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Background and purpose: The ability of an agonist to induce desensitization of the p-opioid receptor (MOR) depends upon
the agonist used. Furthermore, previous data suggest that the intracellular mechanisms underlying desensitization may be
agonist-specific. We investigated the mechanisms underlying MOR desensitization, in adult mammalian neurons, caused by
morphine (a partial agonist in this system) and DAMGO (a high-efficacy agonist).

Experimental approach: MOR function was measured in locus coeruleus neurons, by using whole-cell patch-clamp electro-
physiology, in rat and mouse brain slices (both wild-type and protein kinase C (PKC)o. knockout mice). Specific isoforms of PKC
were inhibited by using inhibitors of the receptors for activated C-kinase (RACK), and in vivo viral-mediated gene-transfer was
used to transfect neurons with dominant negative mutants (DNMs) of specific G-protein-coupled receptor kinases (GRKs).
Key results: Morphine-induced desensitization was attenuated by using RACK inhibitors that inhibit PKCo, but not by other
isoform-specific inhibitors. Further, the PKC component of morphine-induced desensitization was absent in locus coeruleus
neurons from PKCa knockout mice. The PKC-enhanced morphine-induced desensitization was not affected by over-expression
of a GRK2 dominant negative mutant (GRK2 DNM). In contrast, DAMGO-induced MOR desensitization was independent of
PKC activity but was reduced by over-expression of the GRK2 DNM but not by that of a GRK6 DNM.

Conclusions and implications: In mature mammalian neurons, different MOR agonists can induce MOR desensitization by
different mechanisms, morphine by a PKCo-mediated, heterologous mechanism and DAMGO by a GRK-mediated, homolo-
gous mechanism. These data represent functional selectivity at the level of receptor desensitization.
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Introduction This desensitization can be mediated by different kinases
depending upon the opioid agonist used to activate the recep-
tor (see Bailey etal.,, 2006; Kelly etal., 2007). In human
embryonic kidney (HEK)-293 cells expressing recombinant
MORs desensitization induced by the high-efficacy peptide

The p-opioid receptor (MOR), a G-protein-coupled receptor,
rapidly desensitizes in response to various opioid agonists.
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agonist DAMGO was largely mediated through a G-protein-
coupled receptor kinase (GRK)-dependent mechanism
whereas morphine-induced desensitization was largely medi-
ated by protein kinase C (PKC) (Johnson et al., 2006). It is now
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important to establish whether these distinct mechanisms are
also operational in mature neurons. In rat brainstem neurons
in vitro, morphine has been reported to produce significantly
less receptor desensitization than other MOR agonists
(Alvarez et al., 2002; Bailey et al., 2003; 2004; Blanchet et al.,
2003; Dang and Williams 2005). However, morphine-induced
MOR desensitization is significantly enhanced, if the level of
PKC activity is elevated above basal by concomitant activa-
tion of a Gq-coupled receptor (Bailey etal.,, 2004). It is
assumed that, in mature brain neurons, MOR desensitization
by other opioid agonists such as DAMGO is GRK-mediated;
however, to date there are no convincing data to substantiate
this assumption.

In the present study, using both highly selective PKC
isoform inhibitors and PKC knockout mice we have identified
PKCoa to be the isoform responsible for morphine-induced
desensitization of MOR in mature brainstem locus coeruleus
(LC) neurons. We have also used an adenoviral vector to
over-express GRK dominant negative mutants (DNM) in
mature LC neurons and have found that DAMGO-induced,
but not morphine-induced, desensitization was mediated by
GRK2 but not by GRK6.

Methods

Electrophysiological recordings

Brain slice preparation.  All animal care and experimental pro-
cedures were in accordance with the UK Animals (Scientific
Procedures) Act 1986, the European Communities Council
Directive 1986 (86/609/EEC) and the University of Bristol
ethical review document. Male Wistar rats (130-170 g) or C57
wild-type and PKCoa knockout mice (Braz et al., 2004) of either
sex (20-25 g; supplied by Dr A Poole, University of Bristol
from animals originally developed by Dr JD Molkentin, Uni-
versity of Cincinnati) were killed by cervical dislocation, and
horizontal brain slices (250 um thick) containing the LC were
prepared as described (Bailey et al., 2003).

