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Region-dependent attenuation of p opioid
receptor-mediated G-protein activation in mouse
CNS as a function of morphine tolerance

LJ Sim-Selley, KL Scoggins, MP Cassidy, LA Smith, WL Dewey, FL Smith and DE Selley

Department of Pharmacology and Toxicology, Institute for Drug and Alcohol Studies, Virginia Commonwealth University,
Medical College of Virginia Campus, Richmond, VA, USA

Background and purpose: Chronic morphine administration produces tolerance in vivo and attenuation of p opioid receptor
(MOR)-mediated G-protein activation measured in vitro, but the relationship between these adaptations is not clear. The
present study examined MOR-mediated G-protein activation in the CNS of mice with different levels of morphine tolerance.
Experimental approach: Mice were implanted with morphine pellets, with or without supplemental morphine injections, to
induce differing levels of tolerance as determined by a range of MOR-mediated behaviours. MOR function was measured using
agonist-stimulated [35S]guannyI-S/-O-(y-thio)-triphosphate ([>*S]GTPyS) and receptor binding throughout the CNS.

Key results: Morphine pellet implantation produced 6-12-fold tolerance in antinociceptive assays, hypothermia and Straub
tail, as measured by the ratio of morphine EDsq values between morphine-treated and control groups. Pellet implantation plus
SUJ)pIementaI injections produced 25-50-fold tolerance in these tests. In morphine pellet-implanted mice, MOR-stimulated
[*°S]GTPyS binding was significantly reduced only in the nucleus tractus solitarius (NTS) and spinal cord dorsal horn in tissue
sections from morphine pellet-implanted mice. In contrast, MOR-stimulated [**S]GTPyS binding was significantly decreased in
most regions examined in morphine pellet+ morphine injected mice, including nucleus accumbens, caudate-putamen,
periaqueductal gray, parabrachial nucleus, NTS and spinal cord.

Conclusions and implications: Tolerance and the regional pattern of apparent MOR desensitization were influenced positively
by the level of morphine exposure. These results indicate that desensitization of MOR-mediated G-protein activity is more
regionally widespread upon induction of high levels of tolerance, suggesting that this response contributes more to high than
low levels of tolerance to CNS-mediated effects of morphine.
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Introduction

Morphine and other opioids are among the most effective
analgesic drugs. However, tolerance develops with chronic
use, necessitating escalation of drug doses to achieve
equivalent effects (Way et al., 1969; Smith et al., 2003).
Acute and chronic effects of most clinically relevant opioids
are mediated by the u opioid receptor (MOR), as confirmed
in null mice lacking MOR (Matthes et al., 1996; Tian et al.,
1997; Loh et al., 1998). MOR inhibit neurotransmission via
pertussis toxin-sensitive G-proteins Go;/, resulting in inhibi-
tion of adenylyl cyclase activity and calcium channels and
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activation of potassium channels and several intracellular
kinases (Childers, 1991; Law et al., 2000). The distribution of
MOR in regions including the limbic system, striatum,
thalamus, hypothalamus, brainstem and spinal cord is
consistent with their in vivo effects on pain, motivation
and homeostasis.

Tolerance to opioid-mediated effects has been proposed to
result from downregulation of MOR and/or loss of MOR-
mediated G-protein activity or effector responses. Studies in
cell culture models have demonstrated both of these MOR
adaptations after prolonged agonist exposure (Puttfarcken
and Cox, 1989; Breivogel et al., 1997). However, studies in
the central nervous system (CNS) have shown that MOR
levels are generally unchanged or increased in the CNS of
chronic morphine-treated animals (Sim-Selley et al., 2000;
Stafford et al., 2001; Patel et al., 2002), whereas treatment



with highly potent and efficacious compounds such as
etorphine produces MOR downregulation (Tao et al., 1987;
Stafford et al., 2001; Patel et al., 2002). In contrast, chronic
morphine-induced attenuation of MOR-mediated effector
responses has been reported, including decreased modula-
tion of adenylyl cyclase (Noble and Cox, 1996; Deng et al.,
2001) and potassium channels (Christie et al., 1987). These
alterations exhibit region-specific patterns, suggesting that a
single mechanism cannot explain tolerance to all morphine-
mediated effects. Moreover, differences in chronic adminis-
tration paradigms and in vitro assay procedures might further
influence the results of these studies. The paradigm used to
administer chronic morphine can produce different levels of
antinociceptive tolerance (Smith et al., 2003), but few studies
have provided a comprehensive evaluation of tolerance to
various MOR-mediated behaviours and the relationship to
changes in MOR function in specific CNS regions.

The effect of chronically administered opioids on MOR-
mediated G-protein activation has been directly evaluated by
measuring low K;,,GTPase activity or agonist-stimulated
[®*S]IGTPyS binding in rat CNS. These studies revealed
region-specific decreases in MOR-mediated activity, indica-
tive of receptor-G-protein uncoupling or ‘desensitization’
(Tao et al., 1993; Sim et al., 1996; Sim-Selley et al., 2000;
Maher et al., 2001; Kruzich et al., 2003). In general, greater
apparent MOR desensitization has been observed in caudal
CNS regions, such as spinal cord, periaqueductal grey (PAG),
pontine and medullary nuclei than in forebrain regions,
although the physiological basis for this region-dependent
MOR adaptation is unclear. One factor that might determine
the regional distribution of apparent MOR desensitization is
the level of opioid tolerance achieved, but this hypothesis
has not been tested directly. In the present study, agonist-
stimulated [*>S]GTPyS binding and receptor binding were
used to examine the effect of different levels of morphine
tolerance on MOR-mediated G-protein activation and
receptor levels in brain sections or membrane homogenates
prepared from treated mice. Behavioural evaluation of
several morphine-mediated effects (antinociception, Straub
tail, hypothermia) was conducted to provide a comprehen-
sive evaluation of tolerance in multiple neural systems.

