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Chronic treatment with morphine results in a decrease in �-opioid receptor sensitivity, an increase in acute desensitization, and a
reduction in the recovery from acute desensitization in locus ceruleus neurons. With acute administration, morphine is unlike many
other opioid agonists in that it does not mediate robust acute desensitization or induce receptor trafficking. This study compares
�-opioid receptor desensitization and trafficking in brain slices taken from rats treated for 6 –7 d with a range of doses of morphine (60,
30, and 15 mg � kg �1 � d �1) and methadone (60, 30, and 5 mg � kg �1 � d �1) applied by subcutaneous implantation of osmotic mini-
pumps. Mice were treated with 45 mg � kg �1 � d �1. In morphine-treated animals, recovery from acute [Met]5enkephalin-induced desen-
sitization and receptor recycling was diminished. In contrast, recovery and recycling were unchanged in slices from methadone-treated
animals. Remarkably the reduced recovery from desensitization and receptor recycling found in slices from morphine-treated animals
were not observed in animals lacking �-arrestin-2. Furthermore, pharmacological inhibition of G-protein receptor kinase 2 (GRK2),
although not affecting the ability of [Met]5enkephalin to induce desensitization, acutely reversed the delay in recovery from desensitiza-
tion produced by chronic morphine treatment. These results characterize a previously unidentified function of the GRK/arrestin system
in mediating opioid regulation in response to chronic morphine administration. They also suggest that the GRK/arrestin system, rather
than serving as a primary mediator of acute desensitization, controls recovery from desensitization by regulating receptor reinsertion to
the plasma membrane after chronic treatment with morphine. The sustained GRK/arrestin-dependent desensitization is another way in
which morphine and methadone are distinguished.

Introduction
Activation of neuronal �-opioid receptors (MORs) increases a
potassium conductance in many areas of the nervous system
(Williams et al., 2001). This receptor/effector pathway has been
used in many studies to characterize the acute and chronic ac-
tions of opioids. After chronic treatment of animals with mor-
phine, there is a modest shift (twofold to fourfold) in the
concentration response to some opioid agonists and a decrease in
the maximum response induced by others (Williams et al., 2001).
Similar results were obtained when the inhibition of calcium cur-
rent or the inhibition of transmitter release by opioid was mea-
sured. The aim of this study is to compare the adaptations in
cellular signaling that result from the chronic treatment of ani-
mals with two distinctly different opioid agonists.

Receptor desensitization and internalization are two early
events that are thought to mark the onset of tolerance at the
single-cell level (Williams et al., 2001). The model for G-protein-
coupled receptor (GPCR) desensitization is dependent on recep-
tor phosphorylation by a G-protein receptor kinase (GRK) that

facilitates binding of �-arrestin (�Arr), AP-2, and clathrin, re-
sulting in the targeting of this complex for internalization
(Gainetdinov et al., 2004). This sequence of events is dependent
on the agonist used (Blake et al., 1997; Yu et al., 1997; Borgland et
al., 2003; Schulz et al., 2004; Bohn et al., 2000, 2004; Koch et al.,
2005; Stafford et al., 2001; Walker and Young, 2001; Whistler et
al., 1999; Finn and Whistler, 2001; Grecksch et al., 2006; Martini
and Whistler, 2007).

Morphine and methadone are two opioids that have quanti-
tatively different actions at the cellular level. Morphine is a partial
agonist that is relatively poor at inducing both desensitization
and internalization (Arttamangkul et al., 2008; Bailey et al.,
2003). Methadone is a more efficacious and efficiently induces
desensitization and internalization (Rodriguez-Martin et al.,
2008). The present study examines receptor activation, desensi-
tization, recovery from desensitization, and trafficking in locus
ceruleus (LC) neurons from rats and mice after chronic treat-
ment with morphine or methadone. When rats were treated with
morphine or methadone, the concentration–response curve of
[Met 5]enkephalin (ME) measured in LC neurons was shifted to
the right and acute desensitization was increased. The recovery
from desensitization was reduced in slices from morphine-treated
rats and mice, whereas the recovery from desensitization was not
different from control in slices from methadone-treated animals.
The recovery from desensitization was not changed in �-arrestin-2
knock-out animals that were treated with morphine. Likewise, the
recovery from desensitization was the same as control in morphine-

Received Sept. 16, 2010; revised Jan. 10, 2011; accepted Jan. 14, 2011.
This work was supported by National Institutes of Health Grants DA023793 (N.Q.), DA020972 (E.K.L.), DA08163

(J.T.W.), and DA012864 (M.v.Z.).
*N.Q. and E.L. contributed equally to this work.
Correspondence should be addressed to John T. Williams, Vollum Institute, Oregon Health and Science University,

Portland, OR 97239. E-mail: williamj@ohsu.edu.
DOI:10.1523/JNEUROSCI.4874-10.2011

Copyright © 2011 the authors 0270-6474/11/314434-10$15.00/0

4434 • The Journal of Neuroscience, March 23, 2011 • 31(12):4434 – 4443



treated mice after the inhibition of GRK2. The results suggest that
chronic morphine treatment reduced the recovery from desensitiza-
tion by a GRK2/�-arrestin-2-dependent mechanism.

Materials and Methods
Tissue preparation. For experiments using rats, adult (150 –250 g) male
Sprague Dawley rats (Charles River Laboratories) were used. Details of
the method of slice preparation and recording have been published pre-
viously (Alvarez et al., 2002). Briefly, animals were anesthetized with
isoflurane and killed. The brain was dissected, blocked, and mounted in
a vibratome chamber to cut horizontal slices (200 –260 �m thick) con-
taining LC. Slices were stored at 35°C in an artificial CSF (ACSF) con-
taining the following (in mM): 126 NaCl, 2.5 KCl, 2.5 CaCl2, 1.2 MgCl2,
1.2 NaH2PO4, 21.4 NaHCO3, and 11 D-glucose (while being continu-
ously equilibrated with 95% O2/5% CO2). Slices were incubated for a
minimum of 1 h to wash out drugs used in chronic treatment protocols
that may have remained in brain tissue.