Whole-cell patch-clamp recordings. Slices were submerged in a
slice chamber (0.5 mL) mounted on the microscope stage and
superfused (2.5-3 mL-min™") with artificial cerebrospinal fluid
(aCSF) at 33-34°C. In those experiments in which LC neurons
had been transuded with adenoviral vector to express
enhanced green fluorescent protein (EGFP), transfected
neurons were first identified by their fluorescence. For patch-
clamp recordings, LC neurons were visualized by Nomarski
optics using infrared light, and individual cell somata were
cleaned by gentle flow of aCSF from a pipette. Whole-cell
voltage clamp recordings (Vi, = -60 mV) were made by using
electrodes (3-6 MQ) filled with (mmol-L™") 115 K-gluconate,
10 HEPES, 11 EGTA, 2 MgCl,, 10 NaCl, 2 MgATP, 0.25 Na,GTP
(pH 7.3, osmolarity 270 mOsm). Recordings of whole-cell
currents were filtered at 2 kHz and analysed off-line.
Activation of MORs evoked a transmembrane K* current,
and by performing whole-cell patch-clamp recordings, a real-
time index of MOR activation could be continually recorded.
In rat neurons the opioid-evoked current was continuously
recorded at a holding potential of —60 mV. Opioid-evoked
currents were smaller in amplitude in mouse LC neurons, and
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this was most marked with the partial agonist morphine. To
ensure that the morphine-evoked current was sufficiently
large for accurate measurement above baseline noise, the
aCSF contained 10 mmol-L™" K* (substituting KCl for NaCl)
and a voltage step protocol employed. Neurons were held at
—60 mV and stepped to —130 mV for 60 ms every 10 s. As the
opioid-activated K* current is inwardly rectifying, the ampli-
tude of the inward current was measured at —130 mV because
it was greater than the outward current at —60 mV. To ensure
that this voltage protocol was not in some way altering the
desensitization profile we have examined in mouse LC
neurons, the rate and extent of DAMGO (full agonist)-
induced desensitization at -60 mV (V,) in normal aCSF and
—130 mV (using the steps protocol with raised KCL aCSF con-
centration) and have found no difference (data not shown).

All drugs were applied in the superfusing solution at known
concentrations. Drugs and chemicals used were from Sigma
(Poole, Dorset, UK), except Met-enkephalin (Bachem, St
Helens, UK), Go6976 (Calbiochem, Nottingham, UK) and
receptors for activated C-kinase (RACK) inhibitors of selective
PKC isoforms (KAI Pharmaceuticals, South San Francisco,
CA, USA).

Adenoviral vector construction. Shuttle vectors were con-
structed such that cDNA encoding GRK2-K220R or GRK6-
L215R was placed under the control of the PRSx8 promoter, to
enable selective expression in noradrenergic neurons (Hwang
et al., 2001; Teschemacher et al., 2005) and upstream of an
IRES followed by GFP ¢cDNA. Recombinant viruses were sub-
jected to three rounds of plaque purification and screened by
PCR to confirm the presence of the cDNA of the GRK DNMs.
Recombinant viruses were purified by CsCl, density gradient
centrifugation (Graham and Prevac, 1991), dialysed into
10 mmol-L™" Tris/HCI pH 8.0, 1 mmol-L™' MgCl,, 3% sucrose
and titrated by plaque assay (1 x 10'? pfu-mL™).

Adenoviral injections. Animals were anaesthetized with an
intraperitoneal injection of ketamine (75 mgkg’) and
medetomidine (500 pg-kg™) and placed in a stereotaxic head
holder. The upper surface of the skull was exposed with
a midline incision. Bilateral viral injections (0.5-1 x
10" pfu-mL™ in 0.9% saline; 1 uL per side; 0.25 uL-min™)
were made at two separate sites: 1.2 mm lateral to the
midline, 2.4 mm rostral to lambda, 7.1 mm from the upper
surface of the skull, with the needle at an angle of 10° from
the vertical. The wound was sutured, and anaesthesia was
reversed with a subcutaneous injection of atipamezole
(1 mg-kg™). Animals were allowed to recover for 2-3 days
before further experiments.