Materials and methods

Materials

Male Swiss Webster mice (25-30g) were obtained from
Harlan Laboratories (Indianapolis, IN, USA). All animal
procedures were approved by the Institutional Animal Care
and Use Committee at Virginia Commonwealth University
and comply with the European Communities Council
Directive of 24 November 1986 (86/609/EEC) to minimize
pain and discomfort.

Chronic morphine administration

Mice were treated as previously described (Smith et al., 2003)
to produce different levels of antinociceptive tolerance. Mice
were anaesthetized with diethyl ether, and a placebo pellet or
75mg morphine pellet was surgically inserted into a

1 Opioid receptor activation and tolerance
LJ Sim-Selley et a/ 1325

subcutaneous space at the base of the neck. The animals
recovered in their home cages where they remained
throughout the experiment. Four treatment paradigms were
used to produce different levels of tolerance: placebo pellet
(control), morphine pellet, placebo pellet plus supplemental
saline injections or morphine pellet plus supplemental
morphine injections. Supplemental morphine injections
were administered as follows: the first injection of
40mgkg ! subcutaneously (s.c.) was given 12h after mor-
phine-pellet implantation. At 24 and 36h, the mice were
injected with an 80 mgkg~! dose of morphine s.c. At 48 and
60 h the mice were injected with 160mgkg ! morphine s.c.
Separate groups of mice from the three treatment groups
were used to assess [D-Ala2,N-Me-Phe4,Gly5-ol]-enkephalin
(DAMGO)-stimulated [>’S]GTPyS binding in sections and
membranes 72h after pellet implantation. Because no
differences in morphine potency were found between
placebo pellet- and placebo pellet + saline-injected groups,
placebo-pelleted mice were used as a control in all the in vitro
studies. In each case, a cohort group of mice was used to
assess in vivo tolerance in the tail withdrawal assay. Unless
otherwise indicated, the number of mice for all in vivo
measures was 30 each per group: placebo pellet, morphine
pellet, placebo pellet+saline injection and morphine
pellet + morphine injection. This number included six mice
per group for each of four morphine challenge doses and
saline vehicle.

Tail withdrawal test

The warm water tail withdrawal apparatus used to assess
antinociception was maintained at 56 +0.1°C. Before inject-
ing the mice, the base-line (control) latency was determined.
Only mice with a control reaction time from 2 to 4s were
used. The average baseline tail withdrawal latency for these
experiments was 3.1s. The test latency after drug treatment
was assessed at the appropriate time, and a 10s maximum
cutoff time was imposed to prevent tissue damage. Antino-
ciception was quantified as the percentage of maximum
possible effect (%MPE) which was calculated as:
%MPE = [(test—control)(10—control) "!] x 100. Percent MPE
was calculated for each mouse using six mice per dose.
Morphine dose-response curves were generated for calcula-
tion of EDso (half-maximal effective dose) values and 95%
confidence limits (CL). These values were calculated using
least squares linear regression analysis followed by calcula-
tion of 95% CL by Bliss (1967). Tests for parallelism were
conducted before calculation of potency ratio values and
95% CL by the method of Colquhoun (1971). A potency
ratio value greater than one, with the lower 95% CL greater
than one, was considered a significant difference in potency.

Hot-plate test

The hot-plate test was performed as described by O’Callaghan
and Holtzman (1975). The mice were first placed on a
Syscom Model 35D hot-plate set at 56°C to obtain baseline
response latencies before drug administration. The mice
were observed for licking either their fore- or hindlimb in
response to the heat. The latencies ranged between 5 and 65.
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The mice were tested again at the appropriate time after
administration of morphine s.c. A 30s cutoff was employed
in order to prevent tissue damage. Antinociception was
quantified according to the method of Harris and Pierson
(1964) as the percentage of maximum possible effect (%MPE)
which was calculated as: %MPE = [(test latency—control
latency)(30-control latency) '] x 100. Percent MPE was
calculated for each mouse using six mice per dose.

Hypothermia measurements

Hypothermia was measured through use of a rectal temperature
probe. Baseline temperatures were recorded before test drug
administration, measuring approximately 37°C for each
mouse. The body temperature was recorded again after
administration of morphine s.c., ranging in temperatures
from 30 to 36°C. These temperatures were used to calculate
the change in body temperature, T, = test temperature—base-
line temperature, as a measure of hypothermia.

Measurement of Straub tail

The mice were observed for the development of morphine-
induced Straub tail. The Straub tail reaction was graded using
a modified numerical scoring system of Kameyama et al.
(1978) as follows: 0=0° 25%=1-30°, 50%=31-45°,
75% =46-60°, 100% =61-90°. The angle was measured
above the horizontal plane of the table. The units were
expressed as % Straub tail values.

