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Abstract

It has been proposed that opioid agonist efficacy may play a role in tolerance and the regulation of
opioid receptor density. To address this issue, the present studies estimated the in vivo efficacy of
three opioid agonists and then examined changes in spinal p-opioid receptor density following
chronic treatment in the mouse. In addition, tolerance and regulation of the trafficking protein
dynamin-2 were determined. To evaluate efficacy, the method of irreversible receptor alkylation was
employed and the efficacy parameter t estimated. Mice were injected with the irreversible p-opioid
receptor antagonist clocinnamox (0.32-25.6mg/kg, i.p), and 24h later, the analgesic potency of s.c.
morphine, oxycodone and etorphine were determined. Clocinnamox dose-dependently antagonized
the analgesic effects of morphine, etorphine and oxycodone. The shift to the right of the dose-response
curves was greater for morphine and oxycodone compared to etorphine and the highest dose of
clocinnamox reduced the maximal effect of morphine and oxycodone, but not etorphine. The order
of efficacy calculated from these results was etorphine > morphine > oxycodone. Other mice were
infused for 7 days with oxycodone (10-150 mg/kg/day, s.c.) or etorphine (50-250ug/kg/day, s.c.)
and the analgesic potency of s.c. morphine determined. The low efficacy agonist (oxycodone)
produced more tolerance than the high efficacy agonist (etorphine) at equi-effective infusion doses.
In saturation binding experiments, the low efficacy opioid agonists (morphine, oxycodone) did not
regulate the density of spinal p-opioid receptors, while etorphine produced =~ 40% reduction in p-
opioid receptor density. Furthermore, etorphine increased spinal dynamin-2 abundance, while
oxycodone did not produce any significant change in dynamin-2 abundance. Overall, these data
indicate that high efficacy agonists produce less tolerance at equi-effective doses. Furthermore,
increased efficacy was associated with p-opioid receptor downregulation and dynamin-2
upregulation. Conversely, lower efficacy agonists produced more tolerance at equi-effective doses,
but did not regulate u-opioid receptor density or dynamin-2 abundance. Taken together, these studies
indicate that agonist efficacy plays an important role in tolerance and regulation of receptors and
trafficking proteins.
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1. Introduction

Although tolerance to opioid agonists has been well-documented, studies indicate that the
magnitude of tolerance is dependent on the particular opioid agonist that is used (e.g., Duttaroy
et al., 1995; Paronis and Holztman, 1992; Stevens and Yaksh, 1989; Walker and Young,
2001). For example, if equi-effective doses (e.g., 100 times the EDsg) of an opioid agonist are
continuously infused in the intact animal, some agonists, such as etorphine, produce
substantially less tolerance than other agonists such as morphine (Duttaroy et al., 1995). In
addition, the ability of an opioid agonist to induce analgesic tolerance appears to be inversely
related to its effectiveness to internalize and downregulate p-opioid receptors. Specifically,
morphine does not induce p-opioid receptor internalization and downregulation, either in vitro
or in vivo, while etorphine is very effective (Keith et al., 1996, 1998; Patel et al., 2002b;
Stafford et al.,2001; Yoburn et al., 2004; however see Haberstock et al., 2005). Similarly,
etorphine, but not morphine, upregulates the trafficking protein dynamin-2; and this may be
an important mechanism in accelerating internalization and downregulation (Patel et al.,
2002b; Yoburn et al., 2004).

Efficacy is a property of a ligand that may contribute to tolerance and regulation of p-opioid
receptors and trafficking proteins. Efficacy has been defined as “... the property of a molecule
that causes the receptor to change its behavior toward the host cell* (Kenakin, 2002a). Efficacy
is generally interpreted to be a function of the receptor and its cellular environment (Kenakin,
2002b). Thus, efficacy is not simply a receptor based parameter of drug action; it depends upon
activity at the receptor as well as the chain of events that are activated. In contrast, intrinsic
efficacy was a term proposed by Furchgott (1966) that was intended to provide “... a method
to compare the relative ability of agonists to produce a response for a given receptor occupancy
... “(Kenakin, 2002b). Intrinsic efficacy is a property solely of the drug-receptor complex and,
theoretically, is independent of the cellular environment and the assay system.

