opioid tolerance is less
clear. PKCγ immunoreactivity is increased in the spinal cord
dorsal horn of morphine-tolerant rats (Mao et al., 1995;
Granados-Soto et al., 2000; Narita et al., 2001). In mice lacking
PKCγ, morphine produces significantly reduced antinocicep-
tive tolerance and neuropathic pain (Malmberg et al., 1997;
Narita et al., 2001; Zeitz et al., 2001). Desensitization to
DAMGO-stimulated [35S]GTPγS binding after repeated
1 Refer to Table 1 for more detailed information on the method of inducing
opioid tolerance and, if applicable, specific protein kinase inhibitors used in
each study.
DAMGO administration is also absent in mice lacking PKCγ
(Narita et al., 2001). However, PKCγ-deletion mice still
produce some degree of antinociceptive tolerance to opioids
(Zeitz et al., 2001). In fact, Yukhananov and Kissin reported that
wildtype and knockout mice developed tolerance to the same
extent (Yukhananov and Kissin, 2003). The discrepancy may be
caused by the differences in genetic background of experimen-
tal animals (Yukhananov and Kissin, 2003). Yukhananov and
Kissin used PKC-deletion mice with 129 PF2/J×C57Bl6 (B6;
129P-Pkcctm1Stl, Jackson Laboratory) genetic background,
whereas the mice in Zeitz et al's study were on 129/
OLA×C57BL6 background. In either study, it is not certain if
control (wildtype) mice and the gene-deletion mice share the
same background, based on the limited information provided by
the vendor. In general, the best approach for this type of studies
is to use littermates from heterozygous breeders. Additional
debate on the role PKCγ in opioid tolerance comes from its
distinctive expression patterns. Since PKCγ is not expressed in
peripheral tissues, PKCγ is unlikely to be a mechanism for
tolerance developed to the peripheral antinociception action of
opioid drugs (e.g., Aley and Levine, 1997b). In spinal cord
dorsal horn, only a small fraction (∼5%) of neurons co-express
PKCγ and the μ-opioid receptor (Polgar et al., 1999). It is also
of importance to note that PKCγ is not present in primary
afferent neurons (Malmberg et al., 1997), indicating that opioid
receptors cannot directly signal to PKCγ in these sensory
neurons.

PKCα is another isoform that has been found to be up-
regulated in opioid tolerance (Granados-Soto et al., 2000) and in
cells that have been treated with DAMGO (Kramer and Simon,
1999a). Antisense oligonucleotides targeting spinal PKCα are
able to prevent morphine tolerance in rats (Hua et al., 2002).
There are also data indicating that PKCβ can be regulated by
opioids, although its role is less clear (Ventayol et al., 1997; Li
and Roerig, 1999). Up-regulation of PKCα and PKCβ has also
been observed in myenteric plexus neurons obtained from the
guinea pigs that have been treated with morphine (5×75 mg
morphine/pellet for 6 d) (Wang et al., 1996a). Tolerance
following chronic opioid administration is prevented by
infusing PKC inhibitors i.c.v. or spinally at the time opioids
are administered (Narita et al., 1994a; Granados-Soto et al.,
2000).

In summary, a number of studies from several different
laboratories have independently identified a critical role for
PKC in opioid tolerance. It is still a puzzle how persistent PKC
activation is achieved in opioid tolerance as one would expect
desensitization of the kinase after prolonged activation. One
plausible mechanism may be through the interaction of PKC
with the N-methyl-D-aspartate (NMDA) receptors. The NMDA
receptors, members of ligand-gated ion channels, respond to the
excitatory amino acid glutamate. Glutamate is the major
excitatory neurotransmitter and mediates synaptic transmission
that is critical for the normal functioning of the nervous system.
For example, the NMDA receptors are essential for the
generation of long-term potentiation and spatial learning and
memory (Nakazawa et al., 2004). Abnormality of the NMDA
receptors has been postulated to be associated with a number of



Fig. 1. Proposed actions of protein kinases in opioid tolerance. This is a simplified scheme showing the activation of PKA, PKC, and CaMKII in opioid tolerance.
Adenylyl cyclase “supersensitization” and persistent activation of PKA have been well documented in opioid tolerance. Increased intracellular Ca2+ levels and
activities of PKC and CaMKII have been reported; however, the mechanisms leading to and maintaining the persistent activation of PKC and CaMKII are not entirely
clear. One potential mechanism by which PKC and CaMKII can sustain their prolonged activation is by activating the NMDA receptors via phosphorylation. PKC and
CaMKII (as well as PKA) can phosphorylate the NMDA receptors (Leonard and Hell, 1997). Activation of the NMDA receptors causes influx of Ca2+, which, in turn,
may activate PKC and CaMKII. This interaction between the NMDA receptors and PKC and/or CaMKII in opioid tolerance is only a proposed mechanism, which has
not been tested. For downstream signal transduction, these protein kinases phosphorylate numerous effectors including several transcription factors. CREB is shown as
an example to illustrate how these kinases can phosphorylate phosphoproteins and regulate cellular events including proliferation, differentiation, and apoptosis. This
overly simplified scheme does not suggest that all these mechanisms work at the same time in all cells, but rather intend to generalize a network of intracellular protein
kinase signaling pathways that could potentially impact opioid tolerance.
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pathophysiologic states, including Alzheimer's disease, Parkin-
son's disease, Huntington's disease, and amyotrophic lateral
Sclerosis (Lipton, 2004). Phosphorylation of the NMDA
receptors is a key means to regulate the function of the ion
channels, which are the most permeable to Ca2+. Phosphory-
lation of NMDA receptors by PKC has been shown to enhance
NMDA receptor function (Kelso et al., 1992; Xiong et al.,
1998). Therefore, activated PKC as a result of opioid activation
can potentially increase the activity of the NMDA receptors.
The activated NMDA receptors are permeable to Ca2+, which,
in turn, can activate more PKC. As a result, a positive
feedforward loop between PKC and the NMDA receptors
may exist in opioid tolerance (Fig. 1), although such a
mechanism has yet to be tested. The NMDA receptor
antagonists are highly effective in blocking opioid tolerance
(Trujillo and Akil, 1991; Trujillo, 2000).

Ca2+/calmodulin-dependent protein kinase II (CaMKII)

CaMKII is a multifunctional, Ca2+/calumodulin (CaM)
activated kinase, whose α and β isoforms are richly expressed
in the central nervous system. Both CaMKIIα and the NMDA
receptor are essential for long-term potentiation in hippocampal
neurons, and learning and memory (e.g., Mayford et al., 1996).
It has been proposed that hippocampal CaMKII may act through
learning and memory to affect opioid tolerance. Chronic
hippocampal, but not striatal, application of CaMKII inhibitors
was able to prevent opioid tolerance. In contrast, acute
inhibition of hippocampal CaMKII failed to modulate morphine
tolerance, suggesting the importance of learning/memory
pathways (Fan et al., 1999; Lou et al., 1999). Recent studies
indicate that CaMKII may also affect opioid tolerance
independently of learning and memory (Tang et al., 2006b).
Intrathecally or i.c.v. applied CaMKII inhibitors are able to
acutely reverse already-established opioid tolerance (Wang et
al., 2003; Tang et al., 2006a,b). Biochemical evidence supports
the possibility of a direct interaction between CaMKII and the
opioid receptors. The cloned human mu opioid receptor (μOR)
contains consensus sites for phosphorylation by CaMKII
(Mestek et al., 1995). Desensitization of the μOR is enhanced
when a constitutively active form of CaMKII is over-expressed
(Mestek et al., 1995; Koch et al., 1997), and absent when the
receptor is replaced with a mutant (μOR S261A/S266A) lacking
the consensus CaMKII site (Koch et al., 1997). Moreover,
CaMKII and μOR are well co-localized in dorsal root ganglion
and spinal neurons (Bruggemann et al., 2000). On the other
hand, intracellular Ca2+, CaM, and CaMKII can all be regulated
by opioids. Cytosolic free Ca2+ is increased after the treatment
with opioids (Fields and Sarne, 1997; Smart et al., 1997;
Spencer et al., 1997; Quillan et al., 2002). Similarly, chronic
treatments with opioids have been found to increase CaM
activity (Nehmad et al., 1982) and mRNA levels (Niu et al.,
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2000). Indeed, expression and activation of CaMKIIα are both
increased in opioid tolerance (Lou et al., 1999; Wang et al.,
2003; Liang et al., 2004; Tang et al., 2006b). The increased
CaMKII activity is most likely due to increased Ca2+ levels and
CaM activity upon the activation of opioid receptors. However,
there may be alternative mechanisms. For example, it has been
shown that μOR contains a CaM binding site. CaM can be
released from its association with μOR upon the receptor
activation (Wang et al., 1999; Sadee et al., 2005). The increase
in free CaM may contribute to the activation of CaMKII.