Agonist-stimulated [>S]GTPyS autoradiography
Animals were decapitated at 72h and brains were removed
and frozen in isopentane at —35°C. Coronal sections (20 um)
were cut on a cryostat maintained at —20°C and collected on
gelatin-coated slides. Sections were collected at six levels to
include (1) caudate-putamen/nucleus accumbens, (2) thala-
mus/amygdala, (3) PAG, (4) parabrachial nucleus, (5) nucleus
tractus solitarius (NTS), (6) cervical spinal cord. Slides were
desiccated overnight at 4°C, and then stored at —80°C until
assay. Agonist-stimulated [>°S|GTPyS autoradiography
was conducted as described previously (Sim et al., 1995;
Sim-Selley et al., 2000). Briefly, slides were rinsed in 50 mM
Tris-HCI, 3mM MgCl,, 0.2mM EGTA (ethylene glycol-bis
(f-aminoethyl ether)-N,N,N',N ,-tetraacetic acid), 100 mM NaCl,
pH 7.4 (assay buffer) at 25°C for 10min, then incubated for
15 min in TME buffer containing 2mM GDP and adenosine
deaminase (9.5mUml ') at 25°C, to inactivate endogenous
adenosine and thereby reduce basal [>*S|GTPyS binding.
Slides were then incubated in TME buffer with GDP,
adenosine deaminase, 0.04nM [>*S]GTPyS and 10 um DAMGO
at 25°C for 2 h. This is a maximally effective concentration of
DAMGO for stimulation of [**S]GTPyS binding and is
blocked by naloxone (Sim et al., 1995). Following incuba-
tion, slides were rinsed twice for 2min each in Tris buffer
(50 mM Tris-HCI, pH 7.4) and once in deionized H,O on ice.
Slides were dried overnight and exposed to film for 48h in
the presence of *C microscales.

Films were digitized with a Sony XC-77 video camera and
analysed using the NIH IMAGE program for Macintosh
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computers. Analysis was conducted by a person unaware of
the treatment group, using the atlas of Paxinos and Watson
(1986) as a guide, and regions were sampled as follows.
Caudate-putamen was selected by outlining the region,
using the corpus callosum, lateral septum and anterior
commissure as landmarks. Nucleus accumbens was sampled
immediately ventral to the caudate-putamen and included
both the shell and core subdivisions. The cingulate cortex
was sampled at the same level and included all laminae.
Thalamus, hypothalamus and amygdala were analysed at the
level depicted in Figure 2. The medial thalamus was selected
and included midline, intralaminar and medial nuclei. The
dorsal medial, ventral medial, arcuate and lateral subdivi-
sions of the hypothalamus were included in the analysis of
this region. The cortical, medial, basal and lateral subnuclei
of the amygdala were also sampled at this level. Analysis of
the PAG included both dorsal and lateral subdivisions and
excluded the region ventral to the aqueduct corresponding
to the dorsal raphe nucleus. Analysis of the parabrachial
nucleus was restricted to the lateral portion and NTS
sampling was restricted to the caudal extent that corre-
sponded primarily to the commissural NTS. Spinal cord was
collected at the cervical level and only the superficial
laminae of the dorsal horn were analysed. Resulting values
were expressed as nCi [3%S]/g tissue wet weight, and were
corrected for [*°S] from standards based on incorporation of
[3°S] into sections of frozen brain paste (Sim et al., 1996).

Data analysis for [**S]GTPyS autoradiography

Net agonist-stimulated [>*S]GTPyS binding was calculated by
subtracting basal binding (obtained in the absence of
agonist) from agonist-stimulated binding. Data are reported
as mean +standard error (s.e.) of triplicate sections of brains
from 10 mice per treatment group. Statistical comparison
between control and morphine-treated mice was performed
by analysis of variance (ANOVA) followed by post hoc analysis
using Dunnett’'s or Newman-Keuls multiple comparison
tests, where P<0.05 was considered statistically significant.

Agonist-stimulated [>°S]GTPyS membrane binding

Mice from the three treatment groups were decapitated and
brain and spinal cord were removed. Midbrain-dorsal pons,
including PAG, locus coeruleus, interpeduncular nuclej,
dorsal and median raphe nuclei and parabrachial nuclei,
was dissected from the brains. Tissue was stored at —80°C
until assay. On the day of assay, brain regions were
thawed and membranes prepared as follows. The tissue was
homogenized in approximately 10 volumes of 50 mM Tris-HClI,
3mM MgCl,, 1mM EGTA, pH 7.4 (membrane buffer) using a
Polytron homogenizer. The homogenate was centrifuged at
48000g at 4°C for 10min, resuspended in 30 ml membrane
buffer, centrifuged again at 48000¢ at 4°C for 10min and
finally resuspended in assay buffer. Membrane protein levels
were determined by the method of Bradford (1976) using
bovine serum albumin as the standard. Agonist-stimulated
[35S]GTPyS binding was assayed as described previously
(Sim et al., 1995), with slight modification. Membranes were
preincubated in 10mUml™" adenosine deaminase at 30°C for



10min before assay. For assay, membranes (5-8 ug protein)
were incubated for 120 min at 30°C in assay buffer containing
0.1nM [*S]GTPyS, 30uM GDP with and without varying
concentrations of DAMGO. Basal [>*S]GTPyS binding was
assessed in the presence of GDP and absence of drug.
Nonspecific [*S]GTPyS binding was measured in the presence
of 20 uM unlabeled GTPyS. The incubation was terminated by
rapid filtration under vacuum through Whatman GEF/B glass
fibre filters, followed by three washes with 3 ml ice-cold 50 mm
Tris-HCI, pH 7.2. Bound radioactivity was determined by liquid
scintillation spectrophotometry at 95% efficiency for 3°S after
extraction of the filters in 4 ml Budget Solve scintillation fluid.