Recently, it has been proposed that the Operational Model of Drug Agonism (Black and Leff;
1983; Black et al., 1985; Leff et al., 1990) is a preferred approach for characterizing agonist
efficacy (e.g., Kenakin, 2004). A key feature of the operational model is the term 1. tis a
dimensionless proportionality factor that can relate receptor occupancy and receptor stimulus.
tisatransducer constant and characterizes the propensity of a system and an agonist to produce
a response (Kenakin 2004). t is analogous to the efficacy term, since it is a property of both
the tissue, assay and the receptor system (Motulsky and Christopoulos, 2004). Estimation of
T using the operational model requires depletion of receptors, typically using an antagonist that
will irreversibly bind to the receptor. In the present study, we employed the irreversible p-
opioid receptor antagonist clocinnamox and the data analysis method of Zernig et al (1995
Zernig et al (1996) to calculate T values for 3 opioid agonists following clocinnamox treatment.
Clocinnamox has been shown to dose-dependently decrease p-opioid receptor Byax in the
intact animal (Burke et al., 1994; Chan et al., 1995; Paronis and Woods, 1997 ). Furthermore,
clocinnamox produces a dose-dependent shift to the right of opioid agonist dose-response
functions (Barrett et al., 2003; Burke et al., 1994; Chan et al., 1995; Comer et al., 1992; Zernig
etal., 1995).

We have proposed that ligand efficacy is a determinant of the regulation of p-opioid receptors

and trafficking proteins, as well as changes in opioid agonist potency following treatment
(Duttaroy et al., 1995; Patel et al., 2002b; Yoburn et al., 1993;). This suggestion is based on
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results from experiments using chronic treatment with opioid agonists and antagonists in the
intact animal. High efficacy opioid agonists (e.g., etorphine) can reliably decrease p-opioid
receptor density, regulate p-opioid receptor mRNA levels and upregulate dynamin-2 (e.g.
Yoburn et al., 1993; Sehba et al.,1997; Duttaroy and Yoburn, 2000; Patel et al., 2002b).
Furthermore, at equi-effective doses, high efficacy opioid agonists produce less tolerance.
Conversely, opioid antagonists reliably increase p-opioid receptor density, decrease dynamin-2
abundance, but do not alter pu-opioid receptor mRNA levels in vivo (e.g. Rajashekhara et al.,
2003; Duttaroy et al., 1999; Unterwald et al., 1995). In addition, chronic opioid antagonist
treatment produces a significant shift to the left of the agonist dose-response function for several
outcome measures including analgesia and lethality (i.e., supersensitivity; Tempel et al.,
1982; Paronis et al., 1991; Patel et al., 2002a; Yoburn, 1988). Therefore, from a broad
perspective, the direction of receptor regulation (upregulation, downregulation) covaries with
efficacy for agonists and antagonists. Similarly, following chronic agonist or antagonist
treatment, the change in potency of agonists (tolerance, supersensitivity) also covaries with
efficacy. Given these data, we hypothesized that, following chronic opioid treatment, the
efficacy of a ligand can be used to predict changes in potency of agonists, as well as regulation
of p-opioid receptor density and dynamin-2. In this study, we determined the efficacy of
oxycodone, morphine and etorphine and then evaluated tolerance and regulation of p-opioid
receptor density and dynamin-2 in the intact mouse. Overall, we report that efficacy does
predict tolerance and regulation of u-opioid receptors and dynamin-2.

2. Material and Methods

2.1 Subjects

Male, Swiss-Webster mice (20-25g) were obtained from Taconic Farms (Germantown, NY,
USA). Mice were housed (5-10/cage) under standard colony conditions with food and water
available ad libitum. All animal treatment protocols were approved by the St. John’s University
Institutional Animal Care and Use Committee.