Recordings. Slices (260 �m) were hemisected and transferred to the
recording chamber (0.5 ml) where they were superfused with 35°C ACSF
at a rate of 1.5 ml/min. Whole-cell recordings were made from rat LC
neurons with an Axopatch 200B amplifier (Molecular Devices) in the
voltage-clamp mode (cells held at �55 mV). Pipettes (1.7–2.1 M�) were
filled with an internal solution containing the following (in mM): 115
methyl potassium sulfate, 20 NaCl, 1.5 MgCl2, 10 HEPES, 10 BAPTA, 2
Mg-ATP, 0.5 Na-GTP, and 10 phosphocreatine, pH 7.3. Intracellular
recording in mouse LC were made with an Axoclamp 2A using sharp
electrodes (50 – 60 M�) filled with KCl (2 M). Direct current (0 –200 pA)
was applied to inhibit spontaneous firing and hold the membrane poten-
tial at approximately �60 mV. Data were collected with PowerLab
(Chart version 4.2.3). Analysis was performed with Prism and Kaleida-
graph software. Values are presented as arithmetic mean � SEM. Com-
parisons of ME-induced currents and hyperpolarizations and of acute
desensitization between treatment groups was performed using one-way
ANOVA, followed by Dunnett’s post hoc test. The interaction between
the time and extent of recovery between treatment groups was examined
using two-way ANOVA, followed by Bonferroni’s adjusted-� multiple
comparison test to compare recovery at each time point. p values �0.05
were considered significant.

Drug treatment. Rats were implanted with osmotic minipumps (Alzet
2ML1) to deliver morphine [National Institute on Drug Abuse (NIDA)–
Neuroscience Center], methadone (NIDA–Neuroscience Center), or
carrier (control). The minipumps have a 2 ml reservoir and deliver their
contents for 7 d at the rate of 10 �l/h. Pumps were filled with the required
concentration of drug and dissolved in water, based on the weight of the
rat and the desired dosing parameter (morphine, 60, 30, and 15
mg � kg �1 � d �1; methadone, 60, 30, and 5 mg � kg �1 � d �1). Mice re-
ceived 45 mg � kg �1 � d �1 of either morphine or methadone via osmotic
minipumps that have a 200 �l reservoir and release at a rate of 1 �l/h for
7 d. Animals were anesthetized with isoflurane, and an incision was made
in the mid-scapular region to insert the pump subcutaneously. Rats re-
ceiving 60 mg � kg �1 � d �1 of either morphine or methadone were first
given intraperitoneal injections of 5 mg/kg at 9:00 A.M. and 7 mg/kg at
6:00 P.M. on day 1. On day 2, they received 7 mg/kg intraperitoneally at
9:00 A.M., and the osmotic minipump was implanted at 6:00 P.M. Ani-
mals were returned to their housing facility during recovery. Experi-
ments were performed on day 6 or 7 after minipump implantation.
Control animals consisted of naive animals and those implanted with
vehicle-filled pumps.

Drug concentration analysis. Brain and plasma samples were analyzed
at the University of Utah, Center for Human Toxicology under the su-
pervision of Dr. Roger Foltz in conjunction with NIDA. Plasma and
whole brain samples were obtained for drug (morphine or methadone)
concentration analysis at the time of brain slice preparation. After isoflu-
rane anesthesia, 3 ml whole blood was obtained via cardiac puncture with
a heparinized syringe. Blood was centrifuged, and plasma was collected.
Brain tissue removed after blocking the LC was collected and homoge-
nized in water. Samples were frozen at �20°C and shipped to University
of Utah, Center for Human Toxicology for analysis. Samples were ana-

lyzed by liquid chromatography/tandem mass spectrometry using elec-
trospray ionization and selected reaction monitoring. Samples from
morphine-treated animals were analyzed for morphine and the metabo-
lites morphine-3-glucuronide and morphine-6-glucuronide. The quan-
tification range for these compounds was between 1.0 and 1000 ng/ml.
Samples from methadone-treated animals were analyzed for R- and
S-methadone and their respective metabolites R- and S-2-ethylidene-
1,5-dimethyl-3,3-diphenylpyrrolidine (EDDP). The quantification
range for these compounds was between 2.5 and 500 ng/ml.

FlagMOR transgenic mice. Mice were bred and genotyped as described
previously (Arttamangkul et al., 2008). Data were collected from mice
that were hemizygous for the FlagMOR transgene (Flag-TG/�) and
backcrossed with C57BL/6 for at least five generations. Mice were also
bred with MOR�/� or �Arr2�/� mice to generate mice that were hemi-
zygous for the transgene and homozygous knock-outs (Flag-TG/
�MOR�/� and Flag-TG/�Arr�/�). Transgenic mice and transgenic
mice that were crossed with the MOR knock-out animal were used. These
mice expressed a somewhat greater number of receptors (Arttamankgul
et al., 2008). The Bmax for MOR binding was twofold higher in the trans-
genic mouse, resulting in a fourfold shift in the concentration response
curve to ME. The concentration–response curve approached that of the
wild-type (WT) animals after the transgenic animal was crossed with the
MOR knock-out animal. Given the small shift in the concentration–
response curve to ME, it is unlikely that the small difference in the level of
MOR expression has an impact on the interpretation of the results.

Receptor internalization and recycling. Brain slices (200 �m) were in-
cubated in ACSF containing M1 antibody (Sigma) that was conjugated to
10 �g/ml Alexa Fluor-594 (Invitrogen) for 25– 45 min. Slices were visu-
alized using an upright microscope with a custom-built two-photon ap-
paratus. A 15 �m z-series was collected in 1 �m sections using ScanImage
software. ME and calcium-free ACSF containing EGTA (0.5 mM,
calcium-free) were applied by superfusion, and all experiments were
performed at 35°C. A control image (C) was collected before drug appli-
cation, and a second image was collected after perfusion of ME (30 �M, 10
min). This was followed by perfusion of the calcium-free solution (10
min) either immediately after washout of ME (I) or after a 30 min wash-
out period (R). Images were analyzed offline using NIH ImageJ software.
Images were z-projected using the sum-slices method. Five regions of
interest were selected and averaged for background fluorescence. The
average background fluorescence was subtracted from total fluorescence
to yield the fluorescence intensity. Internalization was calculated as the
fraction of fluorescence intensity remaining after perfusion of ME and
the calcium-free solution compared with control (I/C). The total fluo-
rescence remaining after a 30 min wash and calcium-free solution (R/C)
was subtracted from the average internalization to determine the fraction
of internalized receptors that recycled to the plasma membrane. One-
way ANOVA was used to compare ME-induced internalization between
treatment groups. Bidirectional Student’s t test was used within each
treatment group to compare differences in fluorescence intensity re-
maining after internalization and recycling.