[?H|Naloxone saturation binding

Tissue was thawed and membranes were prepared and
resuspended in assay buffer as described above. Membranes
(40-60 ug) were incubated for 2h at 30°C with varying
concentrations of naloxone (0.3-8nM) in the presence of
0.5nM unlabeled naltrindole and 2nM unlabeled norbinal-
torphimine to block the ¢ opioid receptor (DOR) and
x opioid receptor (KOR), respectively. Nonspecific binding was
determined with 10 uM naltrexone. Bound radioactivity was
determined by liquid scintillation spectrophotometry at 45%
efficiency for 3h after 1h shaking of filters in 4ml of
Econosafe scintillation fluid.

Data analysis for membrane binding assays

Where not addressed under previous methods, data are
reported as mean +s.e. of at least three separate experiments
performed in triplicate. All binding data are reported as
specific binding. Net-stimulated [*3S|GTPyS binding is de-
fined as agonist-stimulated binding minus basal binding.
Percent control binding is defined as [net stimulated
[3°S]IGTPyS binding/maximal net-stimulated [*>S]GTPyS
binding in control (placebo-P) mice x 100%)]. Epnax and ECso
or Bmax and Kp values were calculated by nonlinear
regression analysis of concentration—-effect or saturation
binding curves, respectively, using JMP software (SAS
Institute, Cary, NC, USA). Statistical significance of the data
was determined by ANOVA followed by post hoc analysis with
Dunnett’s multiple comparison test, where P<0.05 was
considered statistically significant.

Reagents

[35S]GTPyS (1250 Ci/mmol), [*H]naloxone (67 Ci/mmol) and
Kodak X-O-mat film were purchased from PerkinElmer Life
Sciences (Boston, MA, USA). Placebo and morphine (75 mg)
pellets and DAMGO were provided by the Drug Supply
Program of the National Institute on Drug Abuse. Morphine
sulphate was obtained from Mallinckrodt (St Louis, MO,
USA). Adenosine deaminase, GDP and GTPyS were purchased
from Sigma Chemical Co. (St Louis, MO, USA). Tris
(hydroxymethyl-aminomethane) and Bio-Rad protein dye
were purchased from Bio-Rad (Hercules, CA, USA). Econosafe
scintillation fluid was purchased from Research Products
International (Mt Prospect, IL, USA). All other chemicals
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were obtained from Sigma Chemical Co. or Fisher Scientific
(Pittsburgh, PA, USA).

Results

Morphine tolerance

Mice were implanted with a 75mg morphine pellet or
placebo pellet, with or without supplemental injections of
morphine or saline, as described in Materials and methods.
These two morphine administration paradigms have pre-
viously been shown to produce approximately a sixfold
difference in the development of antinociceptive tolerance
to morphine over the same time period (Smith et al., 2003).
Mice were observed daily throughout the 72h treatment
period and no overt signs of toxicity or withdrawal were
noted. Straub tail and increased locomotor activity were
observed within 3 h after implantation of morphine pellets;
however, these signs diminished from 24 to 72h. Adminis-
tration of 80 and 160 mgkg ! morphine at 24 and 48 h after
pellet implantation resulted in transient increases in Straub
tail and locomotor activity, which diminished within 1-2h
post injection. Body weights post-treatment for morphine-
pelleted mice were 23.7+0.4g, and 23.0+0.3 g with supple-
mental injections, versus 27.4+0.4g for placebo-pelleted
mice at 72h.

At 72 h after implantation of placebo or morphine pellets,
acute morphine antinociception was determined using the
56°C warm water tail withdrawal test. The cohort of mice
used for the autoradiographic studies revealed significant
levels of tolerance. Morphine was 7.8-fold less potent, with
CL of 5.3- to 11.2-fold, in the mice that received a morphine
pellet compared to placebo pellet-implanted mice
(Figure 1a). The morphine EDsq value (with 95% CL) was
6.7 (5.0-8.9)mgkg! in placebo-pelleted mice and was
increased to 53.7 (43.1-66.9) mgkg~! in morphine-pelleted
mice. In contrast, morphine was 45.8-fold (31.3- to 66.4-fold)
less potent in the mice that received the morphine pellet
plus supplemental morphine injections (morphine
pellet + morphine) (Figure 1b) than in mice receiving
placebo pellet + saline injections. The morphine EDs, value
was 5.0 (4.0-6.1)mgkg~! in placebo pellet + saline-injected
mice and was increased to 220.1 (174.2-278.1)mgkg™"' in
morphine pellet + morphine-injected mice. The cohort of
mice used for membrane studies showed similar results (data
not shown), with morphine pellet-implanted mice exhibit-
ing a ~9-fold rightward shift in the morphine dose-response
curve and the morphine pellet +morphine-treated mice
exhibiting a ~350-fold rightward shift (P<0.05 different
from placebo pellet+saline). Thus, the morphine
pellet + morphine injection paradigm produced greater toler-
ance development than did the morphine pellet treatment
alone, but the levels of tolerance achieved in each group did
not significantly differ between cohorts of mice.

Morphine tolerance was further assessed in dependent
measures with more prominent supraspinal components
than the tail withdrawal response, which is a spinal reflex,
using additional cohorts of mice. For these experiments, the
hot-plate test for antinociception, rectal temperature to
measure hypothermia and Straub tail induction were
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Figure 1 Tolerance to morphine-mediated antinociception. Mice

were surgically implanted with placebo pellet (placebo-P) or 75mg
morphine pellet (morphine-P) without (a) or with (b) supplemental
saline (placebo-P +saline) or morphine injections (morphine-
P+ morphine). Seventy-two hours later, morphine was injected s.c.
and tail-withdrawal latencies were obtained 30 min after injection,
using the warm water (56°C) tail withdrawal procedure. Each curve
represents six mice per dose per group.