2.2 General Procedure

Initially, analgesic (tailflick, see below) ED5y’s were determined for the opioid agonists
oxycodone and etorphine. Other groups of mice (N=8-10/group) were injected i.p. with saline
or clocinnamox (0.32-25.6 mg/kg). Twenty-four hours later, cumulative dose response studies
were conducted with oxycodone, morphine or etorphine. For other studies, mice (N=8-12/
group) were implanted s.c. with ALZET osmotic pumps (Model 2001; 24ul/day) infusing
oxycodone (10-150mg/kg/day) or etorphine (50-250ug/kg/day). Controls were implanted
with placebo pellets. At the end of 7days, pumps and pellets were removed and 16h later, either
cumulative dose response studies were conducted using morphine or mice were sacrificed and
spinal cords collected for radioligand binding and western blotting assays (see below). The
16h delay between opioid agonist treatment and sacrifice insures that residual etorphine does
not interfere with the radioligand binding assay (see Yoburn et al., 1993). For consistency, this
interval was also used for all drugs and assays following opioid agonist treatment. Pumps and
pellets were implanted and removed while mice were briefly anesthetized with
oxygen:halothane (96:4).

2.3 Analgesia assay

Antinociception was determined using the tailflick (Model TF6, Emdie instrument Co,

Maidens, VA). A beam of light was focused on the dorsal tail surface approximately 2cm from
tail tip and the latency for the mouse to remove its tail from the heat source was recorded. The
intensity of the light stimulus was adjusted so that baseline latencies were 2—4s. The maximum
latency (cutoff) was set at 10s and the test was terminated if a mouse did not flick by the cutoff.
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Mice with tail flick latencies of 10s were defined as analgesic. All testing was conducted in a
blind manner.

2.4 Dose Response Protocols

Dose response studies were conducted using two procedures: standard and cumulative dosing
protocols. In the standard dose response protocol, groups of mice (5-10/group) were injected
s.c. with different doses of oxycodone or etorphine and tested for analgesia. For the standard
dosing protocol, mice were injected with one dose of drug and tested once at the time of peak
effect (15min; determined previously). Doses for infusion studies were based on the EDsgg
calculated from standard dosing.

For the cumulative dose response protocol, mice (8—10/group) were injected s.c. with a starting
dose of morphine (1.5mg/kg), etorphine (0.25ug/kg) or oxycodone (0.4mg/kg) and tested for
analgesia. Testing time was 30min following morphine and 15 min following etorphine and
oxycodone. If the mouse had a tailflick latency of 10s, it was defined as analgesic and not tested
further. Otherwise, the mouse was immediately injected s.c. with a dose of the same drug and
retested. This procedure was continued until all mice were analgesic or cumulative dosing
results indicated that no further changes in latencies were likely. The doses used for cumulative
dosing protocols for etorphine, morphine and oxycodone are presented in Table 1. The
cumulative dosing protocol was used in most cases to reduce the number of mice and the cost
of supplies (e.g. osmotic pumps).