GRK2as5 transgenic mouse. To acutely regulate GRK2 activity in tissue,
a “pseudo-knock-in” mouse that expresses a previously described
analog-sensitive version of GRK2 (Kenski et al., 2005) in place of the
endogenous kinase was generated. This mutant GRK2 is selectively in-
hibited by the nucleotide analog 1NaPP1 [1-(1,1-dimethylethyl)-3-(1-
naphthalenyl)-1H-pyrazolo[3, 4-d]pyrimidin-4-amine (gift from Kevan
Shokat, University of California, San Francisco, San Francisco, CA)]. The
fosmid M1–1960 containing the entire murine Adrbk1 gene and con-
served 5� region was selected from the EpiFOS library (BACPAC; Chil-
dren’s Hospital Oakland Research Institute, Oakland, CA) for targeted
mutagenesis. Mutations coding for C221V and L271G, which confer
sensitivity to the small molecule inhibitor 1NaPP1 (Kenski et al., 2005),
were introduced into Adrbk1 by homologous recombination using the
Counter-Selection BAC Modification method (Genebridges). The mod-
ified fosmid was linearized and microinjected into C57BL/6 blastocysts
(Gladstone Transgenic Core at University of California, San Francisco).
Founders, identified by Southern blot and the presence of a silent muta-
tion introducing a BstEII site in the transgene detectable by PCR ampli-
fication and restriction digest, were crossed to C57BL/6 WT animals to
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identify founders with germ-line transmission.
Founders with endogenous levels of grk2as5
transgene expression were selected for crosses
to Adrbk1�/� heterozygous knock-out mice in
a C57BL/6 background (Jaber et al., 1996) (gift
from Marc Caron, Duke University, Durham,
NC), and additional crosses were continued
until mice homozygous for the transgene in a
homozygous Adrbk1�/� background were ob-
tained. Verification that starting breeding pairs
were double-homozygous mice was confirmed
by mating each partner to WT mice, and all
resulting offspring were double heterozygotes.

Drugs. Drugs were applied by bath superfu-
sion. ME, bestatin, and yohimbine were dissolved
in water. 1NaPP1 and UK14304 [5-bromo-6-(2-
imidazolin-2-ylamino)-quinoxaline] were dis-
solved in DMSO. Final concentrations of DMSO
did not exceed 0.01%. For experiments with
1NaPP1, slices were incubated before re-
cording and were also superfused with the in-
hibitor. Thiorphan was dissolved in ethanol
(applied �0.00001%). Morphine sulfate and
methadone hydrochloride used for treatment
were obtained from NIDA–Neuroscience
Center. All other drugs were obtained from
Sigma-Aldrich.

Results
Chronic treatment with morphine and
methadone in rats
Chronic treatment of rats with morphine
produces tolerance that results in a two-
fold rightward shift of the dose–response
curve to DAMGO (D-Ala2-N-Me-Phe 4-
glycol 5-enkephalin) in locus ceruleus
neurons (Christie et al., 1987). Concen-
tration–response curves measuring the
outward current were constructed for ME
to determine whether treatment of rats with
morphine or methadone resulted in compa-
rable tolerance in LC neurons. Osmotic mi-
nipumps containing either morphine (60
mg � kg�1 � d�1) or methadone (60 mg � kg�1 � d�1) were im-
planted for 6 d, and the outward current induced by various concen-
trations of ME were measured (Fig. 1A,B). The ME-stimulated
current was normalized to the peak current induced by the �-2 ad-
renoceptor agonist UK14304 (3 �M), which couples to the same
population of G-protein-linked inwardly rectifying potassium chan-
nels. In rats that were opiate naive (control), the maximum ME-
induced current was 145 � 8% of the peak UK14304-induced
current. The maximum current was not different after chronic mor-
phine or chronic methadone treatment (153 � 8 and 144 � 7%,
respectively). The concentration of ME that produced a half-
maximal outward current (EC50) in slices from control was 281� 47
nM. Slices from chronic morphine-treated rats showed a twofold
right shift in the ME concentration–response curve (578 � 85 nM)
compared with control, consistent with what has been reported pre-
viously after treatment of rats using morphine pellets (Christie et al.,
1987). Chronic methadone treatment also resulted in a twofold right
shift (500 � 78 nM), suggesting that the doses of morphine and
methadone used to treat rats produced a similar amount of cellular
tolerance.

After chronic treatment of rats with morphine, ME-induced
receptor desensitization measured by the decline in the ampli-

tude of the hyperpolarization was increased (Dang et al., 2004).
To determine whether chronic methadone treatment produced a
similar adaptation, ME-induced desensitization of outward cur-
rents was measured in slices from rats that were implanted with
morphine or methadone pumps. To induce desensitization, a
saturating concentration of ME (30 �M) was perfused, and the
peak and decline in the outward current was measured during a
10 min application. In control slices, the outward current that
remained after 10 min was 65 � 2% of the initial peak amplitude
(Fig. 2A). The outward current declined to 53 � 2 and 54 � 2%
of the initial peak current after chronic morphine and chronic
methadone treatment, respectively (Fig. 2B,C). Therefore, treat-
ment with both morphine and methadone increased the amount
of ME-induced acute desensitization (one-way ANOVA, F(2,22)

� 8.067, p � 0.002) (Fig. 2D) and shifted the concentration–
response curve.

Recovery from ME-induced desensitization was examined in
slices from morphine- and methadone-treated rats by comparing
the current amplitude resulting from a pulse of ME (300 nM)
applied before and after desensitization. The amplitude of the ME
(300 nM) current 5 min after desensitization was 22 � 3% of the
prepulse amplitude in control slices (Fig. 3A). The test pulse of
ME (300 nM) was applied again at 15, 25, 35, and 45 min. In slices

Figure 1. Chronic morphine and methadone treatment resulted in reduced potency of ME in rat LC neurons. A, Representative
trace showing outward currents produced by perfusion of varying concentrations of ME. At the end of the experiment, the outward
current produced by UK14304 (3 �M) was measured and reversed by yohimbine (3 �M; Yoh). B, Concentration–response curves for
ME in slices from untreated, chronic morphine (60 mg � kg �1 � d �1) and chronic methadone (60 mg � kg �1 � d �1) treated rats.
Outward currents induced by ME (30 nM to 10 �M) were normalized to the peak current induced by UK14304. All points are mean�
SE. The EC50 values from control (281 � 47 nM), chronic morphine (578 � 85 nM), and chronic methadone (500 � 78 nM).