Western blotting. The LC nuclei from one rat were microdis-
sected and homogenized in 30 mL 50 mmol-L" Tris/HCI
pH 7.5, 120 mmol-L"' NaCl, 1 mmol-L"! EDTA containing
protease inhibitors (Complete, Roche Diagnostics Ltd., West
Sussex, UK). Cell debris and nuclei were removed by centrifu-
gation, and the supernatant was analysed by SDS-
polyacrylamide gel electrophoreses. Gels were blotted onto
nitrocellulose membrane and probed with rabbit polyclonal
isoform-specific anti-PKC antibodies (Cell Signalling Technol-
ogy Inc., Danvers, MA, USA) or with a monoclonal antibody



that recognizes an epitope within the carboxy terminus of
GRK2 (gift from Professor JL Benovic, Thomas Jefferson Uni-
versity, Philadelphia, USA). They were then incubated with
horseradish peroxidase conjugates of anti-rabbit IgG or anti-
mouse IgG respectively, and bands were visualized by
enhanced chemiluminescence.

Data analysis
For statistical analysis, data are presented as mean * SEM.
Two-way ANOvA and Bonferroni’s post-test were used to assess
significance.

Results

PKCa mediates morphine-induced MOR desensitization

In mature rat LC neurons, a receptor-saturating concentration
of morphine (30 umol-L™) applied for 7 min induced little (8
+ 3%) desensitization of the evoked current (Figure 1Ai,B).
Morphine (30 umol-L™") did, however, induce greater MOR
desensitization when the PKC activity in LC neurons was
enhanced by concomitant activation of M; muscarinic recep-
tors in LC neurons by oxotremorine-M [0x0-M; 10 umol-L™;
Figure 1Aii, B and C; see also Bailey ef al., 2004 for similar
results obtained with morphine plus the phorbol ester,
phorbol 12-myristate 13-acetate (PMA) which is another acti-
vator of PKC]. In contrast, a receptor-saturating concentration
of DAMGO (10 umol-L™") induced marked desensitization (45
+ 5%) over the same time period (Figure 1E,F), an effect that
was neither enhanced when PKC was activated by PMA
(1 umol-L™; Figure 1E) nor reduced when PKC was inhibited
with Go6976 (1 umol-L™'; Figure 1F). PMA itself does not have
any direct effects on these G-protein-coupled, inwardly recti-
fying, potassium channel (GIRK) currents themselves, as the
response to noradrenaline, which activates the same popula-
tion of GIRK currents as the MOR, is unaffected by PMA
(North and Williams, 1985; Bailey etal.,, 2004). In some
recordings we incubated brain slices with morphine for up to
30 min, in the absence of exogenous PKC activation, and still
observed minimal desensitization (data not shown), but we
have observed substantial desensitization, with morphine
alone, after >4 h incubations (Bailey et al., 2009).

To investigate which PKC isoform is involved in morphine-
induced desensitization, we have used membrane-permeable
inhibitors of the RACK (Schechtman and Mochly-Rosen,
2002). Each isoform of PKC, when activated, binds to its own
specific RACK, from where it can phosphorylate target pro-
teins. Recently, small peptide inhibitors have been designed,
which specifically inhibit this interaction (Chen et al., 2001),
and which have been rendered cell-permeable by disulphide
bridge-linking to a TAT peptide. We first used a RACK inhibi-
tor that blocks all conventional PKC isoforms (PKCa, BI, BII
and vy) but does not block novel (PKC3, €, 6 and p) nor atypical
PKC isoforms (PKCE and A) (Ron et al., 1995).