2.5 Radioligand Binding Studies

Following treatment, mice (N=10-12mice/group) were sacrificed and whole spinal cords were
immediately removed and placed in 15ml (10-12 cords/tube) of ice cold 50mM Tris buffer
(pH 7.4) and homogenized on ice (Brinkmann Polytron PT3000 Homogenizer 20,000rpm,
45s). Homogenates were centrifuged at 15,000rpm (= 26,0009) (2—4° C) for 15min,
supernatants were discarded, and pellets were resuspended in 35ml of ice-cold 50mM Tris
buffer and incubated in a shaking water bath for 30min at 25°C. Homogenates were centrifuged
again at 15,000rpm (2—4° C) for 15min and pellets were resuspended in 18-20ml 50mM
Phosphate buffer (pH 7.2). An aliquot of homogenate was assayed in triplicate in saturation
binding assays using [?H] DAMGO (u-opioid receptor ligand; range: 0.02-5nM; PerkinElmer
Life Sciences, Boston, MA). Non-specific binding was determined in triplicate in the presence
of levorphanol (1000nM). Tubes were incubated for 90min at 25° C. Incubation was terminated
by addition of ice cold phosphate buffer and filtering the samples over GF/B filters (Brandel,
Gaithersburg, MD). Tubes were washed three times with phosphate buffer, and filters were
placed in vials containing scintillation cocktail and counted. Counts per minute (cpm) were
converted into disintegration per minute (dpm) using the external standard method. Protein
was assayed by the Bradford method (Bradford, 1976) using reagent from Bio-Rad (Richmond,
CA). Binding studies were repeated 1-4 times.

2.6 Western Blotting Assay

Following treatment, mice (N=5/treatment) were sacrificed, spinal cords removed and each
spinal cord placed in 500ul ice cold western buffer A [2% sodium dodecyl sulfate (SDS),
1.5mM sodium orthovanadate, 12.5mM Tris buffer (pH 7.4)], homogenized on ice (Brinkmann
Polytron Homogenizer, at 20,000 rpm for 30sec) and centrifuged at 10,000 rpm (=~ 20,000g),
at 15° C for 10min. The supernatant was aliquoted into fresh tubes. An aliquot (20ul) was
removed to determine protein concentration (Bradford, 1976). Remaining sample was diluted
1:1 using Western Buffer B (4% SDS, 2% B-mercaptoethanol, 20% glycerol, 112.5mM Tris
base, 0.01% bromophenol blue) and then boiled for 5-7min. Aliquots of each sample (8ul;
0.125-1pg protein) were loaded on polyacrylamide gels (PAGEr Gold Precast Gels 10% Tris
Glycine, Cambrex Bio Sciences, Rockland, ME) and separated by electrophoresis (150V for
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60 min). A sample from one spinal cord was loaded on each lane. Proteins were transferred to
PVDF membrane (Immobilon-P, Millipore Corporation, Billerica, MA) at 100V for 85-95
min. Membranes were incubated in blocking buffer [0.2% Aurora blocking reagent, MP
Biomedicals, Irvine, CA; 1X Phosphate buffered saline (75mM)] overnight at 4°C to block
nonspecific binding sites, followed by incubation (1h, 24° C) with primary dynamin-2 antibody
[Goat Polyclonal 1gG (1:300), Santa Cruz Biotechnology, Santa Cruz, CA] in blocking buffer.
Membranes were washed with blocking buffer and incubated in secondary antibody [Donkey
Anti- Goat IgG-AP (1:5000), Santa Cruz Biotechnology] in blocking buffer. Membranes were
washed with blocking buffer and incubated in alkaline phosophatase chemiluminescence
substrate (CDP Star Substrate, Novagen, Madison, WI) for 5min. Target protein was visualized
and digitized (KODAK Image Station R, Eastman Kodak Company, New Haven, CT). The
images were analyzed for density using Gel Pro image analysis software (Version 3.1, Media
Cybernetics, Silver Spring, MD). A standard curve using increasing amounts (0.125-1ug) of
untreated spinal cord was included in each assay to convert the optical densities into valid
estimates of percent change in protein. Western blot data were analyzed as percent of control
values.

Etorphine hydrochloride, oxycodone hydrochloride, morphine sulphate, morphine pellets
(containing 25mg morphine base) and placebo pellets were obtained from Research Triangle
Institute (Research Triangle Park, NC) through the Research Technology Branch of the
National Institute on Drug Abuse. All drugs were dissolved in 0.9% normal saline and doses
expressed as the free base.