Table 1

examined. Results were similar to those obtained with tail
withdrawal. Morphine tolerance in morphine pellet-treated
mice ranged from approximately 6- to 12-fold, with the least
tolerance apparent in Straub tail and the greatest in
hypothermia, although there were no significant differences
in potency ratios among the three measures (Table 1). In
morphine pellet + morphine-injected mice, tolerance ranged
from 25- to 36-fold with the same apparent rank order of
tolerance development (Table 1). The magnitude of tolerance
to hypothermia was greater than that which developed to
Straub tail in the morphine pellet + morphine-treated group.
These results demonstrate a similar relationship between
morphine treatment paradigms and tolerance development
in several tests of spinal and supraspinal actions of
morphine, with the exception that slightly less tolerance
developed to Straub tail induction than to other measures.

Agonist-stimulated [**S]GTPyS autoradiography

The anatomical distribution of DAMGO-stimulated
[3°S]GTP;S binding in brain and spinal cord of Swiss Webster
mice corresponded to that previously described in rat (Sim
et al., 1996). Representative brain sections from placebo- and
morphine-treated mice are shown in Figure 2 and reveal
decreased agonist-stimulated activity in certain regions
of treated mice, particularly in brains from morphine
pellet + morphine-treated animals. Densitometric analysis
confirmed these observations and showed that DAMGO-
stimulated [**S]GTPyS binding was significantly decreased
in most regions examined from brains of morphine
pellet + morphine-treated mice compared to placebo con-
trol, including nucleus accumbens, caudate-putamen, cin-
gulate cortex, PAG, parabrachial nucleus, NTS and spinal
cord dorsal horn (Table 2). In contrast, DAMGO-stimulated
[**S]GTPyS binding was significantly reduced only in the NTS
and spinal cord dorsal horn in morphine pellet-implanted
compared to placebo pellet-implanted mice. A trend towards
a decrease in DAMGO-stimulated [*°S]GTPyS binding was
found in PAG (—17%) of morphine pellet-implanted mice,
but this value did not significantly differ from placebo pellet

Comparison of tolerance levels to the supraspinally mediated effects of acutely administered s.c. morphine in mice chronically given a placebo

pellet, a morphine pellet or a morphine pellet plus supplemental morphine injection

Test Placebo pellet EDso mg kg” (95% CL) Morphine pellet EDso mg kg” (95% CL) Potency ratio (95% CL)
Hot plate 3.2 (2.4-4.3) 23.1 (14.8-35.8)? 7.3 (4.4-12.1)°
Hypothermia®© 3.4 (2.0-5.8) 42.2 (18.4-96.6)" 12.2 (6.6-27.1)°
% Straub tail 3.5 (2.7-4.4) 23.0 (20.3-26.1)? 6.4 (5.1-8.2)°

+ Saline -+ Morphine
Hot plate 4.1 (3.5-4.9) 144.5 (127.0-164.3)7 35.4 (26.7-46.9)°
Hypothermia®© 4.6 (3.9-5.6) 141.7 (103.2-194.7)? 36.0 (29.3-44.3)°
% Straub tail 4.7 (4.1-5.3) 113.9 (99.8-130.0)" 24.7 (21.1-28.9)°

Abbreviations: CL, confidence limits; EDso, half-maximal effective dose; s.c., subcutaneously.

Mice were implanted with placebo pellet, 75 mg morphine pellet, placebo pellet + supplemental saline injection (+ saline) or morphine pellet + supplemental
morphine injection (+ morphine), as described in Materials and methods. Thirty minutes after acute s.c. morphine treatment, the mice were assessed in the 56°C
hot-plate test and for changes in body temperature (AT,) and Straub tail. Data are mean values+95% CL from 30 mice per group, including six mice per

morphine dose (four doses each and saline).

2Significantly different than placebo-P group based on non-overlapping 95% CLs.
bSignificantly different potency ratio because the lower 95% CL is greater than 1.

“Calculated as the ED; 5 for a maximum AT, of —3°C.
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control. Examination of the data showed that regions with
a significant decrease in MOR-mediated G-protein activation
in morphine-pellet-implanted mice did not exhibit signifi-
cant further loss in G-protein activation in morphine
pellet + morphine-treated mice. A subset of regions also
showed a significant loss in G-protein activity in morphine
pellet + morphine-treated mice compared to mice treated
with morphine pellet only (nucleus accumbens, caudate-
putamen, hypothalamus and parabrachial nucleus). These
results demonstrate a more regionally widespread loss of
MOR-mediated G-protein activation in the CNS of morphine

Placebo
Pellet

Morphine
Pellet + Inj

Morphine
Pellet

Figure 2 DAMGO-stimulated [**S]GTPyS autoradiography in
representative brain sections from mice implanted with placebo
pellet, morphine pellet or morphine pellet + supplemental morphine
injection. Sections were incubated with 0.04 nm [3°S1GTPyS, 2mm
GDP and 10 um DAMGO as described in Materials and methods.
Areas examined densitometrically include: caudate-putamen,
nucleus accumbens, cingulate cortex (row 1); thalamus, amygdala,
hypothalamus (row 2); and NTS (row 3).
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pellet + morphine-injected mice than those treated with
morphine pellet implantation alone.