When this agent was applied at a concentration of
1 umol-L™" for 20 min prior to and during subsequent expo-
sure to morphine (30 umol-L™) in the presence of 0xo-M
(10 umol-L™") it completely inhibited morphine-induced
desensitization (Figure 1Aiii,B). Western blot analysis on
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samples of punched-out LC tissue revealed the presence of
PKCa, B, v (as well as the novel isoform PKCe) within this
nucleus (Figure 1D). We then went on to use RACK inhibitors
that have been reported to be selective for individual conven-
tional PKC isoforms (Johnson etal., 1996; Stebbins and
Mochly-Rosen, 2001). RACK inhibitors of PKCBI, PKCBII and
PKCy, applied individually or in combination (1 umol-L™
each), failed to modify morphine-induced desensitization
(Figure 1C). There is as yet no RACK inhibitor selective for
PKCoa but given that the RACK inhibitor that blocks all con-
ventional PKC isoforms (o, BI, BII and y) prevented morphine-
induced desensitization but the combination of selective
inhibitors of BI, BII and y did not, we can infer that the PKC
isoform involved in morphine-induced MOR desensitization
is PKCo..

To confirm the involvement of PKCo in morphine-induced
MOR desensitization, experiments were performed on LC
neurons in brainstem slices from PKCo knockout and
matched wild-type mice. Figure 2A and C show that in LC
neurons from wild-type mice, as in rat LC neurons, activation
of PKC with PMA (1 umol-L' for 20 min) facilitated
morphine-induced MOR desensitization whereas, in the
absence of PKC activation morphine caused little MOR desen-
sitization. In contrast, in PKCa knockout mice, morphine was
unable to induce MOR desensitization either in the presence
of PMA (Figure 2A,C), or in the absence of PMA (data not
shown). On the other hand, DAMGO-induced desensitization
was the same in LC neurons from wild-type and PKCa knock-
out mice (Figure 2B,C) and was unaffected by activation of
PKC by PMA (Figure 2B). These data confirm that PKCo. acti-
vation is required for morphine-induced, but not DAMGO-
induced, MOR desensitization in LC neurons. There were no
visible behavioural changes, or changes in the morphology of
LC neurons between wild-type and knockout mice. No
changes in initial peak current induced by morphine or
DAMGO were seen, between wild-type and knockout animals
(morphine wild-type: 187 = 23 pA, morphine knockout: 182
+ 28 pA, DAMGO wild-type: 507 = 58 pA, DAMGO knock-
out: 530 + 32 pA), and there were no differences in whole-cell
capacitance and holding currents.

DAMGO-induced MOR desensitization in LC neurons is
mediated by GRK2 but not by GRK6

In rat LC neurons, DAMGO induced MOR desensitization
even in the absence of PKC activation (Figures 1E,F
and 3C,D; Bailey etal.,, 2004). In recombinant expression
systems, DAMGO-induced MOR desensitization and internal-
ization have been shown to be GRK-mediated (Johnson et al.,
2006), and so we investigated the role of GRKs in DAMGO-
induced desensitization in mature brain neurons. There are
no small molecule, membrane-permeable, inhibitors of GRKs.
Therefore to investigate the role of GRKs, we have over-
expressed a DNM of GRK2 (GRK2-K220R) and a DNM of GRK6
(GRK6-L215R) in LC neurons. To do this, rats were anaesthe-
tized and an adenoviral vector containing the noradrenergic
neuron-specific promoter PRSx8 as well as the sequences of
either the GRK2 DNM or GRK6 DNM and GFP (see Methods for
details of the adenoviral vector) injected stereotactically and
bilaterally into the region of the LC. Animals were allowed to
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Figure 1 p-Opioid receptor (MOR) desensitization induced by a combination of morphine and protein kinase C (PKC) activation is blocked