2.8 Data Analysis

Cumulative and standard dose-response studies were analyzed as quantal (percent analgesic)
or graded (tailflick latency) data. The estimation of agonist ED5q requires quantal data, however
the calculation of agonist efficacy following receptor depletion is typically based on graded
data. In this report, both quantal and graded outcome measures were used, although potency
changes determined using either dependent measure are similar (e.g., see Fig 4). Quantal dose
response data were analyzed with the computer program BLISS-21 (Department of Statistics,
University of Edinburgh). This program uses probit analysis (Finney, 1973) to calculate
EDsgq values, standard errors and 95% confidence intervals. Graded data were analyzed using
nonlinear regression using Prism (version 4.03, GraphPad software, San Diego, CA); which
estimates ECsq values, standard errors and 95% confidence intervals. Potency changes are
based on the ratio of the EDgq or ECgg value in the treated groups relative to control. This
change is referred to as the shift in the EDgq or ECgg value.

The data from clocinnamox studies were analyzed according to the model proposed by Black
and Leff (1983) and applied to behavioral data using the methods described extensively by
Zernig et al. (1996). In this method, 7 is an operational definition of efficacy (Zernig et al.,
1996; Walker et al., 1998). t is the reciprocal of the fraction of receptors necessary to give a
half-maximum response. An estimate of the fraction of receptors available for agonist
interaction after blockade with a given dose of clocinnamox corresponds to q in Furchott’s
model (1966). The q value is calculated by dividing the t value obtained after inactivation of
the receptors with the insurmountable antagonist by the T value obtained under control
conditions (see Zernig et al., 1996). For non-rectangular hyperbolic E/[A] curves, Black et al.
(1985) propose a function of the form:

B E,, = tau” = [A]"
(K, +[A])"+tau™ = [ A]"
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where E is the effect (mean tail-flick latency), E,, is the maximum attainable response (10 sec),
[A] is the agonist dose, K is the estimate for the agonist apparent in vivo dissociation constant,
and n is the slope factor of the transducer function. The semilogarithmic form of the above
equation is extended by c, the baseline response, with tau represented as (q*tauconrol):

E=E,/(((101¢®0)198lAD 1 1) /(q * taugongor)) +1)+¢

All dose-response curves obtained with a given agonist in the presence or absence of
clocinnamox pretreatment were simultaneously fit to the above equation. The efficacy
estimates were based on simultaneous fitting of 6, 5 and 3 dose-response functions for
oxycodone, etorphine and morphine (see Fig 3), respectively, using a non-linear fitting program
(Zernig et al., 1995) and the general mathematical software package Mathematica Version
4.2.1 (Wolfram Research, Champaign, IL, USA).

Binding data from saturation studies were analyzed by Prism using nonlinear regression
analysis. All binding data were best fit by a one-site model. Significant differences (p<0.05)
among the data were analyzed using t-tests or ANOVA with appropriate post-hoc comparisons.

The quantal EDsgq’s (percent analgesic) were determined for oxycodone and etorphine using
both the standard and cumulative dose-response protocols (Fig 1 and 2). The EDsq for
oxycodone using the standard dosing protocol was 0.81+0.10 mg/kg and using the cumulative
dosing protocol was 1.74+0.46 mg/kg. The EDsq for etorphine using the standard dosing
protocol was 0.85+0.17 ug/kg and using the cumulative dosing protocol was 1.12+0.07 ug/kg.
Similar results were observed when graded data (mean tailflick latencies) were examined (not
shown).

To determine the efficacy of oxycodone and etorphine, mice were injected with clocinnamox
and then cumulative dose-response studies were conducted 24h later (Fig 3a, b). Clocinnamox
dose dependently increased the EDs5( for both oxycodone and etorphine. The shift in the dose-
response function at the highest dose of clocinnamox (25.6 mg/kg) was greater for oxycodone
than for etorphine regardless of whether quantal or graded data were evaluated (Fig 4). In
addition, the maximum effect for oxycodone was reduced following treatment with the highest
clocinnamox dose (Fig 3a). Calculation of t indicated that oxycodone had significantly lower
efficacy than etorphine (Table 2). For comparison, we also evaluated the effect of 2 doses of
clocinnamox on morphine potency (Fig 3c); which was sufficient to determine that the efficacy
of morphine was significantly less than that for etorphine (Table 2).