Similar to PKC, the mechanisms sustaining the persistent
activation of CaMKII has not been studied. One could also
hypothesize a positive feedback loop between CaMKII and the
NMDA receptors, which can account for the persistent
activation of CaMKII (Fig. 1). In this pathway, activated
CaMKII can phosphorylate and activate the NMDA receptors,
leading to the influx of Ca2+ through the channels (Fukunaga et
al., 1992; Kitamura et al., 1993). Increased cytosolic Ca2+ ions
bind and change the conformation of CaM. Ca2+-bound,
activated CaM makes it possible for the autophosphorylation
of CaMKII at position Thr286 and subsequent activation of the
kinase (Strack and Colbran, 1998).

Besides the NMDA receptor, CaMKII affects a number of
other downstream effectors including several transcription
factors such as cAMP response element-binding protein
(CREB) (Sheng et al., 1991), activating transcript factor 1
(ATF-1) (Shimomura et al., 1996), serum response factor (Misra
et al., 1994), and CAAT-enhancer-binding protein β (C/EBP β)
(Wegner et al., 1992). While most of these transcription factors
have been reported to be regulated by opioids, phosphorylation
and activation of CREB have been extensively studied and
found to be important for opioid tolerance and dependence
(Blendy and Maldonado, 1998; Nestler, 2001).

Protein kinase A (PKA)

The cAMP-dependent protein kinase or protein kinase A
(PKA) is another major protein kinase that can be modulated by
opioid drugs. In turn, PKA modulates a number of downstream
effectors (Nestler, 2001, 2004). Inhibition of adenylyl cyclase is
a key signaling pathway after the acute activation of opioid
receptors by agonists. However, prolonged treatment with
opioids produces an up-regulation of cAMP levels and
increased PKA activity (Sharma et al., 1975; Wang et al.,
1994). This phenomenon called “cAMP up-regulation” or
“adenylyl cyclase superactivation” has long been considered as
a cellular correlate for opioid tolerance (Sharma et al., 1975;
Wang et al., 1994) and may involve a number of cellular
changes (Avidor-Reiss et al., 1996; Rubenzik et al., 2001; Varga
et al., 2003). The effects of the cAMP second messenger and
PKA are mediated by a number of downstream effectors
including the transcription factor CREB (cAMP response
element-binding protein) (Montminy and Bilezikjian, 1987).
CREB produces its effects via the regulation of other genes.
This is initiated by the phosphorylation of CREB on a single
serine residue, Ser133, by PKA. Upon phosphorylation, CREB
dimers bind to specific “cAMP response element” (CRE) sites
that are found on target genes. Since CRE is part of a
transcriptional complex, binding of CREB initiates gene
transcription. Opioid-mediated up-regulation of the cAMP
pathway and activation of CREB have been demonstrated to
occur in the locus coeruleus, an area important for physical
dependence (Lane-Ladd et al., 1997). Similar activation of
CREB has also been shown in the mesolimbic area including
nucleus accumbens, ventral tegmental area, amygdala, and
other regions (Nestler, 2004).

Targeting PKA by its inhibitors has produced mixed results
on opioid tolerance in vivo. A number of studies fail to identify
any effect of PKA inhibition on opioid tolerance (Narita et al.,
1995; Bilsky et al., 1996; Inoue and Ueda, 2000) or cellular
desensitization (Chakrabarti et al., 1998). PKA-mediated
phosphorylation of μOR is found to be decreased after chronic
morphine administration (Bernstein and Welch, 1998a; Chak-
rabarti et al., 1998). Others have reported that PKA inhibitors
can partially (Smith et al., 2003) or completely (Bernstein and
Welch, 1997) block antinociceptive tolerance to opioids. As
early as in the mid-1970s, Way and colleagues reported that a
single pretreatment with cAMP (i.v.), which is a PKA activator,
was able to significantly enhance opioid tolerance and
dependence (Ho et al., 1975). In addition, concurrent
intrathecal and i.c.v. injections of antisense deoxyoligonucleo-
tides specific for alpha catalytic subunit of mouse PKA prevent
morphine or the low dose of etorphine (125 μg/kg/day for 2
days)-induced opioid tolerance (Shen et al., 2000). These
discrepancies may be caused by different experimental models
and inhibitory agents used, which is elegantly illustrated in the
study by Smith et al. Depending on the level of opioid
antinociceptive tolerance, PKC and PKA inhibitors exhibit full
or partial effects (Smith et al., 2003). Both PKA and PKC
inhibitors are required to reverse the “high level” of morphine
tolerance (Smith et al., 2003). Similarly, Shen et al. find that
antisense deoxyoligonucleotides targeting PKA only partially
prevents the high dose of etorphine (250 μg/kg/day for 2 days)-
induced opioid tolerance (Shen et al., 2000) Another study
identifies PKA, but not PKC, as the mediator for maintaining
cellular tolerance to DAMGO in morphine-treated neurosecre-
tory cells isolated from the ovariectomized female guinea pigs
(Wagner et al., 1998).

Cyclic GMP-dependent kinase (PKG)

PKG is a serine/threonine kinase that is widely expressed in
the nervous systems and other tissues (Wang and Robinson,
1997). Although cGMP is an important second messenger in the
CNS, little is known about its action in opioid tolerance. In one
published study, the PKG inhibitor KT-5823 is found to prevent
morphine tolerance if given intrathecally, but not intracerebro-
ventricularly (Bernstein and Welch, 1997). More indirect
evidence comes from the studies examining the major activation
pathway of PKG by nitric oxide (NO), activation of NO-
sensitive guanylyl cyclase, and increased intracellular cGMP
levels (NO/cGMP/PKG pathway). The pathway is up-regulated
at multiple points by opioids (Liang and Clark, 2004). Chronic
treatment with opioids increases cGMP levels in the spinal cord
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and several brain regions (Minneman and Iversen, 1976;
Racagni et al., 1976; Burton et al., 1990; Bhargava and Cao,
1997). Chronic morphine also increases nitric oxide synthase
(NOS) mRNA level and NOS-positive cells in the rat spinal
cord (Machelska et al., 1997). Inhibitors of NOS have been
shown to attenuate the development of antinociceptive tolerance
to opioids (Bhargava, 1994; Majeed et al., 1994; Rauhala et al.,
1994; Highfield and Grant, 1998). Moreover, neuronal NOS
(nNOS) appears to be the isoform important for morphine
tolerance (Heinzen et al., 2005; Santamarta et al., 2005).
Morphine induces significantly less tolerance in nNOS-
deficient mice, when compared with endothelial NOS
(eNOS)-deficient mice or wildtype control mice (Heinzen and
Pollack, 2004).