by inhibitors of conventional PKC isoforms in rat locus coeruleus (LC) neurons. (A) Sample current recordings from rat LC neurons showing
the time course of the current evoked by (i) 30 umol-L™" morphine alone, (i) 30 umol-L™' morphine in the presence of 10 umol-L™
oxotremorine-M (oxo0-M) and (i) 30 umol-L™" morphine in the presence of 10 umol-L™" oxo-M plus 1 umol-L™" of the receptors for activated
C-kinase (RACK) inhibitor of all conventional PKC isoforms (scale bars represent 50 pA and 5 min). (B) Pooled, averaged data (n = 3-13; error
bars represent SEM) from experiments of the type in (A) showing the decay from the peak of the morphine-evoked current. And 30 umol-L™"
morphine in the presence of 10 umol-L™" oxo-M caused significantly more MOR desensitization than 30 pmol-L™" morphine alone (P < 0.01;
two-way ANOVA and Bonferroni’s post-test at the final time point only). This enhancement was markedly reduced when all of the conventional
PKC isoforms (o, Bl, Bll, y) were blocked (30 umol-L™" morphine + 10 umol-L™" oxo-M + 1 umol-L™" of the RACK inhibitor of all conventional
PKC isoforms). P < 0.01 versus morphine + oxo-M. Asterisks (largely occluded by open circles) show MOR desensitization following brief
application of noradrenaline (100 umol-L™). (C) Pooled, averaged data from experiments of the type in (A) showing the decay from the peak
of the morphine-evoked current. When only the BI, Bll and y conventional isoforms of PKC were inhibited, oxo-M still enhanced morphine-
induced MOR desensitization (n = 3-13; error bars represent SEM; P < 0.01; two-way ANOVA and Bonferroni’s post-test vs. morphine alone).
(D) The rat LC expresses the o, B, ¥ and & but not & isoforms of PKC. Sample Western blots typical of those obtained in three separate
experiments using protein from rat LC tissue. (E) Pooled, averaged data (n = 3-5; error bars represent SEM) from experiments of the type in
(A) showing the decay from the peak of the DAMGO-evoked current. The desensitization induced by 10 umol-L™" DAMGO was the same in
the presence and absence of 1T umol-L™' phorbol 12-myristate 13-acetate (PMA). (F) Pooled, averaged data (n = 3-4; error bars represent SEM)
showing the decay from the peak of the DAMGO-evoked current. The desensitization induced by 10 umol-L™" DAMGO was the same in the
presence and absence of 1 umol-L™' Go6976.

recover for 2-3 days to allow time for the GRK2 DNM, GRK6
DNM and GFP to be expressed in noradrenergic LC neurons.
Animals were then killed and brainstem slices containing the
LC prepared. Western blot analysis on samples of punched-
out LC tissue revealed that there was a greater expression of
GRK2 (using an antibody recognizing both wild-type GRK2
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and GRK2 DNM) in the LC from animals injected with the
GRK2 DNM- and GFP-containing virus (Figure 3B).

Virally infected neurons were identified under fluorescence
microscopy by their GFP fluorescence (Figure 3A) and subse-
quently whole-cell patch-clamp recordings made from them.
The resting membrane potential, input resistance and action
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Figure 2 p-Opioid receptor (MOR) desensitization induced by morphine or DAMGO in wild-type and protein kinase C (PKC)a knockout mice.
(A) Pooled, averaged data from mouse locus coeruleus (LC) neurons (n = 3—-4; error bars represent SEM). The desensitization observed in
30 umol-L™" morphine + 1 umol-L™" phorbol 12-myristate 13-acetate (PMA) in LC neurons from wild-type animals (PKCos+/+) was statistically
greater than that observed with 30 umol-L™" morphine + 1 umol-L™' PMA in LC neurons from PKCo knockout (PKCo~/-) animals (P < 0.07;
two-way ANOVA and Bonferroni’s post-test at 7 min). (B) Pooled, averaged data from mouse LC neurons (n = 3-4; error bars represent SEM).
Data show the decay of the 10 umol-L™' DAMGO-evoked current in LC neurons from wild-type animals (PKCo+/+) and in LC neurons from
PKCo knockout animals (PKCo—/-). There was no statistically significant difference between the two curves (P > 0.05; ANOVA and Bonferroni’s
post-test). (C) Opioid-evoked currents in mouse LC neurons measured as the inward current evoked by voltage steps from —60 mV to =130 mV
for 60 ms every 10 s (see Methods for details); scale bars represent 200 pA and 10 ms.

potential waveform of GFP-positive neurons were not signifi-
cantly different from those of neurons from non-injected
animals (data not shown). In GFP-positive, GRK2 DNM-
expressing neurons, DAMGO (10 umol-L™") induced a K*
current similar in amplitude to that in control neurons (GFP-
positive neurons: 134 = 15 pA, control: 154 = 25 pA; n =4
and 3 respectively). The DAMGO-induced desensitization was
however markedly attenuated in GFP-positive, GRK2 DNM-
expressing neurons (Figure 3C,D). In contrast, in LC neurons
infected with the GRK6 DNM-containing virus and exhibiting
similar intensities of GFP fluorescence, the desensitization
induced by DAMGO was the same as in cells not expressing
the virus (Figure 3G,H).