Agonist-stimulated [**S]GTPyS binding in membranes
DAMGO-stimulated [>’S]GTPyS binding was examined in
concentration-effect curves in membranes from midbrain-
dorsal pons, which contained PAG, and spinal cord of mice
treated as described above. DAMGO-stimulated [>°S]GTPyS
binding increased in a concentration-dependent and satur-
able manner in both regions in all groups of mice (data not
shown). Nonlinear regression analysis of the concentration—
effect curves revealed that treatment with morphine
pellets +morphine injection produced a significant decrease
in the Ep,x value of DAMGO (100+7.6% in placebo pellet
versus 78+3.9% in morphine pellet+ morphine; P<0.05;
n=06) in PAG, and a similar trend was observed in this region
in morphine-pelleted mice (76+9.7%) but did not reach
statistical significance. There was no difference in the
DAMGO ECsq values, which ranged from 176 to 190nM,
among these groups. Basal [**S]GTPyS binding in this region
was also not statistically different among groups. Similar
results were obtained in spinal cord membranes (data not
shown), although the apparent effect (En,x=87+7.3 and
78+6.3% of control in morphine pellet- or morphine
pellet + morphine-treated mice, respectively) was below the
level of statistical significance. Overall, these results are
similar to those obtained in the [**S]GTPyS autoradiography
experiments, suggesting that the apparent desensitization of
MOR-mediated G-protein activation in sections from
chronic morphine-treated mice was not an acute effect
resulting from incubation of the sections with DAMGO.

MOR levels in membranes

To determine whether the decreases in MOR-mediated
G-protein activation observed after chronic morphine treat-
ment were due to decreased MOR levels, saturation binding

Table 2 Net DAMGO-stimulated [**S]GTPyS autoradiography in specific CNS regions of mice administered placebo pellet (placebo-P), morphine
pellet (morphine-P) or morphine pellet plus supplemental morphine injection (morphine-P + morphine)

Region Placebo-P Morphine-P Morphine-P + morphine
(nCig™'") (nCig™") (% Cont.) (nCig™") (% Cont.)
Nucleus accumbens 256423 237+13 92+5.0 153413+ 60+5.0
Caudate-putamen 201+17 191+16 95+7.9 1204+ 10*" 60+4.9
Cingulate cortex 13248 110+4 83+3.0 89+ 8* 67+6.0
Thalamus 188+20 183+22 97+11 130+ 21 64411
Amygdala 230+9 210+17 91+7.3 197+£15 86+6.5
Hypothalamus 143+13 180+12 110+7.3 123+117 80+5.5
PAG 88+7 73+14 83+15 47 +7* 53+7.9
Parabrachial nucleus 117+12 104+13 89+11 49 4 7%7 42+5.9
NTS 236+24 168+23* 71+9.7 157+10* 67+4.2
Spinal cord dorsal horn 18749 147 +£11* 79+5.8 134+13* 72+6.9

Abbreviations: CNS, central nervous system; DAMGO, [D—Alaz,N—Me—Phe",GIyS—oI]—enkephaIin; GTPyS, guanylyl-5'-O-(y-thio)-triphosphate; NTS, nucleus tractus

solitarius; PAG, periaqueductal grey.

Mice were treated with placebo pellets, morphine pellets or morphine pellets + morphine and appropriate brain sections were processed for DAMGO-stimulated
[3°SIGTPyS autoradiography as described in Materials and methods. Data are mean net DAMGO-stimulated [3°S1GTPyS binding +s.e. in nCi g’1 from brains from

10 mice per group.

*P<0.05 different from control (placebo-P) mice by Dunnett’s test; "P<0.05 different from mice with morphine pellets implanted only (morphine-P)

by
Newman-Keuls test.
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analysis was conducted with [*H]naloxone in membranes
prepared from several brain regions. Unlabeled DOR and
KOR antagonists, naltrindole and norbinaltorphimine, were
included in these experiments to ensure that naloxone was
binding to MOR exclusively. Results showed that the B,
values of MOR binding sites were not significantly decreased
in morphine pellet- or morphine pellet + morphine-treated
mice relative to control mice in any CNS region examined
(Table 3). These results indicate that attenuated G-protein
activation after chronic morphine treatment was not due to
downregulation of MOR. Similarly, there was no difference
in [*H]naloxone K, values between control mice and either
of the morphine-treated groups in any region examined,
suggesting that there was no residual morphine remaining in
the tissue preparations.

Discussion and conclusions

Chronic opioid treatment produces tolerance (Way et al.,
1969), but a review of the literature suggests that various
cellular mechanisms contribute depending on the opioid
administration paradigm and behavioural measures. The
present study used two chronic morphine paradigms to
induce different levels of tolerance and evaluated MOR-
mediated G-protein activity in multiple CNS regions in these
mice. Our results showed that implantation of morphine
pellet alone produced approximately 6- to 12-fold tolerance
to morphine-mediated antinociception (tail withdrawal and
hot plate), hypothermia and Straub tail, and that MOR-
mediated G-protein activation was significantly attenuated
in NTS and spinal cord. In contrast, injection of morphine
in pellet-implanted mice produced approximately 25- to
50-fold tolerance and regionally widespread attenuation
of MOR-mediated G-protein activity. Thus, dramatic differ-
ences were found in the regional pattern of chronic
morphine-induced attenuation of MOR-mediated G-protein
activation between mice rendered moderately versus highly
tolerant to the in vivo effects of morphine. Neither group of
mice exhibited downregulation of MOR binding sites,
consistent with the hypothesis that this adaptation is not
required for induction of tolerance to morphine. These
results suggest a positive relationship between attenuation of
MOR-mediated G-protein activation and tolerance that in

most regions appears to be more associated with higher than
lower levels of tolerance, suggesting the contribution of
different mechanisms as tolerance progresses.