G protein receptor kinases (GRK)

The G protein receptor kinase (GRK) is a family of kinases
that specifically phosphorylate the activated G protein coupled
receptors (Pitcher et al., 1998). Cellular desensitization of the
delta opioid receptor involves phosphorylation of the receptor
by one or more G protein coupled receptor kinases (Pei et al.,
1995). In μOR-transfected HEK293 cells, morphine activates,
but does not internalize the receptor. Interestingly, over-
expressing GRK2 in μOR-transfected HEK293 cells renders
μOR capable of being internalized by morphine (Zhang et al.,
1998). At the same time, morphine-mediated inhibition of
adenylyl cyclase activity was attenuated in HEK293 cells
transfected with μOR and GRK2. Indeed, opioid treatment
leads to the up-regulation of various GRKs and β-arrestin 2 in
vivo (Chakrabarti et al., 2001; Hurle, 2001). Cellular studies
have shown that GRK phosphorylation of the receptor and
subsequent β-arrestin binding are essential steps in the
desensitization of many GPCRs (Lefkowitz, 1998). GRK
phosphorylation increases the affinity of GPCRs to β-arrestin
which is required in forming clathrin-coated pits and vesicles
during receptor internalization. Perhaps due to a lack of suitable
chemical inhibitors, to our knowledge, the effect of GRK
inhibition on opioid tolerance has not been reported. It has been
Table 2
Relative selectivity of protein kinase inhibitors at several major protein kinases

Kinase inhibitor CaMKII MLCK PKA

Bisindolylmaleimide I
(Gö6850 or GF109203X)

– – 2.0

Calphostin C – >5.0 >50
Chelerythrine >100 170
4-cyano-3-methylisoquinoline Weak 0.03
Go-6976 – 5.8 >100
Go-7874 – 0.12 0.51
H-7 – 97 3.0

H-8 – 68 1.2
KN-62 0.9 >100 >100
KN-93 0.37 – –
KT-5720 – >2 0.056
KT-5823 – 0.018 1.2
Sangivamycin – – –

Reported IC50 or Ki values (in μM) are listed. “–”: not done. Full chemical names
shown that β-arrestin 2-deletion mice do not develop tolerance
to morphine (Bohn et al., 2000).

Protein phosphatases (PP)

If phosphorylation by protein kinases is a key in initiating
opioid tolerance, the “off-switch” is provided by actions of
protein phosphatases. However, this role of protein phospha-
tases has not been fully studied in opioid tolerance. In fact, the
opposite effect has been reported thus far. One study finds that
okadaic acid, an inhibitor of protein phosphatase PP1 and
PP2A, enhances the morphine-antinociceptive effect in opioid
tolerant mice, suggesting that phosphatase types 1 and/or 2A
may actually contribute to the development of morphine
tolerance. Inhibition of calcineurin (pp2B) does not produce
the same effect in the study (Bernstein and Welch, 1998b).
Since different protein kinases and phosphatases may have
different substrate specificities, these data do not necessarily
contradict with those from protein kinase studies. Additional
evidence comes from the studies with immunosuppressants
such as FK506 (tacrolimus) and cyclosporine A. These
immunophilin ligands inhibit calcineurin, a Ca2+/calmodulin-
dependent phosphatase (Mehr et al., 2003). Both cyclosporine
A and FK506 have been reported to block the development and
expression of opioid tolerance (Homayoun et al., 2003; Mehr et
al., 2003). However, these agents also reduce NO production by
inhibiting dephosphorylation of nNOS. Therefore, a major part
of their effects may be due to the inhibition of NO/cGMP/PKG
or other pathways. A more direct approach by activating
phosphatases has not been experimentally tested so far.

Phosphorylation targets

Given increased activity of so many protein kinases by
opioids, one probing question is, “what proteins are the
phosphorylation targets by these kinases?” Obviously, a large
number of receptors, ion channels, intracellular signaling
molecules and transcription factors (e.g., CREB, ATF-1, C/
EBPβ, NFκB) can serve as substrates (targets) for these protein
PKC PKG Key references

0.01 – (Toullec et al., 1991; Davis et al., 1992a)

0.05 >25 (Kobayashi et al., 1989; Tamaoki et al., 1990)
0.66 (Herbert et al., 1990; Herbert et al., 1993)
Weak – (Lu et al. (1996))
0.008 6.2 (Martiny-Baron et al. (1993))
0.004 4.8 (Davis et al., 1989; Davis et al., 1992b)
6.0 5.8 (Hidaka et al., 1984; Kawamoto and Hidaka, 1984;

Schachtele et al., 1988)
15 0.87 (Hidaka et al. (1984))
>100 – (Hidaka et al., 1990; Tokumitsu et al., 1990)
– – (Sumi et al. (1991))
>2 >2 (Kase et al. (1987))
0.723 0.158 (Kase et al. (1987))
10 – (Loomis and Bell (1988))

of these inhibitors are listed under Abbreviations.
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kinases. Several recent publications have reviewed some of
these substrates (e.g., Wang and Robinson, 1997; Dempsey et
al., 2000; Nestler, 2004; Olive and Messing, 2004; Svennings-
son et al., 2004; Yamauchi, 2005). These protein kinases can
also phosphorylate themselves or each other to regulate the
kinase activity. At the receptor level, the NMDA receptor is a
potential phosphorylation target for PKC, CaMKII, PKA, and
other protein kinases. The opioid receptor may be another
substrate. μOR, the primary receptor mediating opioid analgesia
(Sora et al., 1997), is phosphorylated in an agonist- (Wang et al.,
1996b; Zhang et al., 1996) and calcium-dependent manner
(Wang et al., 1996b). Cellular studies using the site-directed
mutagenesis method clearly indicate that μOR phosphorylation
at several sites is enhanced by opioids and is required for
cellular desensitization (Pak et al., 1997; Burd et al., 1998; Wolf
et al., 1999; Deng et al., 2000; Koch et al., 2000; Celver et al.,
2001; El Kouhen et al., 2001; Wang et al., 2002). The μOR
receptor phosphorylation has even been proposed to predict the
state of receptor activity (Wang et al., 1994; Chavkin et al.,
2001; Liu et al., 2001; Freye and Levy, 2005; Heinzen et al.,
2005). Similarly, phosphorylation of the delta and kappa opioid
receptors is increased after the treatment with opioid agonists
(Trapaidze et al., 2000; Xiang et al., 2001; Heinzen et al., 2005;
Navratilova et al., 2005).

Concluding remarks

Increasing evidence has implicated the importance of
protein phosphorylation in opioid tolerance. However, we
should keep in mind that many chemical protein kinase
inhibitors used in these studies can inhibit more than one
kinase or other pathways. (Table 2). In addition, most protein
kinases exist in multiple isoforms; further studies are needed
to identify exact isoforms that are critical in opioid tolerance.
More efforts are needed to identify the exact cellular targets (at
receptors/ion channel levels or intracellular effectors) that
these protein kinase act on in opioid tolerance. It is possible
that different kinases/mechanisms are involved in various
tolerance models (e.g., acute vs chronic tolerance, cellular vs
rodent models). Different opioid agonists may have differen-
tial effects on protein kinases in leading to tolerance. For
example, different opioids have been shown to possess
different efficacy in perpetuating receptor-mediated internali-
zation (e.g., Arden et al., 1995; Keith et al., 1998; Haberstock-
Debic et al., 2003; Haberstock-Debic et al., 2005), a process
that is intimately linked to the action of one or more kinases.
Therefore, results from such studies will need to be interpreted
in the context of the specific model system and opioid drug.
Some of the best cellular mechanisms are obtained from CHO
or HEK cells transfected with cloned opioid receptors. Caution
should be exercised when extrapolating the findings beyond
the cellular system, as these cell lines do not always develop
cellular tolerance to opioids (Piros et al., 1996; Wang and
Sadee, 2000).

Once a kinase isoform is identified, the hurdle of achieving
isoform-specific inhibition still exists. Presently, peptide-,
antibody-, and gene-based inhibitors offer the most selective
inhibition of a kinase. However, other than antisense deox-
yoligonucleotides, few studies have applied these more
selective tools. Further work is also needed to deliver
peptide-, antibody-, and gene-based inhibitors in vivo, so that
one day we may translate these findings into clinically useful
treatments for opioid tolerance (Lu et al., 2006). Mouse gene-
deletion (“knockout”) studies have provided much needed
selectivity in studying protein kinases, although such a method
has its own drawbacks. Interpretation of results can be
compromised by unmatched genetic backgrounds in mice
with different genotypes or adaptive changes associated with
gene manipulation (Banbury Conference on Genetic Back-
ground in Mice, 1997; Simpson et al., 1997). In particular, many
knockout models are produced on 129 mouse strain; however,
antinociceptive tolerance to opioids cannot be established in
129SvEv mice (Kolesnikov et al., 1998). Even with these
obstacles, the reversible nature of phosphorylation makes it a
very attractive therapeutic target. Therefore, studies in this
direction will not only shed light onto the mechanisms
underlying opioid tolerance, but may also lead to useful
therapeutic agents that can sustain opioid analgesia by
attenuating opioid tolerance.