Figure 2. Enhanced desensitization observed after chronic treatment of rats with morphine or methadone. A–C, Representa-
tive traces showing the decline in the outward current during a 10 min application of a saturating concentration of ME (30 �M). The
peak current (dashed line) declined during the 10 min application to a desensitized amplitude (double arrows). D, Bars represent
the mean percentage of peak current � SE in control (black), morphine treated (gray), and methadone treated (white). n is
indicated in bars. One-way ANOVA followed by Dunnett’s post hoc test showed a significant difference between morphine treated
and methadone treated vs control (*p � 0.01).
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from untreated rats, the current recovered to 71 � 5% of the
prepulse amplitude after 45 min. After chronic morphine treat-
ment, the ME-induced current measured 45 min after desensiti-
zation was 42 � 4% of prepulse (Fig. 3B). In slices taken from
animals that were treated chronically with methadone, the cur-
rent recovered to 67 � 2% of the prepulse amplitude after 45 min
(Fig. 3C). Two-way ANOVA showed no interaction between time
and treatment group (F(8,99) � 1.49, p � 0.17), suggesting that the
rate of recovery was not significantly different between treatment
groups. However, a significant reduction in the extent of recovery

from desensitization at 45 min was ob-
served after chronic morphine treatment
( p � 0.001) but not after chronic metha-
done treatment ( p � 0.05). Thus, chronic
treatment with morphine resulted in a
unique adaptive change that prevented re-
covery of MOR function that did not oc-
cur after chronic methadone treatment
(Fig. 3D).

To ensure that the observed differ-
ences between chronic morphine and
methadone treatment was not dependent
on the dose of drug, several doses of each
agonist were used for treatment, and re-
covery from desensitization was exam-
ined. Chronic morphine treatment had
no effect on the rate of recovery from de-
sensitization (F(16,133) � 1.18, p � 0.29)
but resulted in reduced recovery from de-
sensitization after 45 min at all doses
tested ( p � 0.01) (Fig. 4A). The rate
(F(12,144) � 0.40, p � 0.96) and the extent
( p � 0.05) of recovery from desensitiza-
tion after methadone treatment were not
different from control at all doses tested
(Fig. 4B). Drug levels in brain and plasma
for the drugs were measured for the vari-
ous doses and are presented in Table 1.
Morphine brain concentrations as low as
9 � 1 ng/ml were sufficient to cause
changes in desensitization and recovery.

To determine whether acute morphine
was sufficient to induce the same changes
in MOR desensitization and recovery as
chronic treatment, rats were given two 10
mg/kg intraperitoneal injections of mor-
phine, 9 h apart, and experiments were
performed 24 h after the first injection.
After ME-induced desensitization, the
current induced by a test pulse of ME (300
nM) was 22 � 2% of the prepulse at 5 min
and recovered to 76 � 4% at 45 min (Fig.
4A). Thus, recovery was not different
from control ( p � 0.05), indicating that
1 d of treatment was not sufficient to pro-
duce the changes observed by chronic
treatment for 6 d.

Chronic treatment in mouse
Desensitization and recovery
Receptor trafficking is an important as-
pect of MOR regulation that may also be
differentially regulated by chronic opioid
treatment. To directly monitor trafficking

of MOR, a transgenic mouse with the tyrosine hydroxylase pro-
motor driving expression of a Flag-tagged MOR was used. Intra-
cellular recording of membrane potential was used to measure
the hyperpolarization induced by ME. In slices from these trans-
genic mice, ME (100 nM) produced a hyperpolarization of 16.8 �
2.9 mV. The maximum hyperpolarization induced by ME (30
�M) was 32.3 � 1.3 mV and declined to 77 � 3% of the initial
peak amplitude during the 10 min application (Fig. 5A). The test
pulse of ME (100 nM) applied 5 min after desensitization was

Figure 3. Recovery from desensitization is impaired in slices from mice treated with chronic morphine but not methadone. A,
Representative traces of outward currents in slices from untreated mice. ME (300 nM) was perfused before desensitizing with ME
(30 �M, 10 min). ME (300 nM) was tested again 5 min after washout of the desensitizing concentration, and the amplitude of the
current was compared with the prepulse amplitude (dashed line). ME (300 nM) was tested again at 15, 25, 35, and 45 min to
measure recovery from desensitization (percentage of prepulse amplitude). At the end of the experiment, the current induced by
UK14304 (3 �M; UK) was determined and reversed with yohimbine (3 �M; Yoh). B, C, Representative traces from morphine-
treated and methadone-treated rats. D, Summary of recovery from desensitization (percentage of prepulse amplitude). �,
Control; E, morphine treated; �, methadone treated. Error bars represent SEM (n). Two-way ANOVA with Bonferroni’s post hoc
comparison (*p � 0.001).

Figure 4. The recovery from desensitization after morphine treatment of rats was independent of the dose but required more
than 1 d of treatment. A, Plot of the recovery from desensitization, as a function of time, in slices taken from rats treated with
morphine. When rats were treated for 6 –7 d with different doses of morphine, the rate and extent of recovery from desensitization
was reduced compared with untreated rats. In slices taken from rats given two injections of morphine on a single day, the recovery
from desensitization was not different from untreated animals. B, In slices taken from rats treated with different doses of meth-
adone, the rated and extent of recovery from desensitization was not different from untreated. Error bars represent SEM. Two-way
ANOVA with Bonferroni’s post hoc comparison (*p � 0.05).
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27.9 � 5% of the initial prepulse amplitude. Test pulses were
applied again after 10, 20, and 30 min. After 30 min, the test pulse
amplitude had recovered to 92.5 � 3.3% of the prepulse
amplitude.

Desensitization and recovery from desensitization were mea-
sured in transgenic mice (Flag-TG/�) and in Flag-TG/� mice
lacking the endogenous receptor (Flag-TG/�MOR�/�). In slices
from animals treated with morphine (45 mg � kg�1 � d�1, 6 or
7 d), the amplitude of the hyperpolarization produced by 100 nM

ME was 16.5 � 2.4 mV (t(11) � 0.08 p � 0.94) and 30 �M ME was
28.6 � 1.9 mV (t(12) � 1.654, p � 0.124), not different from
untreated mice. During the application of 30 �M ME, the hyper-
polarization declined to 74.3 � 3.7% (t(11) � 0.50, p � 0.62) of
the maximum (Fig. 5C). Similar to what was observed in rat, the
rate of recovery from desensitization was not altered by chronic
morphine treatment (F(6,58) � 1.74, p � 0.13), but the extent of
recovery was incomplete after 30 min (70.9 � 5.5% of prepulse
p � 0.01) (Fig. 5B).