Morphine-induced MOR desensitization did not involve GRK2

It has previously been reported that the activity of GRK2 can
be enhanced by direct phosphorylation by PKC whereas
GRKS is inhibited by PKC phosphorylation (Pronin and
Benovic, 1997). One possible mechanism therefore by which
PKCo could enhance morphine-induced MOR desensitization
would be by enhancing the activity of GRK2. In GRK2 DNM-
expressing, GFP-positive neurons, morphine (30 umol-L™")
induced a K' current similar in amplitude to that in control
neurons (GFP-positive neurons: 110 + 14 pA, control: 107 =
7pA; n = 6 and 3 respectively). In the presence of PMA
(1 umol-L™), to activate PKC, morphine-induced desensitiza-
tion was similar both in time course and amplitude in GRK2
DNM-expressing, GFP-positive neurons and control neurons
(Figure 3E,F). Therefore PKC-mediated, morphine-induced

MOR desensitization did not result from an enhancement of
GRK2 activity.

Discussion

The key finding of this study is that two agonists acting on the
same G-protein coupled receptor (GPCR) can induce desen-
sitization by separate mechanisms, providing compelling evi-
dence that different receptor agonists can induce different
conformations of an endogenously expressed GPCR. To our
knowledge this is the first time that the phenomenon of
functional selectivity (Urban et al., 2007) has been observed at
the level of receptor desensitization in mature neurons. We
observed that morphine-induced MOR desensitization is
mediated predominantly by a heterologous, PKC-dependent
mechanism whereas that induced by the peptide agonist
DAMGO is homologous and mediated by GRK and not PKC.
Indeed each MOR agonist may possess a different ability to
recruit the various mechanisms of desensitization, as indeed
we have previously reported that the desensitization induced
by Met-enkephalin, likely to be GRK-mediated, can be
enhanced by PKC activation (Bailey et al., 2004). At present
we cannot differentiate between a sequential model of desen-
sitization where the desensitized states are interconvertible
and a non-sequential, independent model where the states
are not interconvertible (see Kelly et al., 2007). A further com-
plication arises from our studies of recombinant MORs
expressed in HEK-293 cells where the MOR appears to be
pre-phosphorylated by PKC (Johnson et al., 2006).