Acknowledgments

This work was supported in part by a grant from the NIH
(DA005050) and funds from the University of Illinois. We
thank Natalie Ciaccio and Dr. Pradeep Shukla for the assistance
on manuscript preparation and literature search.
References

Aley, K.O., Levine, J.D., 1997a. Dissociation of tolerance and dependence for
opioid peripheral antinociception in rats. Journal of Neuroscience 17,
3907–3912.

Aley, K.O., Levine, J.D., 1997b. Different mechanisms mediate development
and expression of tolerance and dependence for peripheral mu-opioid
antinociception in rat. Journal of Neuroscience 17, 8018–8023.

Arden, J.R., Segredo, V., Wang, Z., Lameh, J., Sadee, W., 1995. Phosphory-
lation and agonist-specific intracellular trafficking of an epitope-tagged mu-
opioid receptor expressed in HEK 293 cells. Journal of Neurochemistry 65,
1636–1645.

Avidor-Reiss, T., Nevo, I., Levy, R., Pfeuffer, T., Vogel, Z., 1996. Chronic
opioid treatment induces adenylyl cyclase V superactivation. Involvement of
Gbetagamma. Journal of Biological Chemistry 271, 21309–21315.

Banbury Conference On Genetic Background In Mice, 1997. Mutant mice and
neuroscience: recommendations concerning genetic background. Neuron
19, 755–759.

Bernstein, M.A., Welch, S.P., 1997. Effects of spinal versus supraspinal
administration of cyclic nucleotide-dependent protein kinase inhibitors on
morphine tolerance in mice. Drug and Alcohol Dependence 44, 41–46.

Bernstein, M.A., Welch, S.P., 1998a. mu-Opioid receptor down-regulation and
cAMP-dependent protein kinase phosphorylation in a mouse model of
chronic morphine tolerance. Brain Research. Molecular Brain Research 55,
237–242.

Bernstein, M.A., Welch, S.P., 1998b. Inhibition of protein phosphatases alters
the expression of morphine tolerance in mice. European Journal of
Pharmacology 341, 173–177.

Bhargava, H.N., 1994. Nitric oxide synthase inhibition blocks tolerance to the
analgesic action of kappa-opiate receptor agonist in the rat. Pharmacology
48, 234–241.



1688 Z.J. Wang, L.X. Wang / Life Sciences 79 (2006) 1681–1691
Bhargava, H.N., Cao, Y.J., 1997. Effect of chronic administration of morphine,
U-50, 488H and [D-Pen2, D-Pen5]enkephalin on the concentration of cGMP
in brain regions and spinal cord of the mouse. Peptides 18, 1629–1634.

Bilsky, E.J., Bernstein, R.N., Wang, Z., Sadee, W., Porreca, F., 1996. Effects of
naloxone and D-Phe–Cys–Tyr-D-Trp–Arg–Thr–Pen–Thr–NH2 and the
protein kinase inhibitors H7 and H8 on acute morphine dependence and
antinociceptive tolerance in mice. Journal of Pharmacology and Experi-
mental Therapeutics 277, 484–490.

Blendy, J.A., Maldonado, R., 1998. Genetic analysis of drug addiction: the role
of cAMP response element binding protein. Journal of Molecular Medicine
76, 104–110.

Bohn, L.M., Gainetdinov, R.R., Lin, F.T., Lefkowitz, R.J., Caron, M.G., 2000.
Mu-opioid receptor desensitization by beta-arrestin-2 determines morphine
tolerance but not dependence. Nature 408, 720–723.

Bruggemann, I., Schulz, S., Wiborny, D., Hollt, V., 2000. Colocalization of the
mu-opioid receptor and calcium/calmodulin-dependent kinase II in distinct
pain-processing brain regions. Brain Research. Molecular Brain Research
85, 239–250.

Burd, A.L., El-Kouhen, R., Erickson, L.J., Loh, H.H., Law, P.Y., 1998.
Identification of serine 356 and serine 363 as the amino acids involved in
etorphine-induced down-regulation of the mu-opioid receptor. Journal of
Biological Chemistry 273, 34488–34495.

Burton, C.K., Ho, I.K., Hoskins, B., 1990. Evidence for involvement of cyclic
GMP phosphodiesterase in morphine tolerance. Journal of Pharmacology
and Experimental Therapeutics 252, 104–111.

Celver, J.P., Lowe, J., Kovoor, A., Gurevich, V.V., Chavkin, C., 2001. Threonine
180 is required for G-protein-coupled receptor kinase 3- and beta-arrestin 2-
mediated desensitization of the mu-opioid receptor in Xenopus oocytes.
Journal of Biological Chemistry 276, 4894–4900.

Chakrabarti, S., Law, P.Y., Loh, H.H., 1998. Distinct differences between
morphine-and [D-Ala2,N-MePhe4,Gly-ol5]-enkephalin-mu-opioid receptor
complexes demonstrated by cyclic AMP-dependent protein kinase phos-
phorylation. Journal of Neurochemistry 71, 231–239.

Chakrabarti, S., Oppermann, M., Gintzler, A.R., 2001. Chronic morphine
induces the concomitant phosphorylation and altered association of multiple
signaling proteins: a novel mechanism for modulating cell signaling.
Proceedings of the National Academy of Sciences of the United States of
America 98, 4209–4214.

Chavkin, C., McLaughlin, J.P., Celver, J.P., 2001. Regulation of opioid receptor
function by chronic agonist exposure: constitutive activity and desensitiza-
tion. Molecular Pharmacology 60, 20–25.

Davis, P.D., Hill, C.H., Keech, E., Lawton, G., Nixon, J.S., Sedgwick, A.D.,
Wadsworth, J., Westmacott, D., Wilkinson, S.E., 1989. Potent selective
inhibitors of protein kinase C. FEBS Letters 259, 61–63.

Davis, P.D., Hill, C.H., Lawton, G., Nixon, J.S., Wilkinson, S.E., Hurst, S.A.,
Keech, E., Turner, S.E., 1992a. Inhibitors of protein kinase C. 1. 2,3-
Bisarylmaleimides. Journal of Medicinal Chemistry 35, 177–184.

Davis, P.D., Elliott, L.H., Harris, W., Hill, C.H., Hurst, S.A., Keech, E., Kumar,
M.K., Lawton, G., Nixon, J.S., Wilkinson, S.E., 1992b. Inhibitors of protein
kinase C. 2. Substituted bisindolylmaleimides with improved potency and
selectivity. Journal of Medicinal Chemistry 35, 994–1001.

Dempsey, E.C., Newton, A.C., Mochly-Rosen, D., Fields, A.P., Reyland, M.E.,
Insel, P.A., Messing, R.O., 2000. Protein kinase C isozymes and the
regulation of diverse cell responses. American Journal of Physiology. Lung
Cellular and Molecular Physiology 279, L429–L438.

Deng, H.B., Yu, Y., Pak, Y., O'Dowd, B.F., George, S.R., Surratt, C.K., Uhl, G.
R., Wang, J.B., 2000. Role for the C-terminus in agonist-induced mu opioid
receptor phosphorylation and desensitization. Biochemistry 39, 5492–5499.

El Kouhen, R., Burd, A.L., Erickson-Herbrandson, L.J., Chang, C.Y., Law, P.Y.,
Loh, H.H., 2001. Phosphorylation of Ser363, Thr370, and Ser375 residues
within the carboxyl tail differentially regulates mu-opioid receptor
internalization. Journal of Biological Chemistry 276, 12774–12780.

Fan, G.H., Wang, L.Z., Qiu, H.C., Ma, L., Pei, G., 1999. Inhibition of calcium/
calmodulin-dependent protein kinase II in rat hippocampus attenuates
morphine tolerance and dependence. Molecular Pharmacology 56, 39–45.

Fields, A., Sarne, Y., 1997. The stimulatory effect of opioids on cyclic AMP
production in SK–N–SH cells is mediated by calcium ions. Life Sciences
61, 595–602.
Freye, E., Levy, J., 2005. Constitutive opioid receptor activation: a prerequisite
mechanism involved in acute opioid withdrawal. Addiction Biology 10,
131–137.