Chronic treatment with methadone
was performed only in mice lacking
the endogenous receptor (Flag-TG/
�MOR�/�, 45 mg � kg�1 � d�1, 6 or 7 d).
This allowed the use of a high dose of
methadone without special precautions to
limit lethality. Results from methadone-
treated mice were consistent with what
was observed in the rat. The maximum
hyperpolarization induced by ME was
27.8 � 1.6 mV (t(10) � 2.27, p � 0.06) and
declined to 77.1 � 2% (t(9) � 0.08, p �
0.94) of the maximum during the 10 min
application (Fig. 5D). Both the time
course and the extent of recovery from de-
sensitization in slices from chronic
methadone-treated mice were not differ-
ent from untreated (Fig. 5B) ( p � 0.05).
In summary, chronic treatment with
morphine and methadone had no effect
on the acute ME-induced desensitization
as measured by the decline in the maxi-
mum hyperpolarization or by the more
sensitive measure of comparing the am-
plitude of the hyperpolarization induced
by a nonsaturating concentration of ME 5
min after desensitization. Chronic mor-
phine treatment did, however, result in a
reduced recovery from desensitization
that was not observed after chronic meth-
adone treatment, confirming that only
morphine induced adaptive changes to
MOR regulation.

Internalization and recycling
Receptor trafficking after chronic opioid treatment was exam-
ined using LC slices from Flag-TG/� mice prepared as for elec-
trophysiology experiments. Extracellular N-terminally tagged
MORs were labeled with an M1 anti-Flag antibody conjugated to
Alexa Fluor-594 (M1–A594) and imaged using a two-photon mi-
croscope. Initially, M1–A594 labeling was localized primarily to
the plasma membrane of LC neurons. Application of ME (30 �M)
for 10 min resulted in an increase in intracellular puncta that
remained after stripping receptors from the plasma membrane
with EGTA-buffered calcium-free solution (Fig. 6 A). ME-

induced internalization was quantified as the percentage of
total fluorescence remaining after stripping the extracellular la-
beling compared with the initial control image. In untreated
mice, ME induced internalization of 52.3 � 2.6% of labeled re-
ceptors. In slices taken from animals that were treated chronically
with morphine or methadone, ME-induced internalization was
58.2 � 5 and 56.2 � 3.5%, not different from untreated controls
(one-way ANOVA, F(2,25) � 0.626, p � 0.54) (Fig. 6C).

Recycling of internalized receptors is thought to be important
for recovery from desensitization. To examine recycling, normal
ACSF was perfused for 30 min after washout of the ME (30 �M)
solution. As described previously, this time point allowed near

Figure 5. Recovery from desensitization impaired after chronic morphine treatment in Flag-TG/� mice. A, Representative
trace of membrane potential in slices from an untreated Flag-TG/� mouse. ME (100 nM) was perfused before and 5, 10, 20, and 30
min after desensitizing with a saturating concentration of ME (30 �M). After 30 min, recovery from desensitization was nearly
complete (dashed line). Representative trace of desensitization and recovery in slices from morphine-treated (B) and methadone-
treated (C) mice. D, Summary of recovery from desensitization (percentage of prepulse amplitude). �, Control; E, morphine
treated; �, methadone treated. Error bars represent SEM (n). Two-way ANOVA with Bonferroni’s post hoc comparison
(*p � 0.05).

Table 1. The concentration (nanograms per milliliter) of morphine, methadone,
and metabolites measured in plasma and brain samples taken from rats after a
6 –7 d treatment period

Dose Morphine M-3-G M-6-G

Morphine-treated
Plasma 60 317 � 21 �LOQ 90 � 20

15 65 � 3 505 � 85 28 � 5
Brain 60 36 � 2 14 � 2 3 � 1

15 9 � 1 3 �LOQ

Dose R-Methadone S-Methadone R-EDDP S-EDDP

Methadone-treated
Plasma 60 101 � 6 140 � 9 18 � 1 2 � 1

5 9 � 1 8 � 1 �LOQ �LOQ
Brain 60 150 � 11 197 � 11 4 4

5 9 12 � 1 �LOQ �LOQ

Morphine doses of 60 and 15 mg � kg �1 � d �1 (n � 10 and 8, respectively); methadone doses of 60 and 5
mg � kg �1 � d �1 (n � 13 and 6, respectively) were delivered via osmotic minipump. Data are expressed as mean
values � SEM. Level of quantification (LOQ) for morphine, 1.0 –1000 ng/ml; range of quantification for methadone,
2.5–500 ng/ml. M-3-G, Morphine-3-glucuronide; M-6-G, morphine-6-glucuronide.
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complete recovery from desensitization.
After the 30 min wash, a redistribution of
fluorescence labeling to the plasma mem-
brane occurred, and this was removed us-
ing the calcium-free solution (Fig. 6B). In
slices from untreated mice, the total intra-
cellular fluorescence remaining after 30
min (R/C) was 34.1 � 1.1%, significantly
less than the intracellular fluorescence im-
mediately after ME-induced internaliza-
tion (t(26) � 7.55, p � 0.0001) (Fig. 6C). In
slices from mice treated chronically with
morphine, there was no significant differ-
ence in the intracellular fluorescence re-
maining immediately after internalization
and 30 min later (58.2 � 5 vs 49.7 �
3.5%), suggesting that few receptors had
recycled in the 30 min washout period
(t(29) � 1.37, p � 0.18). In slices from mice
treated chronically with methadone, 40 �
2.5% of the total intracellular fluorescence
remained after 30 min, which was signifi-
cantly less than the fluorescence immedi-
ately after internalization (t(17) � 3.88,
p � 0.001) (Fig. 6C). Therefore, chronic
morphine treatment decreased the traf-
ficking of receptors back to the plasma
membrane, which was not observed af-
ter chronic treatment with methadone.