Based on the estimated efficacies of etorphine and oxycodone, we predicted that tolerance
induced by oxycodone would be greater than that for etorphine. Mice were infused with
etorphine (50-250ug/kg/day) or oxycodone (10-150mg/kg/day) for 7 days. These doses
represent =~ 60—-300 times the EDsq for etorphine and = 12-185 times the EDsq for oxycodone
determined using the standard dosing protocol. Higher doses could not be used due to solubility
issues (oxycodone) and toxicity (etorphine). Following drug infusions, tolerance to morphine
was examined. Morphine was used to estimate tolerance so that the magnitude of potency shifts
induced by oxycodone and etorphine could be directly compared. Infusion of oxycodone and
etorphine produced dose-dependent increases in the morphine EDsgq determined using a
cumulative dosing protocol (Fig 5). The magnitude of the shift in morphine’s EDsq was greater
following equi-effective infusion doses of oxycodone compared to etorphine (Fig 6).

Using the same 7 day infusion approach, we next determined the consequences on p-opioid
receptor density and dynamin-2 abundance in mouse spinal cord. We anticipated that the lower
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efficacy agonist oxycodone would be ineffective in regulating p-receptors or the trafficking
protein dynamin-2. Conversely, etorphine has been previously shown to produce p-opioid
receptor downregulation and increase dynamin-2 abundance (Patel et al., 2002b; Yoburn etal.,
2004; Zhang et al., 2005). Oxycodone did not alter p-opioid receptor density or affinity at 50
or 150mg/kg/day (Fig 7); although both these dosing regimens produced tolerance (Fig 6).
Etorphine (250ug/kg/day) significantly reduced p-opioid receptor density in spinal cord by =
40%, without altering affinity (Fig 7). Similarly, etorphine (200ug/kg/day), but not oxycodone,
regulated dynamin-2 abundance (Fig 8). We have previously reported this dose of etorphine
(200ug/kg/day) also produces p-opioid receptor downregulation (Patel et al., 2002b; Yoburn
et al., 2004). Finally, for comparison, we infused mice with a dose of morphine that has been
shown to induce substantial tolerance (Stafford et al., 2001). Morphine did not regulate p-
opioid receptor density or affinity in mouse spinal cord (Fig 9).

4. Discussion

Opioid agonists vary in the magnitude of tolerance produced following chronic treatment.
Several studies suggest that opioid agonists with lower efficacy will induce more tolerance
than higher efficacy agonists (Duttaroy et al., 1995; Paronis and Holtzman, 1992; Stevens and
Yaksh, 1989; Walker and Young, 2001). Previously, we have used an equi-effective dosing
approach to directly determine the magnitude of tolerance produced by different opioid
agonists (Duttaroy and Yoburn, 1995). This procedure involves determining the ED5 for some
criterion effect (e.g., analgesia) and then using this information to examine tolerance. The
chronic treatment dose is converted to a multiple of the acute EDsg. This tactic serves to equate
the chronically administered opioid drugs on a common measure (acute EDsgg) and allow an
equi-effective dosing protocol. In the present study, we utilized this procedure to examine the
role of efficacy of opioid agonists in producing tolerance and in regulating p-opioid receptor
density and the abundance of the trafficking protein dynamin-2. It was hypothesized that
tolerance would be inversely related to efficacy; while downregulation of p-opioid receptors
and upregulation of dynamin-2 would be directly related to efficacy.