Fukunaga, K., Soderling, T.R., Miyamoto, E., 1992. Activation of Ca2+/
calmodulin-dependent protein kinase II and protein kinase C by glutamate in
cultured rat hippocampal neurons. Journal of Biological Chemistry 267,
22527–22533.

Gainetdinov, R.R., Premont, R.T., Bohn, L.M., Lefkowitz, R.J., Caron, M.G.,
2004. Desensitization of G protein-coupled receptors and neuronal
functions. Annual Review of Neuroscience 27, 107–144.

Granados-Soto, V., Kalcheva, I., Hua, X., Newton, A., Yaksh, T.L., 2000. Spinal
PKC activity and expression: role in tolerance produced by continuous
spinal morphine infusion. Pain 85, 395–404.

Grecksch, G., Bartzsch, K., Widera, A., Becker, A., Hollt, V., Koch, T., 2006.
Development of tolerance and sensitization to different opioid agonists in
rats. Psychopharmacology (Berl) 186 (2), 177–184.

Haberstock-Debic, H., Wein, M., Barrot, M., Colago, E.E., Rahman, Z., Neve,
R.L., Pickel, V.M., Nestler, E.J., von Zastrow, M., Svingos, A.L., 2003.
Morphine acutely regulates opioid receptor trafficking selectively in
dendrites of nucleus accumbens neurons. Journal of Neuroscience 23,
4324–4332.

Haberstock-Debic, H., Kim, K.A., Yu, Y.J., von Zastrow, M., 2005. Morphine
promotes rapid, arrestin-dependent endocytosis of mu-opioid receptors in
striatal neurons. Journal of Neuroscience 25, 7847–7857.

Heinzen, E.L., Pollack, G.M., 2004. The development of morphine antinoci-
ceptive tolerance in nitric oxide synthase-deficient mice. Biochemical
Pharmacology 67, 735–741.

Heinzen, E.L., Booth, R.G., Pollack, G.M., 2005. Neuronal nitric oxide
modulates morphine antinociceptive tolerance by enhancing constitutive
activity of the mu-opioid receptor. Biochemical Pharmacology 69,
679–688.

Herbert, J.M., Augereau, J.M., Gleye, J., Maffrand, J.P., 1990. Chelerythrine is a
potent and specific inhibitor of protein kinase C. Biochemical and
Biophysical Research Communications 172, 993–999.

Herbert, J.M., Savi, P., Laplace, M.C., Dumas, A., Dol, F., 1993. Chelerythrine,
a selective protein kinase C inhibitor, counteracts pyrogen-induced
expression of tissue factor without effect on thrombomodulin down-
regulation in endothelial cells. Thrombosis Research 71, 487–493.

Hidaka, H., Inagaki, M., Kawamoto, S., Sasaki, Y., 1984. Isoquinolinesulfo-
namides, novel and potent inhibitors of cyclic nucleotide dependent protein
kinase and protein kinase C. Biochemistry 23, 5036–5041.

Hidaka, H., Watanabe, M., Tokumitsu, H., 1990. Search for the functional
substrate proteins of protein kinases and their selective inhibitors. Advances
in Second Messenger and Phosphoprotein Research 24, 485–490.

Highfield, D.A., Grant, S., 1998. Ng-nitro-L-arginine, an NOS inhibitor, reduces
tolerance to morphine in the rat locus coeruleus. Synapse 29, 233–239.

Ho, L.K., Loh, H.H., Bhargava, H.N., Way, E.L., 1975. Effect of cyclic
nucleotides and phosphodiesterase inhibition on morphine tolerance and
physical dependence. Life Sciences 16, 1895–1900.

Homayoun, H., Khavandgar, S., Mehr, S.E., Namiranian, K., Dehpour, A.R.,
2003. The effects of FK506 on the development and expression of
morphine tolerance and dependence in mice. Behavioural Pharmacology
14, 121–127.

Hua, X.Y., Moore, A., Malkmus, S., Murray, S.F., Dean, N., Yaksh, T.L., Butler,
M., 2002. Inhibition of spinal protein kinase Calpha expression by an
antisense oligonucleotide attenuates morphine infusion-induced tolerance.
Neuroscience 113, 99–107.

Hurle, M.A., 2001. Changes in the expression of G protein-coupled receptor
kinases and beta-arrestin 2 in rat brain during opioid tolerance and
supersensitivity. Journal of Neurochemistry 77, 486–492.

Inoue, M., Ueda, H., 2000. Protein kinase C-mediated acute tolerance to
peripheral mu-opioid analgesia in the bradykinin-nociception test in mice.
Journal of Pharmacology and Experimental Therapeutics 293, 662–669.

Kase, H., Iwahashi, K., Nakanishi, S., Matsuda, Y., Yamada, K., Takahashi, M.,
Murakata, C., Sato, A., Kaneko, M., 1987. K-252 compounds, novel and
potent inhibitors of protein kinase C and cyclic nucleotide-dependent protein
kinases. Biochemical and Biophysical Research Communications 142,
436–440.



1689Z.J. Wang, L.X. Wang / Life Sciences 79 (2006) 1681–1691
Kawamoto, S., Hidaka, H., 1984. 1-(5-Isoquinolinesulfonyl)-2-methylpipera-
zine (H-7) is a selective inhibitor of protein kinase C in rabbit platelets.
Biochemical and Biophysical Research Communications 125, 258–264.

Keith, D.E., Anton, B., Murray, S.R., Zaki, P.A., Chu, P.C., Lissin, D.V.,
Monteillet-Agius, G., Stewart, P.L., Evans, C.J., von Zastrow, M., 1998. mu-
Opioid receptor internalization: opiate drugs have differential effects on a
conserved endocytic mechanism in vitro and in the mammalian brain.
Molecular Pharmacology 53, 377–384.

Kelso, S.R., Nelson, T.E., Leonard, J.P., 1992. Protein kinase C-mediated
enhancement of NMDA currents by metabotropic glutamate receptors in
Xenopus oocytes. Journal of Physiology 449, 705–718.

Kitamura, Y., Miyazaki, A., Yamanaka, Y., Nomura, Y., 1993. Stimulatory
effects of protein kinase C and calmodulin kinase II on N-methyl-D-aspartate
receptor/channels in the postsynaptic density of rat brain. Journal of
Neurochemistry 61, 100–109.

Kobayashi, E., Nakano, H., Morimoto, M., Tamaoki, T., 1989. Calphostin C
(UCN-1028C), a novel microbial compound, is a highly potent and specific
inhibitor of protein kinase C. Biochemical and Biophysical Research
Communications 159, 548–553.

Koch, T., Kroslak, T., Mayer, P., Raulf, E., Hollt, V., 1997. Site mutation in the
rat mu-opioid receptor demonstrates the involvement of calcium/calmodu-
lin-dependent protein kinase II in agonist-mediated desensitization. Journal
of Neurochemistry 69, 1767–1770.

Koch, T., Kroslak, T., Averbeck, M., Mayer, P., Schroder, H., Raulf, E., Hollt, V.,
2000. Allelic variation S268P of the human mu-opioid receptor affects both
desensitization and G protein coupling. Molecular Pharmacology 58,
328–334.

Kolesnikov, Y., Jain, S., Wilson, R., Pasternak, G.W., 1998. Lack of morphine
and enkephalin tolerance in 129/SvEv mice: evidence for a NMDA receptor
defect. Journal of Pharmacology and Experimental Therapeutics 284,
455–459.

Kramer, H.K., Simon, E.J., 1999a. Role of protein kinase C (PKC) in agonist-
induced mu-opioid receptor down-regulation: II. Activation and involve-
ment of the alpha, epsilon, and zeta isoforms of PKC. Journal of
Neurochemistry 72, 594–604.

Kramer, H.K., Simon, E.J., 1999b. Role of protein kinase C (PKC) in agonist-
induced mu-opioid receptor down-regulation: I. PKC translocation to the
membrane of SH-SY5Y neuroblastoma cells is induced by mu-opioid
agonists. Journal of Neurochemistry 72, 585–593.

Krueger, K.M., Daaka, Y., Pitcher, J.A., Lefkowitz, R.J., 1997. The role of
sequestration in G protein-coupled receptor resensitization. Regulation of
beta2-adrenergic receptor dephosphorylation by vesicular acidification.
Journal of Biological Chemistry 272, 5–8.