Role of arrestin in morphine-induced
adaptations
�-Arrestin-2 has been identified as a mol-
ecule important for MOR regulation in
cell lines and is implicated in contributing
to morphine tolerance in vivo (Bohn et al.,
2000). Desensitization and the recovery
from desensitization were examined in
FlagMOR mice that were crossed with
�-arrestin-2 knock-out mice. The hyperpo-
larization produced by ME (100 nM) in un-
treated Flag-TG/�Arr�/� mice (13.7 � 1.1
mV, t(15) � 1.16, p � 0.26) was not different
from Flag-TG/� mice, but the maximum
hyperpolarization produced by a saturating
concentration of ME was slightly less
(28.4�0.8 mV, t(16) �2.76, p�0.014) (Fig.
7A). As reported previously, the decline in
the hyperpolarization during a 10 min ap-
plication of ME (30 �M) was not affected by
loss of �-arrestin-2 (79.1 � 2% of peak,
t(14) � 0.53, p � 0.61) (Arttamangkul et al.,
2008). ME (100 nM) tested 5 min after de-
sensitization produced a hyperpolarization
that was 32.8 � 2% of the initial prepulse
amplitude and recovered to 94.4 � 7% after
30 min. Therefore, desensitization and
complete recovery were observed in the ab-
sence of �-arrestin-2.

Chronic morphine treatment in Flag-
TG/�Arr�/� mice did not alter ME-
induced hyperpolarization (12.6 � 1.8
mV, t(15) � 0.55, p � 0.59 and 29.9 � 1.3

Figure 6. Internalization and recycling of FlagMOR in live brain slices. A, Representative images of ME-induced internalization. Control
(C) is initial staining with an Alexa Fluor-594-conjugated anti-Flag M1 antibody before agonist treatment. Internalization was induced with
a 10 min perfusion of ME (30 �M). Immediately after washout of ME, calcium-free EGTA solution was perfused to remove M1–A594 from
receptors on plasma membrane (I). B, Control (C) image of initial staining. Internalization was induced by ME, and, after a 30 min wash in
normal ACSF, some receptors recycled to plasma membrane. Ca-free EGTA solution was then applied to strip antibody from the plasma
membrane (R). C, Summarized data of total fluorescence remaining after perfusion of Ca-free EGTA solution immediately after internaliza-
tionwasinduced(I/C)orafter30min(R/C) inslicesfromuntreated(black),morphine-treated(gray,)andmethadone-treated(white)mice.
Dashed line indicates percentage fluorescence intensity remaining in drug-free experiment. Error bars represent SEM. I/C and R/C were
compared within treatment groups using Student’s t test (*p � 0.05).

Figure 7. Reduced recovery from desensitization in chronic morphine-treated animals requires �Arr2; experiments were
performed in FlagMOR–�Arr2�/� mice. A, Representative traces showing desensitization and recovery in an untreated (top) and
morphine-treated (bottom) mouse. Dashed lines represent prepulse amplitude of the hyperpolarization produced by ME (100 nM).
B, Summary of recovery (percentage of prepulse amplitude) for untreated (�) and morphine-treated (F) mice. Two-way ANOVA
with Bonferroni’s post hoc comparison (*p � 0.05). KO, Knock-out.
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mV, t(17) � 1.07, p � 0.3 for 100 nM and 30
�M, respectively) compared with un-
treated Flag-TG/�Arr�/�, nor did it af-
fect the decline from the peak during a 10
min application (75.6 � 4% of peak, t(13)

� 0.75, p � 0.47). Chronic morphine
treatment had no effect on the rate (F(3,42)

� 0.2, p � 0.9) or the extent ( p � 0.05) of
recovery from ME-induced desensitiza-
tion (Fig. 7B,C). Therefore, the reduced
recovery from desensitization observed in
rats and Flag-TG/� mice after treatment
with morphine was absent in slices from
morphine-treated Flag-TG/�Arr�/�

mice.
Internalization and recycling were

compared in untreated and morphine-
treated Flag-TG/�Arr�/� mice. Despite
the role of arrestin in mediating receptor
endocytosis, no change in internalization
was observed in untreated Flag-TG/
�Arr�/� mice relative to untreated Flag-
TG/� mice (59.3 � 5.8%, t(15) � 1.22, p �
0.24). Likewise, internalization was not
affected in slices from mice that were
treated chronically with morphine
(54.9 � 4.5%, t(16) � 0.6 p � 0.56) (Fig.
8 A, B). In slices from untreated and
treated Flag-TG/� Arr�/�, there was
significantly less fluorescence remain-
ing (39.8 � 4.6 and 37.4 � 3.3%, respec-
tively) when Ca-free solution was
perfused after 30 min compared with
immediately after ME-induced inter-
nalization, suggesting that receptor re-
cycling occurred in both groups
(untreated, t(17) � 2.63, p � 0.02; mor-
phine, t(27) � 3.17, p � 0.004) (Fig. 7C).
Thus, in Flag-TG/�Arr�/� mice that
were treated chronically with morphine,
the recovery from desensitization and
receptor recycling were the same as in
untreated animals. These results suggest
that adaptations in the processes that underlie the reduced re-
cycling of receptors to the plasma membrane induced by chronic
morphine treatment are �-arrestin-2 dependent.

GRK2 inhibition
Phosphorylation of GPCRs by GRK contributes to desensitization
and facilitates recruitment of �-arrestin-2 (Gainetdinov et al., 2004).
Desensitization and the recovery from desensitization were exam-
ined after inhibition of GRK2 to determine whether phosphoryla-
tion by GRK2 is required for MOR desensitization and the
adaptations produced by chronic morphine treatment. A pseudo-
knock-in mouse expressing a mutant GRK2 (GRK2as5) that is spe-
cifically inhibited by 1NaPP1 was used for these experiments. In the
absence of 1NaPP1, the kinase activity of GRK2as5 is maintained
(Kenski et al., 2005). Concentration–response curves for ME were
constructed using slices from untreated GRK2as5 mice in the
absence and presence of 1NaPP1. In the absence of 1NaPP1,
ME produced a maximal membrane hyperpolarization of
28 � 1.7 mV with an EC50 of 1.1 � 0.51 �M (Fig. 9A). The
maximum hyperpolarization in slices incubated with 1NaPP1

was not different (27.2 � 1.1 mV, t(15) � 0.41, p � 0.69), and
the EC50 was 917 � 100 nM. This is similar to what has been
reported in wild-type mice (Torrecilla et al., 2008).