British Journal of Pharmacology (2009) 158 157-164
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Figure 3 Inhibition of DAMGO-induced, but not morphine-
induced, MOR desensitization by over-expressing a GRK2 dominant
negative mutant in rat LC neurons. (A) LC neurons exhibit
fluorescence, 2 days after stereotactic local injection of a PRSx8-
GRK2(K220R)-IRES-eGFP-containing adenoviral vector. (B) Total
GRK2 and GRK6 immunoreactivity was enhanced in rat LC tissue 2
days following injection of PRSx8-GRK2(K220R)-IRES-eGFP- or PRSx8-
GRK6(L215R)-IRES-eGFP-containing  adenoviral vector. Sample
Western blots from three separate experiments each. (C) Sample
current recordings showing DAMGO-induced desensitization. The
black trace shows a recording from an LC neuron taken from a
control animal and shows marked desensitization in response to
DAMGO (10 umol-L™"). The grey trace shows a recording from an
eGFP-positive neuron, and therefore assumed to also be expressing
the GRK2 DNM. Traces are scaled to equal peak currents; scale bar
represents 5 min. (D) Pooled data from experiments (n = 3-4) as in
(C) showing the decay from the peak of the DAMGO-evoked current.
When the GRK2 DNM was expressed, DAMGO-induced MOR desen-
sitization was significantly attenuated compared with that observed
in control neurons. Error bars represent SEM (P < 0.01; two-way
ANOVA and Bonferroni’s post-test at 7 min). (E) Sample current
recordings showing MOR desensitization induced by morphine
(30 umol-L™") in the presence of PMA (1 umol-L™"). The black trace
shows a recording from an LC neuron from a control animal; the grey
trace shows a recording from a neuron expressing the GRK2 DNM.
Traces are scaled to equal peak currents; scale bar represents 5 min.
(F) Pooled data from experiments (n=3-6) as in (E) showing the
decay from the peak of the morphine-evoked current. Data show
morphine-induced MOR desensitization in the presence of PMA
(1 umol-L™") in neurons from control animals and in neurons express-
ing the GRK2 DNM. Error bars represent SEM. There was no statisti-
cally significant difference between the two curves (P > 0.05; two-
way ANOVA and Bonferroni’s post-test at 7 min). (G) Sample current
recordings showing DAMGO-induced desensitization. The black
trace shows a recording from an LC neuron taken from a control
animal and shows marked desensitization in response to DAMGO
(10 umol-L'™"). The grey trace shows a recording from an eGFP-
positive neuron, and therefore assumed to also be expressing the
GRK6 DNM. Traces are scaled to equal peak currents; scale bar
represents 5 min. (H) Pooled data from experiments (n = 3-4) as in
(G) showing the decay from the peak of the DAMGO-evoked current.
When the GRK6 DNM was expressed, DAMGO-induced MOR desen-
sitization was not significantly attenuated compared with that
observed in control neurons. Error bars represent SEM (P > 0.05;
two-way ANOVA and Bonferroni’s post-test at 7 min). DNM, dominant
negative mutant; GFP, green fluorescent protein; GRK, G-protein-
coupled receptor kinase; LC, locus coeruleus; MOR, p-opioid recep-
tor; PMA, phorbol 12-myristate 13-acetate.

P
<

In LC neurons there is a small component of morphine-
induced MOR desensitization apparent in the absence of PKC
activation (Bailey et al., 2004; Dang and Williams, 2005). This,
coupled with the observation that in HEK-293 cells, expres-
sion of the GRK2 DNM seemed to exert a slight inhibitory
effect on morphine-induced desensitization (Johnson et al.,
2006) could indicate that there is a component to morphine
desensitization that is GRK-mediated. If this leads to arrestin
binding to the MOR, it would explain the small but signifi-
cant amount of receptor internalization induced by morphine
in HEK-293 cells and might also explain the morphine-
induced, arrestin-dependent MOR receptor internalization
seen in striatal neurons (Haberstock-Debic etal., 2005)
although morphine-induced MOR internalization has not
been observed in several types of neuron including those
in LC, cortex, spinal cord and gut (Sternini etal., 1996;
Keith et al., 1998; Trafton et al., 2000; Van Bockstaele and
Commons 2001). The relative amounts of PKC-mediated and



GRK-mediated morphine-induced MOR desensitization may
therefore vary between cell types depending on the relative
expression levels of each enzyme.

In our in vitro studies on LC neurons, it is necessary to
enhance PKC activity to observe morphine-induced MOR
desensitization (this paper; Bailey et al., 2004) yet in vivo,
morphine tolerance, which is reversed by PKC inhibitors
(Smith et al., 2007), develops without any additional activa-
tion of PKC. This is likely due to the basal conditions that are
achieved in isolated, patch-clamped neurons. Such neurons
are quiescent with no ongoing calcium entry due to action
potential firing; they will also not be being bombarded with
synaptic inputs that would activate metabotropic Gq-coupled
receptors resulting in PLC activation, raised intracellular dia-
cylglycerol and calcium levels as well as activating ionotropic
glutamate receptors to raise intracellular calcium levels.
Raised intracellular calcium levels and production of diacylg-
lycerol would result in a higher level of PKC activity.