The current results demonstrate that morphine and oxycodone are of significantly lower
efficacy than etorphine. The operational model of agonism (Black and Leff, 1983) was
employed to estimate efficacy. This model requires receptor depletion, usually by irreversible
receptor occupancy by an antagonist in order to calculate efficacy (t). The antagonist
clocinnamox was used to produce irreversible blockade of the pu-opioid receptor. Clocinnamox
has been shown previously to dose-dependently decrease Byax in radioligand binding studies.
(Burke et al., 1994; Chan et al. 1995; Paronis and Woods, 1997;). In the present study,
clocinnamox dose-dependently increased the EDsg for morphine, etorphine and oxycodone.
The shift to the right in the dose-response functions was greatest for oxycodone and morphine,
compared to etorphine (Figs 3 and 4). Furthermore, at the higher clocinnamox dose, the
maximal effect for these 2 drugs was reduced (see Fig 3). Overall, inspection of the dose-
response functions for oxycodone, morphine and etorphine (see Fig 3 and 4) confirms the
efficacy estimates (Table 2) resulting from analysis of these data using the operational model
of agonism and supports previous findings that etorphine is a higher efficacy agonist than
morphine (Walker et al., 1998). The fact that oxycodone was of lower efficacy than etorphine
led us to predict that this drug would not regulate p-opioid receptors or dynamin-2, but would
produce greater tolerance following an equi-effective infusion.

The tolerance induced by oxycodone was substantially greater than that produced by etorphine.
The increase in tolerance to morphine following oxycodone is most apparent when comparing
multiples of the EDsgq between 50 — 200 (see Fig 6). We did not evaluate tolerance following
morphine treatment using this equi-effective dosing approach, since the solubility of morphine
isinsufficient to allow adequate doses to be loaded into the osmotic pumps. However, morphine
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has been established to produce dose-dependent tolerance using an alternate tactic (e.g.,
Stafford et al., 2001).

While etorphine produced robust p-opioid receptor downregulation in spinal cord, neither
oxycodone nor morphine was effective. Similarly, etorphine regulated dynamin-2 in mouse
spinal cord, but oxycodone did not. We have previously shown that the same chronic dosing
protocol for morphine (25mg pellet + osmotic pump infusing 40mg/kg/day for 7 days) induces
substantial tolerance, but does not regulate dynamin-2 or p-opioid receptors (Patel et al.,
2002b; Yoburnetal., 2004; Stafford et al., 2001). Taken together, these data indicate that opioid
agonist efficacy is predictive of the magnitude of changes in potency (tolerance), as well as
regulation of p-opioid receptor density and dynamin-2 abundance. This conclusion extends to
opioid antagonists, which are by definition of lower (or negative) efficacy. Chronic opioid
antagonist treatment increases p-opioid receptor density and decreases dynamin-2
(Rajshekhara et al., 2003) while at the same time inducing functional supersensitivity to
agonists (Temple etal., 1982; Paronis etal., 1991). Thus, over a broad range of ligands, efficacy
isrelated to regulation of receptors, a trafficking protein (dynamin-2) and modulation of agonist
potency.

The role of efficacy in producing tolerance has been previously examined in the intact animal
(Duttaroy et al., 1995; Paronis et al., 1997; Walker and Young, 2001). These studies concluded
that low efficacy agonists tend to produce more tolerance. However, none of these reports
included quantitative estimates of efficacy. Thus, one advantage of the present study is that we
have determined efficacy and tolerance in the same set of experiments. In the present study,
tolerance to morphine following chronic treatment was determined for both etorphine and
oxycodone. Since morphine is primarily a p-active agonist and lacks activity in knockout mice
(e.g., Kieffer, 1999), our results allow us to compare tolerance at the p receptor induced by
both oxycodone and etorphine.