To determine whether GRK2-dependent phosphorylation is
required for desensitization and the recovery from desensitiza-
tion, experiments were performed in either the absence or pres-
ence of the inhibitor 1NaPP1. In experiments without 1NaPP1,
ME (500 nM) produced a membrane hyperpolarization of 11.3 �
2.1mV. The maximum hyperpolarization produced by ME (30
�M, 28 � 1.7 mV) declined to 74.3 � 2.1% of the peak during the
10 min application. After a 5 min wash, ME (500 nM) produced a
hyperpolarization that was 29.6% of the prepulse amplitude, and,
after 30 min, the amplitude of the hyperpolarization was 82.6 �
4.5% of the initial value. In slices that were incubated in 1NaPP1
(10 �M, 30 min) to inhibit GRK2, the hyperpolarization pro-
duced by ME (500 nM) was (10.7 � 1.1 mV), and the hyperpo-
larization produced by ME (30 �M) was 26.9 � 1.2 mV. In slices
from untreated GRK2as5 animals, there was no effect of 1NaPP1
on ME-induced desensitization (76.4 � 3.4% of peak amplitude,
t(9) � 1.02, p � 0.34) or the time course (F(3,34) � 0.41, p � 0.75)

Figure 8. Internalization and recycling are not altered by chronic morphine treatment in FlagMOR-�Arr2�/� mice. A, Inter-
nalization induced by ME. Control (C) is initial staining with an Alexa Fluor-594-conjugated anti-Flag M1 antibody before agonist
treatment. Internalization was induced with a 10 min perfusion of ME (30 �M) and was followed immediately by Ca-free EGTA to
remove M1–A594 from receptors on plasma membrane (I). B, Recycling of receptors after ME-induced internalization. Control (C)
is initial staining, and internalization was induced with ME (30 �M). After a 30 min wash in normal ACSF, some receptors recycled
to plasma membrane and Ca-free EGTA was applied to remove M1–A594 from receptors on plasma membrane. C, Summarized
data of total fluorescence remaining after Ca-free EGTA solution was applied immediately after ME-induced internalization (I/C)
and after 30 min wash (R/C) in untreated (white) and morphine-treated (black) Flag-TG/�Arr�/� slices. Error bars represent
SEM, and Student’s t test was used to compare I/C with R/C within groups (*p � 0.05).
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and extent of recovery from desensitization ( p � 0.05) (Fig. 9C).
Thus, desensitization and the recovery from desensitization were
independent of GRK2 activity in untreated mice.

After chronic morphine treatment, desensitization induced
by ME was not affected by incubation with 1NaPP1 (74.3 � 2.1%
without and 67.8 � 2.8% with 1NaPP1, t(8) � 1.64, p � 0.14).
The test pulse amplitude 30 min after washing out the high con-
centration of ME was 72.3 � 2.4% of the prepulse in the absence
of 1NaPP1, and, in slices that were incubated in 1NaPP1, the

recovery from desensitization had a similar rate (F(3,34) � 0.85,
p � 0.48) but was more complete (93.1 � 5.2% of prepulse, p �
0.01) than slices from morphine-treated animals in the absence of
1NaPP1 (Fig. 9B,D). Therefore, the activity of GRK2 was re-
quired to decrease the extent of recovery from desensitization
after chronic morphine treatment.

Discussion
Acute morphine and methadone differentially affect receptor ac-
tivation, desensitization, and internalization (Whistler et al.,
1999; Alvarez et al., 2002; Arttamangkul et al., 2008). The results
of this study confirm that chronic treatment with morphine de-
creased recovery from acute desensitization. In addition, an in-
hibition of receptor recycling was observed after chronic
morphine treatment, an effect that was not present after chronic
treatment with methadone, or in morphine-treated �-arrestin-2
knock-out mice. Likewise, inhibition of GRK2 in slices taken
from morphine-treated mice resulted in complete recovery from
desensitization. The results suggest that, after chronic treatment
with morphine, �-arrestin-2 and the kinase activity of GRK2
prevent or slow the normal recovery from acute receptor desen-
sitization, and this adaptive change is agonist dependent.

Agonist selectivity and chronic opioid adaptations
The reduced recovery from desensitization and recycling was
unique to treatment with morphine, required more than a 24 h
exposure, and was not induced by methadone treatment. Plasma
and brain drug levels rule out failure of delivery from osmotic
pumps as a source for these differences that were maintained over
a wide range of doses (Table 1). There were some similarities in
the adaptations produced by chronic morphine and methadone
treatment. First, the concentration–response curves for ME-
induced outward current in slices from rats were shifted twofold
to the right after treatment with both agonists, suggesting a sim-
ilar amount of cellular tolerance by treatment with morphine and
methadone.

Adaptations induced by chronic morphine treatment have
been studied extensively in rat locus ceruleus. The present study
extends this work by describing agonist selectivity induced by
chronic opioid regulation by morphine and methadone in mice,
thus making it practical to apply transgenic and knock-out mod-
els to investigate mechanism. Although the overall observations
found in rat and mouse experiments were similar, differences
exist based on the method of recording. The studies performed in
rat used whole-cell voltage-clamp recordings. In voltage clamp,
the peak outward current was not dependent on the driving force
for potassium ions, such that the peak current was a better reflec-
tion of the maximum activation of potassium conductance. In-
tracellular recording of membrane potential were used in the
mouse because the amplitude of the outward current measured
with voltage clamp was small whereas the amplitude of the hy-
perpolarization induced by ME was large; therefore, measure-
ment of the recovery from desensitization was more accurate.
The peak hyperpolarization induced by ME was, however,
blunted because the membrane potential approached the potas-
sium equilibrium potential. The same results have been found
using the recording of membrane potential in the rat, indicating
that the difference in desensitization measured with the two con-
figurations was not dependent on species (Harris and Williams,
1991; Osborne and Williams 1995; Dang and Williams, 2004;
Arttamangkul et al., 2008; Dang et al., 2009). There was also a
difference in the extent of recovery between the two methods.
The extent of recovery was always greater with the use of intra-

Figure 9. Inhibition of GRK2 with 1NaPP1 in the GRK2as5 mice reverses the effects of chronic
morphine treatment on recovery from desensitization. A, Concentration–response curve for ME
constructed from average membrane hyperpolarizations in slices from GRK2as5 mouse in the
absence (f) or presence (Œ) of 1NaPP1 (10 �M). B, Representative recordings in slices from
morphine-treated GRK2aa5 mice without 1NaPP1 (top) and slices incubated with 1NaPP1 (bot-
tom; 10 �M, 30 min) before desensitizing with ME. C, Summary of recovery (percentage of
prepulse amplitude) in slices from untreated GRKas5 without (f) or with (Œ) 1NaPP1. D,
Summary of recovery in slices from morphine-treated GRKas5 without (�) and with (‚)
1NaPP1. Error bars represent SEM. Two-way ANOVA with Bonferroni’s post hoc comparison
(*p � 0.05).
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cellular recording in recordings from both rats and mice (Harris
and Williams, 1991; Osborne and Williams, 1995; Dang and Wil-
liams, 2004; Arttamangkul et al., 2008). This probably results
from the dialysis of the intracellular milieu into the whole-cell
pipette. Having validated the basic observation in the mouse,
several genetic manipulations were applied to investigate the ba-
sis of the adaptations induced by chronic morphine treatment.