In vivo studies showed that tolerance develops to all
behavioural measures to a similar degree, although slightly
less tolerance was found for morphine-induced Straub tail.
Administration of morphine pellets with supplemental
morphine injections is a novel paradigm developed to
increase the magnitude of tolerance (Smith et al., 2003).
Presumably, increasing the morphine dose from 40 to
320mgkg 'day ! was sufficient to induce a greater degree
of morphine tolerance and more widespread attenuation of
MOR-mediated G-protein activation by 72 h. Alternatively, it
is possible that results differed between the treatment groups
due to the intermittent nature of the supplemental injec-
tions because behavioural sensitization can occur after
intermittent administration (Powell and Holtzman, 2001;
Vigano et al., 2003). This is unlikely because intervening
abstinence periods are generally required for sensitization
(Powell and Holtzman, 2001; Vigano et al., 2003), and
opioid-stimulated [**S]JGTPyS binding was reportedly
increased or unchanged in morphine-sensitized animals
(Vigano et al., 2003). Similarly, the supplemental injections
could have produced periods of relative withdrawal in the
interval between injections. Opioid withdrawal has been
associated with alterations in various cellular parameters
such as elevations in cAMP and transcription factors (Nestler
et al., 1994; McDaid et al., 2006), GABA, receptor expression
(Jang et al., 2002) or perhaps most relevant to the present
study, GRK2 expression (Ozaita et al., 1998; Fan et al., 2002).
However, in the present study the release of morphine from
pellets presumably continued during the time between
injections. In fact, brain morphine levels are elevated up to
6 days after morphine pellet implantation in mice and
morphine tolerance peaks at 3 days post-implantation
(Patrick et al., 1975). These results suggest that significant
withdrawal effects did not occur during the 72h period of
treatment in either the morphine pellet-implanted or
morphine pellet + morphine-injected mice. This conclusion
is supported by a lack of overt withdrawal signs seen during
routine observation of these mice. Moreover, spontaneous or
precipitated opioid withdrawal in rats reportedly did not
alter MOR-stimulated [>*S]GTPyS binding in several brain
regions (Kirschke et al., 2002). Interestingly, morphine

Table 3 [*H]Naloxone saturation analysis in membranes from CNS regions of mice, implanted with a placebo pellet (placebo-P), morphine pellet
(morphine-P) or morphine pellet plus supplemental morphine injection (morphine-P + morphine)

Placebo pellet Morphine pellet Morphine pellet + morphine
Region Bmax (fmolmg™") Kp (nm) Bmax (fmolmg™") Kp (nM) Bmax (fmolmg™") Kp (nm)
Striatum 340+72 2.84+0.5 275+61 1.6+0.6 264+37 3.3+0.9
Cingulate cortex 203+26 3.0+0.8 256 +38 4.5+1.2 220+78 2.3+0.8
Thalamus 297453 1.6+0.3 357+16 2.9+40.7 31155 2.2+0.5
PAG 348+50 1.8+0.4 383+49 1.6+0.5 527+130 3.0+0.7
Medulla 381+34 2.6+0.4 413+50 3.0+0.5 423+32 3.1+0.3
Spinal cord 355+50 2.7+0.4 384+85 2.74+0.5 441489 3.3+04

Abbreviations: CNS, central nervous system; PAG, periaqueductal grey.

Membranes prepared from mice treated with placebo pellets, morphine pellets or morphine pellets + morphine were incubated with varying concentration of
[®H]naloxone as described in Materials and methods. Data are mean Bpax and Kp values+s.e. (n=4-6) from nonlinear regression analysis of saturation binding

curves. Statistical significance was determined with Dunnett’s test.
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injection alone at regular intervals that produced tolerance
was reported to attenuate MOR-stimulated [*>S]GTPyS binding
in brainstem of mice (Bohn et al.,, 2002) but not rats
(Kirschke et al., 2002), suggesting possible species differences
in the pharmacokinetic/pharmacodynamic relationship of
MOR adaptation to chronic morphine.

Comparison of data from moderate (6- to 12-fold) versus
high (25- to 50-fold) tolerant mice showed regional differ-
ences in apparent desensitization produced by the two
paradigms, which are in agreement with our previous studies
(Sim et al., 1996; Sim-Selley et al., 2000). A consistent finding
has been that apparent desensitization of MOR-mediated
G-protein activation or effector modulation occurs most readily
in brainstem nuclei, such as PAG, parabrachial nuclei and
NTS, whereas forebrain regions, such as caudate-putamen
and nucleus accumbens, generally show a smaller magnitude
of this effect (Noble and Cox, 1996; Sim et al., 1996; Sim-
Selley et al., 2000). In the present study, morphine pellet
implantation that induced moderate tolerance significantly
reduced DAMGO-stimulated [>*S]GTPyS binding only in NTS
and spinal cord dorsal horn. In contrast, attenuation of
DAMGO-stimulated [**S]GTP;S binding in brains from mice
that received morphine pellet + morphine injections, that
induced a higher level of tolerance, produced significant
decreases in most CNS regions.