Lane-Ladd, S.B., Pineda, J., Boundy, V.A., Pfeuffer, T., Krupinski, J.,
Aghajanian, G.K., Nestler, E.J., 1997. CREB (cAMP response element-
binding protein) in the locus coeruleus: biochemical, physiological, and
behavioral evidence for a role in opiate dependence. Journal of Neuroscience
17, 7890–7901.

Lefkowitz, R.J., 1998. G protein-coupled receptors. III. New roles for receptor
kinases and beta-arrestins in receptor signaling and desensitization. Journal
of Biological Chemistry 273, 18677–18680.

Lefkowitz, R.J., Hausdorff, W.P., Caron, M.G., 1990. Role of phosphorylation
in desensitization of the beta-adrenoceptor. Trends in Pharmacological
Sciences 11, 190–194.

Leonard, A.S., Hell, J.W., 1997. Cyclic AMP-dependent protein kinase and
protein kinase C phosphorylate N-methyl-D-aspartate receptors at different
sites. Journal of Biological Chemistry 272, 12107–12115.

Li, Y., Roerig, S.C., 1999. Alteration of spinal protein kinase C expression and
kinetics in morphine, but not clonidine, tolerance. Biochemical Pharmacol-
ogy 58, 493–501.

Liang, D.Y., Clark, J.D., 2004. Modulation of the NO/CO-cGMP signaling
cascade during chronic morphine exposure in mice. Neuroscience Letters
365, 73–77.

Liang, D., Li, X., Clark, J.D., 2004. Increased expression of Ca(2+)/calmodulin-
dependent protein kinase IIalpha during chronic morphine exposure.
Neuroscience 123, 769–775.

Lipton, S.A., 2004. Failures and successes of NMDA receptor antagonists:
molecular basis for the use of open-channel blockers like memantine in
the treatment of acute and chronic neurologic insults. NeuroRx 1,
101–110.

Liu, J.G., Ruckle, M.B., Prather, P.L., 2001. Constitutively active mu-opioid
receptors inhibit adenylyl cyclase activity in intact cells and activate G-
proteins differently than the agonist [D-Ala2. N-MePhe4,Gly-ol5]enkeph-
alin. Journal of Biological Chemistry 276, 37779–37786.

Loomis, C.R., Bell, R.M., 1988. Sangivamycin, a nucleoside analogue, is a
potent inhibitor of protein kinase C. Journal of Biological Chemistry 263,
1682–1692.

Lou, L., Zhou, T., Wang, P., Pei, G., 1999. Modulation of Ca2+/calmodulin-
dependent protein kinase II activity by acute and chronic morphine
administration in rat hippocampus: differential regulation of alpha and
beta isoforms. Molecular Pharmacology 55, 557–563.

Lu, Z.X., Quazi, N.H., Deady, L.W., Polya, G.M., 1996. Selective inhibition of
cyclic AMP-dependent protein kinase by isoquinoline derivatives. Biolog-
ical Chemistry Hoppe-Seyler 377, 373–384.

Lu, J., Jeon, E., Lee, B., Onyuksel, H., Wang, Z.J., 2006. Targeted drug
delivery crossing cytoplasmic membranes of intended cells via ligand-
grafted sterically stabilized liposomes. Journal of Controlled Release 110,
505–513.

Machelska, H., Ziolkowska, B., Mika, J., Przewlocka, B., Przewlocki, R., 1997.
Chronic morphine increases biosynthesis of nitric oxide synthase in the rat
spinal cord. Neuroreport 8, 2743–2747.

Majeed, N.H., Przewlocka, B., Machelska, H., Przewlocki, R., 1994. Inhibition
of nitric oxide synthase attenuates the development of morphine tolerance
and dependence in mice. Neuropharmacology 33, 189–192.

Malmberg, A.B., Chen, C., Tonegawa, S., Basbaum, A.I., 1997. Preserved acute
pain and reduced neuropathic pain in mice lacking PKCgamma. Science
278, 279–283.

Mao, J., Price, D.D., Phillips, L.L., Lu, J., Mayer, D.J., 1995. Increases in
protein kinase C gamma immunoreactivity in the spinal cord of rats
associated with tolerance to the analgesic effects of morphine. Brain
Research 677, 257–267.

Martiny-Baron, G., Kazanietz, M.G., Mischak, H., Blumberg, P.M., Kochs, G.,
Hug, H., Marme, D., Schachtele, C., 1993. Selective inhibition of protein
kinase C isozymes by the indolocarbazole Go 6976. Journal of Biological
Chemistry 268, 9194–9197.

Mayer, D.J., Mao, J., Price, D.D., 1995. The development of morphine tolerance
and dependence is associated with translocation of protein kinase C. Pain 61,
365–374.

Mayford, M., Bach, M.E., Huang, Y.Y., Wang, L., Hawkins, R.D., Kandel, E.R.,
1996. Control of memory formation through regulated expression of a
CaMKII transgene. Science 274, 1678–1683.

Mehr, S.E., Samini, M., Namiranian, K., Homayoun, H., Gaskari, S.A.,
Dehpour, A.R., 2003. Inhibition by immunophilin ligands of morphine-
induced tolerance and dependence in guinea pig ileum. European Journal of
Pharmacology 467, 205–210.

Mestek, A., Hurley, J.H., Bye, L.S., Campbell, A.D., Chen, Y., Tian, M., Liu, J.,
Schulman, H., Yu, L., 1995. The human mu opioid receptor: modulation of
functional desensitization by calcium/calmodulin-dependent protein kinase
and protein kinase C. Journal of Neuroscience 15, 2396–2406.

Minneman, K.P., Iversen, I.L., 1976. Enkephalin and opiate narcotics increase
cyclic GMP accumulation in slices of rat neostriatum. Nature 262,
313–314.

Misra, R.P., Bonni, A., Miranti, C.K., Rivera, V.M., Sheng, M., Greenberg, M.
E., 1994. L-type voltage-sensitive calcium channel activation stimulates
gene expression by a serum response factor-dependent pathway. Journal of
Biological Chemistry 269, 25483–25493.

Montminy, M.R., Bilezikjian, L.M., 1987. Binding of a nuclear protein to the
cyclic-AMP response element of the somatostatin gene. Nature 328 (6126),
175–178.

Nakazawa, K., McHugh, T.J., Wilson, M.A., Tonegawa, S., 2004. NMDA
receptors, place cells and hippocampal spatial memory. Nature Reviews.
Neuroscience 5, 361–372.

Narita, M., Makimura, M., Feng, Y., Hoskins, B., Ho, I.K., 1994a. Influence of
chronic morphine treatment on protein kinase C activity: comparison with
butorphanol and implication for opioid tolerance. Brain Research 650,
175–179.



1690 Z.J. Wang, L.X. Wang / Life Sciences 79 (2006) 1681–1691
Narita, M., Feng, Y., Makimura, M., Hoskins, B., Ho, I.K., 1994b. A protein
kinase inhibitor, H-7, inhibits the development of tolerance to opioid
antinociception. European Journal of Pharmacology 271, 543–545.

Narita, M., Mizoguchi, H., Tseng, L.F., 1995. Inhibition of protein kinase C, but
not of protein kinase A, blocks the development of acute antinociceptive
tolerance to an intrathecally administered mu-opioid receptor agonist in the
mouse. European Journal of Pharmacology 280, R1–R3.

Narita, M., Mizoguchi, H., Nagase, H., Suzuki, T., Tseng, L.F., 2001.
Involvement of spinal protein kinase Cgamma in the attenuation of opioid
mu-receptor-mediated G-protein activation after chronic intrathecal admin-
istration of [D-Ala2. N-MePhe4,Gly-Ol(5)]enkephalin. Journal of Neuro-
science 21, 3715–3720.

Navratilova, E., Eaton, M.C., Stropova, D., Varga, E.V., Vanderah, T.W.,
Roeske, W.R., Yamamura, H.I., 2005. Morphine promotes phosphorylation
of the human delta-opioid receptor at serine 363. European Journal of
Pharmacology 519, 212–214.

Nehmad, R., Nadler, H., Simantov, R., 1982. Effects of acute and chronic
morphine treatment of calmodulin activity of rat brain. Molecular
Pharmacology 22, 389–394.