The classical scenario for GPCR desensitization is by phos-
phorylation of the receptor by GRKs and subsequent arrestin
binding (Pierce et al., 2002). It was possible that PKC might
facilitate MOR desensitization indirectly by phosphorylating
and activating GRKs (Zhang et al., 1996; Krasel et al. 2001).
However we showed that that was not the case, as viral vector-
mediated expression of a dominant negative form of GRK2
had no effect on PKC-facilitated morphine-induced MOR
desensitization, whereas DAMGO-induced MOR desensitiza-
tion was reduced. Interestingly, DAMGO-induced desensitiza-
tion was not inhibited by over-expression of a GRK6 DNM
even though LC neurons are likely to express GRK6
(Erdtmann-Vourliotis et al., 2001) demonstrating a degree of
specificity with regard to MOR-GRK interaction in mature
neurons. We have previously reported that the GRK2 and
GRK6 DNMs used in this study inhibit adenosine A, and
secretin receptor desensitization respectively (Mundell et al.,
1997; Ghadessy et al., 2003). It is unlikely that simply express-
ing adenovirus in LC neurons produces the selective decrease
in DAMGO-induced desensitization. While the GRK2 DNM-
containing virus inhibited DAMGO desensitization it was
ineffective against morphine-induced desensitization and fur-
thermore the GRK6 DNM-containing virus was ineffective at
the same expression levels against both DAMGO- and
morphine-induced desensitization. Therefore de facto we
have shown that the virus itself does not produce the inhibi-
tion of DAMGO desensitization.

Unfortunately we have not yet been able to exclude that in
the absence of GRK activity, DAMGO can desensitize the
MOR by a PKC-dependent mechanism. This is because to do
so requires the complete removal of GRK2 from LC neurons.
The GRK2 knockout is lethal, and at present no irreversible
inhibitors of GRK2 are available. Over-expression of the GRK2
DNM as used in our present study reduces, but does not
abolish, GRK2 activity and thus subsequent activation of PKC
is likely to result in an enhancement of endogenous GRK2
activity by direct phosphorylation of GRK2 by PKC (Pronin
and Benovic, 1997) and overcome the inhibition produced by
the GRK2 DNM.

It is also possible that PKC activation in some way enhances
a phosphorylation-independent physical interaction between
GRKs and the MOR as has been described for some G-protein-
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coupled receptors (Ferguson, 2007). Our attempts, however,
using co-immunoprecipitation experiments on HEK-293 cells
over-expressing both MOR1 and GRK2, have failed to find
agonist-induced MOR/GRK binding, even though we have
previously observed mGluR1la/GRK binding using this
approach (Mundell et al., 2004). Other workers have reported
that the interaction between the MOR and GRKs is weak
relative to other GPCRs (Schulz et al., 2002).

Coupled with our work examining MOR desensitization in
HEK-293 cells (Johnson et al., 2006), we can conclude that PKC
facilitates MOR desensitization by a mechanism independent
of GRK and arrestin, and which operates within the neuron
expressing the MOR. The likely target for PKC phosphorylation
is the MOR itself, and in HEK-293 cells, MORs are phosphory-
lated in response to PKC activation (Johnson et al., 2006; 1.
Rodriguez-Martin, S. Oldfield and E. Kelly, unpubl. obs.).

Protein kinase C exists as multiple isoforms (Way et al.,
2000), many of which are expressed in CNS neurons. In LC
neurons, a single PKC isoform, PKCoa, appears to be respon-
sible for facilitating morphine-induced MOR desensitization
as when PKCa was inhibited or absent, morphine caused
minimal MOR desensitization, even in the presence of PKC
activators. However PKCo is not the only isoform that may be
involved in morphine-induced MOR desensitization and it is
entirely possible that in different neuronal populations other
isoforms of PKC may be involved. Indeed, in vivo, there is
evidence from analgesia studies that morphine tolerance may
involve not only PKCa but also PKCy and PKCe (Zeitz et al.,
2001; Hua et al, 2002; Newton et al., 2007; Smith et al., 2007).

In conclusion, we show that in mature neurons morphine
and DAMGO can induce MOR desensitization by different
mechanisms, demonstrating a striking degree of kinase speci-
ficity in the desensitization of neuronal GPCRs. The desensi-
tization induced by morphine is largely GRK2-independent
but requires ongoing activation of PKCa whereas for DAMGO
the desensitization is by a homologous GRK2-dependent
mechanism.
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