Endocytosis and recycling
The use of the FlagMOR transgenic animal allowed the analysis of
receptor internalization and recycling. There was a correlation
between the decreased recovery from desensitization, measured
electrophysiologically, and receptor recycling assessed by fluores-
cence microscopy. This suggests that endocytic recycling of re-
ceptors contributes to the recovery from desensitization. The
endocytic trafficking of opioid receptors has been proposed to be
an important process in the development of tolerance among
different opioid agonists (Koch et al., 2005; Martini and Whistler,
2007; Koch and Höllt, 2008). The present results are consistent
with this general concept and reveal an unexpected role of the
GRK/arrestin system specifically in response to chronic treat-
ment with morphine.

Role of �-arrestin-2
Both desensitization and internalization were unaffected in
the �-arrestin-2 knock-out animals. Although the expression of
�-arrestin-1 in LC neurons may compensate for the loss of
�-arrestin-2, there is increasing evidence that opioid receptor desen-
sitization occurs independent of �-arrestin-2 (Walwyn et al., 2007;
Arttamangkul et al., 2008; Dang et al., 2009). The results do, how-
ever, demonstrate that �-arrestin-2 affects components of the desen-
sitization/internalization pathway in LC. After chronic morphine,
the reduction in recovery and recycling was lost in mice lacking
�-arrestin-2. Given that morphine is generally less effective than
many agonists at the induction of arrestin translocation and receptor
internalization, the role of �-arrestin-2 in morphine-induced
adaptations is somewhat surprising. This could result from a
compensatory mechanism induced by continued signaling,
which affects the ability of receptors to recycle after ME-
induced activation and endocytosis.

Role of GRK2
Inhibition of GRK2as5 with 1NaPP1 in slices from mice treated
chronically with morphine resulted in complete recovery from
desensitization. These results are consistent with the results ob-
tained from the �-arrestin-2 knock-out animals, based on the
present view that GRKs and arrestins function in series (Gainet-
dinov et al., 2004). It was remarkable that acute inhibition of
GRK2 reversed the delayed recovery from desensitization in-
duced by chronic morphine, because GRK2 was active through-
out the morphine treatment period. It was also surprising that
inhibition of GRK2 with 1NaPP1 had no effect on ME-induced
receptor desensitization measured in slices from untreated or
treated mice. This suggests that the major function of GRK2 ac-
tivity, under the present experimental conditions, is to regulate
recovery from, rather than induction of, desensitization. There is,
however, evidence that GRK(s) contribute to desensitization
based on the use of an inhibitory peptide in HEK293 cells and LC
neurons (Johnson et al., 2006; Bailey et al., 2009b). There is also
evidence that additional kinases contribute to ME-induced de-
sensitization (Dang et al., 2009). Thus, although multiple mech-
anisms may induce opioid receptor desensitization, the present

results indicate that GRK2 and �-arrestin-2 function specifically
to control the recovery from desensitization.

Tolerance at the cellular and systems level
The relatively modest effects on opioid signaling measured at the
single-cell level are surprising given the profound tolerance that
can be observed in various physiological and behavioral assays in
vivo after chronic treatment with opioids (Christie 2008; Gintzler
and Chakrabarti 2008). These observations suggest that the
mechanisms that underlie the development of tolerance to opi-
oids involve cellular adaptive changes that may be subtle but lead
to systems level adaptations that can vary considerably depending
on the system as well as the agonist under study. There is no
reason to think that cellular tolerance in the LC impacts analgesic
tolerance. However, cellular tolerance of a similarly modest level
has been reported in the periaqueductal gray after chronic mor-
phine administration (Bagley et al., 2005). Conversely, there is an
approximate fourfold shift in the concentration–response curve
to normorphine in the guinea pig ileum from morphine-treated
animals (Chavkin and Goldstein, 1984), yet the constipation in-
duced by morphine is generally resistant to the development of
tolerance (Ross et al., 2008). It thus appears that no single adap-
tive process, or cellular adaptation occurring in any single popu-
lation of neurons, can account for the full range of behavioral
measures that are found after chronic opioid treatment (Christie
2008, Gintzler and Chakrabarti 2008, Kieffer and Evans 2002).

The present study examined the sensitivity of LC neurons to
opioids after the washout of the morphine that was initially pres-
ent in the brain slices. Thus, the slices were in a state of acute
withdrawal. Enhanced desensitization and reduced recovery per-
sisted for hours after washout of morphine, but the state of with-
drawal has been shown to alter normal cellular and synaptic
physiology in two ways. First, there are numerous studies indi-
cating that acute withdrawal results in a rebound increase in
transmitter release (for review, see Williams et al., 2001). The
increased transmitter release is sensitive to reapplication of opi-
oids such that the opioid inhibition of transmitter release in with-
drawn slices is larger than in slices from untreated animals.
Second, when slices from morphine-treated animals were main-
tained in morphine, the sensitivity of LC neurons to morphine
was significantly decreased (Bailey et al., 2009a). Placing slices
from morphine-treated animals in morphine-free solutions re-
sulted in a significant increase in the current induced by mor-
phine. Thus, acute opioid withdrawal can have multiple
receptor-dependent actions.

Summary
Agonist selective actions of acutely applied opioids have been
extensively described. The present study identifies an agonist-
selective regulation that occurs after chronic opioid administra-
tion. The adaptation found in the present study differs from
previously described agonist selective actions because it is selec-
tively induced by morphine and affects the recovery from desen-
sitization rather than its induction. The present results also
identify a previously unrecognized function of the GRK/arrestin
system that may contribute to the complex sequence of events
resulting from chronic morphine treatment.
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