It is perhaps significant that all of the in vivo measures
studied exhibited a similar baseline morphine potency
(3-6mgkg~!) and tolerance development after chronic treat-
ment with either morphine pellet alone (6- to 12-fold) or
morphine pellet + morphine injection (25- to 50-fold). The
in vivo responses in the present study were primarily lower
order CNS functions that are mainly thought to involve
spinal, brainstem and hypothalamic circuits. However,
studies of higher order behavioural responses such as drug
discrimination or self-administration have generally found
higher potencies of opioids and less tolerance development
compared to antinociception (De Vry, 1989; Bergman, 2000).
It will be of interest in future studies to compare the two
chronic morphine treatment paradigms used in the present
study in these higher order behaviours. We would predict
that treatment with morphine pellet alone would
not produce tolerance to discriminative stimulus or reinfor-
cing effects of morphine, whereas the morphine
pellet + morphine injection paradigm, which produced
attenuation of MOR-mediated G-protein activation in fore-
brain areas, would produce tolerance to these effects.

Opioid-mediated antinociception involves activity in a
number of CNS regions, notably the PAG, rostral ventral
medulla and spinal cord dorsal horn (Fields and Basbaum,
1978). The anatomical circuitry involved is dependent on
the analgesic test employed, and tail withdrawal is consid-
ered to be mainly a spinally mediated reflex. Both chronic
treatment paradigms in this study produced attenuation of
MOR-mediated G-protein activation in the spinal cord dorsal
horn, which could contribute to the expression of both
moderate and high levels of tolerance in the tail withdrawal
test. In contrast, the hot-plate test is considered to have a
greater supraspinal component, as do Straub tail and
hypothermia, the latter of which is probably entirely
supraspinal. For these measures, tolerance developed in the
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apparent absence of significant MOR adaptation in most
brain regions (except NTS). There could be many explana-
tions for these results. First, it is possible that desensitization
of receptor-mediated G-protein activity is not necessary for
tolerance development and that downstream adaptations,
such as compensatory hyperalgesia, altered neuronal excit-
ability and/or changes in gene expression mediate tolerance
(Nestler et al., 1994; Ossipov et al., 2004). Alternatively, it is
possible that analysis with current techniques is not
sufficiently sensitive to detect modest changes in specific
populations of MOR-containing neurons. It is important to
consider that even in the autoradiographic assay it is not
possible to isolate MOR-containing neurons that are part of
specific neural circuits that contribute to behaviours of
interest. For antinociception, it is also possible that attenua-
tion of MOR signaling in spinal cord and medulla is
sufficient for moderate tolerance, but a more regionally
widespread loss in MOR signaling could be associated with
greater tolerance by interfering with spinal/supraspinal
synergy of opioid antinociception (Roerig et al., 1984).
Another potential influence is adaptation in peripherally
localized MORs that could contribute to antinociception, an
effect that also exhibits to tolerance following chronic
morphine treatment (Kolesnikov et al., 1996; Nozaki-Taguchi
and Yaksh, 1999). Regardless of the explanation, these
considerations reflect the complexity of defining opioid
tolerance both mechanistically and anatomically.

The finding that most brain regions exhibited different
levels of MOR adaptation following moderate versus high
tolerance paradigms suggests that different mechanisms
might be involved at various stages during the development
of tolerance. For example, protein kinase C (PKC) inhibition
reversed tolerance induced by morphine pellet implantation
alone, whereas inhibition of PKC produced only a partial
reversal of tolerance induced by morphine pellet + morphine
injection (Smith et al., 2003). Inhibition of both PKA and
PKC was required to completely reverse the higher level of
tolerance, suggesting that overlapping but non-identical
mechanisms could be involved in the development or
maintenance of moderate versus high levels of morphine
tolerance.

The attenuation of MOR-mediated G-protein activation in
the present study was probably due to desensitization, or
uncoupling of MOR from G-protein activation. This appar-
ent desensitization of MOR-mediated signaling in brain has
been found at the level of G-protein activation (Tao et al.,
1993; Sim et al., 1996; Kruzich et al., 2003), and effector
(Noble and Cox, 1996; Deng et al., 2001) after chronic opioid
treatment. Similarly, tolerance to opioid-mediated increases
in potassium conductance has been found in brain slices
from chronic morphine-treated animals (Christie et al., 1987;
Zhang et al., 1996). MOR desensitization probably results,
at least in part, from phosphorylation of MOR followed by
p-arrestin binding to phosphorylated receptors (Zhang et al.,
1998; Deng et al., 2001). Studies in mice with targeted
disruption of the f-arrestin-2 gene also suggest a role for this
mechanism in opioid tolerance because the development of
both antinociceptive tolerance and desensitization of brain-
stem MOR were decreased in mice lacking f-arrestin-2 (Bohn
et al., 1999, 2000). Those results are consistent with our
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interpretation of the present findings indicating that
attenuation of MOR-induced G-protein activation in specific
CNS regions of mice chronically treated with morphine
contributes to tolerance, especially after high-dose adminis-
tration paradigms. However, the anatomically restricted
nature of desensitization in mice that received the lower
dose morphine paradigm did not correlate completely with
in vivo tolerance, suggesting that other mechanisms are
involved. These results are consistent with recent findings
that multiple mechanisms contribute to opioid tolerance
(Gintzler et al., 1997; Bailey et al., 2003) and underscore the
complexity of mechanisms underlying opioid tolerance.

To our knowledge, this is the first study to vary the level of
morphine tolerance, measured with multiple behaviours,
and compare it with MOR desensitization and receptor levels
throughout the CNS, in order to characterize neuroadapta-
tion at both cellular and in vivo levels. These data reveal
treatment-dependent differences in the regional distribution
of apparent desensitization of MOR-mediated G-protein
activation. These results suggest that differences in opioid
administration regimens, particularly with respect to the
dose of chronic treatment, could produce different profiles
of neuroadaptation and tolerance.
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