Nestler, E.J., 2001. Molecular Neurobiology of addiction. American Journal on
Addictions 10, 201–217.

Nestler, E.J., 2004. Molecular mechanisms of drug addiction. Neuropharma-
cology 47 (Suppl 1), 24–32.

Nishizuka, Y., 1995. Protein kinase C and lipid signaling for sustained cellular
responses. FASEB Journal 9, 484–496.

Niu, S., Kuo, C.H., Gan, Y., Nishikawa, E., Sadakata, T., Ichikawa, H., Miki,
N., 2000. Increase of calmodulin III gene expression by mu-opioid
receptor stimulation in PC12 cells. Japanese Journal of Pharmacology 84,
412–417.

Olive, M.F., Messing, R.O., 2004. Protein kinase C isozymes and addiction.
Molecular Neurobiology 29, 139–154.

Pak, Y., O'Dowd, B.F., George, S.R., 1997. Agonist-induced desensitization of
the mu opioid receptor is determined by threonine 394 preceded by acidic
amino acids in the COOH-terminal tail. Journal of Biological Chemistry
272, 24961–24965.

Pei, G., Kieffer, B.L., Lefkowitz, R.J., Freedman, N.J., 1995. Agonist-dependent
phosphorylation of the mouse delta-opioid receptor: involvement of G
protein-coupled receptor kinases but not protein kinase C. Molecular
Pharmacology 48, 173–177.

Piros, E.T., Hales, T.G., Evans, C.J., 1996. Functional analysis of cloned opioid
receptors in transfected cell lines. Neurochemistry Research 21, 1277–1285.

Pitcher, J.A., Freedman, N.J., Lefkowitz, R.J., 1998. G protein-coupled receptor
kinases. Annual Review Biochemistry 67, 653–692.

Polgar, E., Fowler, J.H., McGill, M.M., Todd, A.J., 1999. The types of neuron
which contain protein kinase C gamma in rat spinal cord. Brain Research
833, 71–80.

Quillan, J.M., Carlson, K.W., Song, C., Wang, D., Sadee, W., 2002. Differential
effects of mu-opioid receptor ligands on Ca(2+) signaling. Journal of
Pharmacology and Experimental Therapeutics 302, 1002–1012.

Racagni, G., Zsilla, G., Guidotti, A., Costa, E., 1976. Accumulation of cGMP in
striatum of rats injected with narcotic analgesics: antagonism by naltrexone.
Journal of Pharmacy and Pharmacology 28, 258–260.

Rauhala, P., Idanpaan-Heikkila, J.J., Tuominen, R.K., Mannisto, P.T., 1994. N-
nitro-L-arginine attenuates development of tolerance to antinociceptive but
not to hormonal effects of morphine. European Journal of Pharmacology
259, 57–64.

Rubenzik, M., Varga, E., Stropova, D., Roeske, W.R., Yamamura, H.I., 2001.
Expression of alpha-transducin in Chinese hamster ovary cells stably
transfected with the human delta-opioid receptor attenuates chronic opioid
agonist-induced adenylyl cyclase superactivation. Molecular Pharmacology
60, 1076–1082.

Sadee, W., Wang, D., Bilsky, E.J., 2005. Basal opioid receptor activity, neutral
antagonists, and therapeutic opportunities. Life Sciences 76, 1427–1437.

Santamarta, M.T., Ulibarri, I., Pineda, J., 2005. Inhibition of neuronal nitric
oxide synthase attenuates the development of morphine tolerance in rats.
Synapse 57, 38–46.

Schachtele, C., Seifert, R., Osswald, H., 1988. Stimulus-dependent inhibition of
platelet aggregation by the protein kinase C inhibitors polymyxin B, H-7 and
staurosporine. Biochemical and Biophysical Research Communications
151, 542–547.

Sharma, S.K., Klee, W.A., Nirenberg, M., 1975. Dual regulation of adenylate
cyclase accounts for narcotic dependence and tolerance. Proceedings of the
National Academy of Sciences of the United States of America 72,
3092–3096.

Shen, J., Benedict Gomes, A., Gallagher, A., Stafford, K., Yoburn, B.C., 2000.
Role of cAMP-dependent protein kinase (PKA) in opioid agonist-induced
mu-opioid receptor downregulation and tolerance in mice. Synapse 38,
322–327.

Sheng, M., Thompson, M.A., Greenberg, M.E., 1991. CREB: a Ca(2+)-
regulated transcription factor phosphorylated by calmodulin-dependent
kinases. Science 252, 1427–1430.

Shimomura, A., Ogawa, Y., Kitani, T., Fujisawa, H., Hagiwara, M., 1996.
Calmodulin-dependent protein kinase II potentiates transcriptional activation
through activating transcription factor 1 but not cAMP response element-
binding protein. Journal of Biological Chemistry 271, 17957–17960.

Simpson, E.M., Linder, C.C., Sargent, E.E., Davisson, M.T., Mobraaten, L.E.,
Sharp, J.J., 1997. Genetic variation among 129 substrains and its importance
for targeted mutagenesis in mice. Nature Genetics 16, 19–27.

Smart, D., Hirst, R.A., Hirota, K., Grandy, D.K., Lambert, D.G., 1997. The
effects of recombinant rat mu-opioid receptor activation in CHO cells on
phospholipase C, [Ca2+]i and adenylyl cyclase. British Journal of
Pharmacology 120, 1165–1171.

Smith, F.L., Javed, R., Elzey, M.J., Welch, S.P., Selley, D., Sim-Selley, L.,
Dewey, W.L., 2002. Prolonged reversal of morphine tolerance with no
reversal of dependence by protein kinase C inhibitors. Brain Research 958,
28–35.

Smith, F.L., Javed, R.R., Elzey, M.J., Dewey, W.L., 2003. The expression of a
high level of morphine antinociceptive tolerance in mice involves both PKC
and PKA. Brain Research 985, 78–88.

Sora, I., Takahashi, N., Funada, M., Ujike, H., Revay, R.S., Donovan, D.M.,
Miner, L.L., Uhl, G.R., 1997. Opiate receptor knockout mice define mu
receptor roles in endogenous nociceptive responses and morphine-induced
analgesia. Proceedings of the National Academy of Sciences of the United
States of America 94, 1544–1549.

Spencer, R.J., Jin, W., Thayer, S.A., Chakrabarti, S., Law, P.Y., Loh, H.H., 1997.
Mobilization of Ca2+ from intracellular stores in transfected neuro2a cells
by activation of multiple opioid receptor subtypes. Biochemical Pharma-
cology 54, 809–818.

Strack, S., Colbran, R.J., 1998. Autophosphorylation-dependent targeting of
calcium/ calmodulin-dependent protein kinase II by the NR2B subunit of the
N-methyl-D-aspartate receptor. Journal of Biological Chemistry 273,
20689–20692.

Sumi, M., Kiuchi, K., Ishikawa, T., Ishii, A., Hagiwara, M., Nagatsu, T., Hidaka,
H., 1991. The newly synthesized selective Ca2+/calmodulin dependent
protein kinase II inhibitor KN-93 reduces dopamine contents in PC12h cells.
Biochemical and Biophysical Research Communications 181, 968–975.

Svenningsson, P., Nishi, A., Fisone, G., Girault, J.A., Nairn, A.C., Greengard, P.,
2004. DARPP-32: an integrator of neurotransmission. Annual Review of
Pharmacology and Toxicology 44, 269–296.

Tamaoki, T., Takahashi, I., Kobayashi, E., Nakano, H., Akinaga, S., Suzuki, K.,
1990. Calphostin (UCN1028) and calphostin related compounds, a new
class of specific and potent inhibitors of protein kinase C. Advances in
Second Messenger and Phosphoprotein Research 24, 497–501.

Tang, L., Shukla, P.K., Wang, Z.J., 2006a. Trifluoperazine, an orally available
clinically used drug, disrupts opioid antinociceptive tolerance. Neuroscience
Letters 397, 1–4.

Tang, L., Shukla, P.K., Wang, L.X., Wang, Z.J., 2006b. Reversal of morphine
antinociceptive tolerance and dependence by the acute supraspinal inhibition
of Ca2+/calmodulin-dependent protein kinase II. Journal of Pharmacology
and Experimental Therapeutics 317, 901–909.

Tokumitsu, H., Chijiwa, T., Hagiwara, M., Mizutani, A., Terasawa, M., Hidaka,
H., 1990. KN-62, 1-[N,O-bis(5-isoquinolinesulfonyl)-N-methyl-L-tyrosyl]-
4-phenylpiperazi ne, a specific inhibitor of Ca2+/calmodulin-dependent
protein kinase II. Journal of Biological Chemistry 265, 4315–4320.

Toullec, D., Pianetti, P., Coste, H., Bellevergue, P., Grand-Perret, T., Ajakane,
M., Baudet, V., Boissin, P., Boursier, E., Loriolle, F., et al., 1991. The



1691Z.J. Wang, L.X. Wang / Life Sciences 79 (2006) 1681–1691
bisindolylmaleimide GF 109203X is a potent and selective inhibitor of
protein kinase C. Journal of Biological Chemistry 266, 15771–15781.

Trapaidze, N., Cvejic, S., Nivarthi, R.N., Abood, M., Devi, L.A., 2000. Role for
C-tail residues in delta opioid receptor downregulation. DNA and Cell
Biology 19, 93–101.

Trujillo, K.A., 2000. Are NMDA receptors involved in opiate-induced neural
and behavioral plasticity? A review of preclinical studies. Psychopharma-
cology (Berl) 151, 121–141.

Trujillo, K.A., Akil, H., 1991. Inhibition of morphine tolerance and dependence
by the NMDA receptor antagonist MK-801. Science 251, 85–87.

Ueda, H., Inoue, M., Matsumoto, T., 2001. Protein kinase C-mediated inhibition
of mu-opioid receptor internalization and its involvement in the develop-
ment of acute tolerance to peripheral mu-agonist analgesia. Journal of
Neuroscience 21, 2967–2973.

Vanderah, T.W., Gardell, L.R., Burgess, S.E., Ibrahim, M., Dogrul, A., Zhong,
C.M., Zhang, E.T., Malan Jr., T.P., Ossipov, M.H., Lai, J., Porreca, F., 2000.
Dynorphin promotes abnormal pain and spinal opioid antinociceptive
tolerance. Journal of Neuroscience 20 (18), 7074–7079.

Varga, E., Rubenzik, M.K., Stropova, D., Sugiyama, M., Grife, V., Hruby, V.J.,
Rice, K.C., Roeske, W.R., Yamamura, H.I., 2003. Converging protein kinase
pathways mediate adenylyl cyclase superactivation upon chronic {delta}-
opioid agonist treatment. Journal of Pharmacology and Experimental
Therapeutics 26, 26.

Ventayol, P., Busquets, X., Garcia-Sevilla, J.A., 1997. Modulation of
immunoreactive protein kinase C-alpha and beta isoforms and G proteins
by acute and chronic treatments with morphine and other opiate drugs in rat
brain. Naunyn-Schmiedeberg's Archives of Pharmacology 355, 491–500.

Wagner, E.J., Ronnekleiv, O.K., Kelly, M.J., 1998. Protein kinase A maintains
cellular tolerance to mu opioid receptor agonists in hypothalamic
neurosecretory cells with chronic morphine treatment: convergence on a
common pathway with estrogen in modulating mu opioid receptor/effector
coupling. Journal of Pharmacology and Experimental Therapeutics 285,
1266–1273.

Wang, X., Robinson, P.J., 1997. Cyclic GMP-dependent protein kinase and
cellular signaling in the nervous system. Journal of Neurochemistry 68,
443–456.

Wang, Z., Sadee, W., 2000. Tolerance to morphine at the mu-opioid receptor
differentially induced by cAMP-dependent protein kinase activation and
morphine. European Journal of Pharmacology 389, 165–171.

Wang, Z., Bilsky, E.J., Porreca, F., Sadee, W., 1994. Constitutive mu opioid
receptor activation as a regulatory mechanism underlying narcotic tolerance
and dependence. Life Sciences 54, L339–L350.

Wang, L., Medina, V.M., Rivera, M., Gintzler, A.R., 1996a. Relevance of
phosphorylation state to opioid responsiveness in opiate naive and tolerant/
dependent tissue. Brain Research 723, 61–69.

Wang, Z., Arden, J., Sadee, W., 1996b. Basal phosphorylation of mu opioid
receptor is agonist modulated and Ca2+-dependent. FEBS Letters 387,
53–57.
Wang, D., Sadee, W., Quillan, J.M., 1999. Calmodulin binding to G protein-
coupling domain of opioid receptors. Journal of Biological Chemistry 274,
22081–22088.

Wang, H.L., Chang, W.T., Hsu, C.Y., Huang, P.C., Chow, Y.W., Li, A.H., 2002.
Identification of two C-terminal amino acids, Ser(355) and Thr(357),
required for short-term homologous desensitization of mu-opioid receptors.
Biochemical Pharmacology 64, 257–266.

Wang, Z.J., Tang, L., Xin, L., 2003. Reversal of morphine antinociceptive
tolerance by acute spinal inhibition of Ca(2+)/calmodulin-dependent protein
kinase II. European Journal of Pharmacology 465, 199–200.

Wegner, M., Cao, Z., Rosenfeld, M.G., 1992. Calcium-regulated phosphory-
lation within the leucine zipper of C/EBP beta. Science 256, 370–373.

Wolf, R., Koch, T., Schulz, S., Klutzny, M., Schroder, H., Raulf, E., Buhling, F.,
Hollt, V., 1999. Replacement of threonine 394 by alanine facilitates
internalization and resensitization of the rat mu opioid receptor. Molecular
Pharmacology 55, 263–268.

Xiang, B., Yu, G.H., Guo, J., Chen, L., Hu, W., Pei, G., Ma, L., 2001.
Heterologous activation of protein kinase C stimulates phosphorylation of
delta-opioid receptor at serine 344, resulting in beta-arrestin- and clathrin-
mediated receptor internalization. Journal of Biological Chemistry 276,
4709–4716.

Xiong, Z.G., Raouf, R., Lu, W.Y., Wang, L.Y., Orser, B.A., Dudek, E.M.,
Browning, M.D., MacDonald, J.F., 1998. Regulation of N-methyl-D-
aspartate receptor function by constitutively active protein kinase C.
Molecular Pharmacology 54, 1055–1063.

Yamauchi, T., 2005. Neuronal Ca2+/calmodulin-dependent protein kinase II-
discovery, progress in a quarter of a century, and perspective: implication for
learning and memory. Biological & Pharmaceutical Bulletin 28, 1342–1354.

Yukhananov, R.Y., Kissin, I., 2003. Comment on Zeitz, K.P., et al., Reduced
development of tolerance to the analgesic effects of morphine and clonidine
in PKC mutant mice, PAIN 94 (2002) 245–253. Pain 102, 309–310; author
reply 310–301.

Zeitz, K.P., Malmberg, A.B., Gilbert, H., Basbaum, A.I., 2001. Reduced
development of tolerance to the analgesic effects of morphine and clonidine
in PKC gamma mutant mice. Pain 94, 245–253.

Zhang, L., Yu, Y., Mackin, S., Weight, F.F., Uhl, G.R., Wang, J.B., 1996.
Differential mu opiate receptor phosphorylation and desensitization induced
by agonists and phorbol esters. Journal of Biological Chemistry 271,
11449–11454.

Zhang, J., Ferguson, S.S., Barak, L.S., Bodduluri, S.R., Laporte, S.A., Law, P.Y.,
Caron, M.G., 1998. Role for G protein-coupled receptor kinase in agonist-
specific regulation of mu-opioid receptor responsiveness. Proceedings of the
National Academy of Sciences of the United States of America 95,
7157–7162.


	Phosphorylation: A molecular switch in opioid tolerance
	Introduction
	Protein kinase C (PKC)
	Ca2+/calmodulin-dependent protein kinase II (CaMKII)
	Protein kinase A (PKA)
	Cyclic GMP-dependent kinase (PKG)
	G protein receptor kinases (GRK)
	Protein phosphatases (PP)
	Phosphorylation targets
	Concluding remarks
	Acknowledgments
	References