It is possible that etorphine and oxycodone produce some part of their in vivo analgesic effects
via non-p opioid receptor mechanisms. There is evidence that 5-opioid receptors may modulate
the function of p-opioid receptors in tolerance (see Zhang et al., 2006; Ananthan, 2006)
However, etorphine has been shown to have somewhat higher affinity for the p-opioid receptor;
while pantagonists, but not « or § antagonists, inhibit etorphine analgesia in the mouse (Yoburn
et al., 1995; Aceto et al., 1997). With regard to oxycodone, it has been suggested that it may
activate k receptors and these receptors may mediate analgesic effects (e.g., Ross and Smith,
1997). However, data indicate that oxycodone has little affinity for the « (and J) receptor
(Lalovic et al., 2006; Yoburn et al., 1995). Furthermore, the analgesic effects of oxycodone
are only marginally altered by k and & antagonists, but blocked by a p antagonist (see Nozaki
et al., 2006). It is notable that, while it has been proposed that oxycodone metabolites may be
important in mediating its effects, recent findings suggest that this is unlikely (Lalovic et al,
2006). Taken together, these data suggest that the pharmacodynamics of oxycodone and
etorphine in the present study were mediated by the p-opioid receptors. In addition, since both
oxycodone and etorphine-induced tolerance were determined using morphine which lacks
efficacy in p knockouts (Keiffer, 1999), it is likely that the magnitude of tolerance represents
changes in p-opioid receptor signaling. Finally, it should be noted that in this series of studies
tolerance was determined after the termination of treatment and that differential recovery from
the tolerant state following oxycodone and etorphine may play a role in these findings.

The mechanism by which lower efficacy results in more tolerance is not entirely clear.
However, it is possible that chronic treatment with lower efficacy agonists desensitizes more
receptors since, by definition, a low efficacy agonist must occupy more receptors to produce
an equivalent effect to a higher efficacy agonist (Zimmerman et al., 1987; Adams et al.,
1990; Comer et al., 1992). Furthermore, the inability of lower efficacy agonists to induce
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internalization may reduce the recycling of the resensitized receptor that has been proposed to
occur with higher efficacy agonists (Koch et al.,1998). In either case, drug efficacy is an
important parameter that can be used to predict the biochemical and functional effects of
chronic treatment with opioid ligands.
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Fig 1.

Dose response functions for oxycodone (left) and etorphine (right) using the standard dosing
protocol (see methods). Mice (N=5-10/dose/drug) were injected s.c. with oxycodone or
etorphine and tested using the tail flick 15min later. The data shown are the combined results
from 3-4 experiments per drug. The mean EDsgq’s + sd for oxycodone and etorphine based on
all experiments were 0.81+0.10 mg/kg and 0.85+0.17 ug/kg. Linear regression fits for the data
are plotted.
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Dose response curves for oxycodone (left) and etorphine (right) determined using the
cumulative dosing protocol (see methods). Mice (N=8-10/drug) were injected s.c. with
oxycodone or etorphine and tested with the tail flick 15min later. Mice that were not analgesic
were injected again and retested until all mice were analgesic. The data shown are the combined
results of 2—6 experiments per drug. The mean EDgq‘s £ sd for oxycodone and etorphine based
on all experiments were 1.74+0.46 mg/kg and 1.12+0.07 ug/kg. Linear regression fits for the
data are plotted.
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Fig 3.

The effect of clocinnamox (CCAM) on the analgesic potency of oxycodone (A), etorphine (B)
and morphine (C). Mice were injected with saline (N=8-10) or 0.32-25.6 mg/kg clocinnamox
i.p., (N=6-10/CCAM dose); and 24 h later, cumulative dose response studies were conducted
for each opioid agonist. Each clocinnamox dose for each drug was evaluated with a
corresponding saline treated group (control) and results for each clocinnamox dose were
determined 1-5 times for a given opioid agonist. Each graph presents the cumulated mean data
from all experiments.

Eur J Pharmacol. Author manuscript; available in PMC 2007 December 1.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Pawar et al.

Page 15

_’,/
30 | ® Oxy Graded
O  Oxy Quantal
v ET Graded
20 1 A ETQuantal

Shift in ED,, or ECy,

C 0.3 1 3 10 30
CCAM (mg/kg)

Fig 4.

The effect of clocinnamox (CCAM) on the potency of oxycodone (Oxy) and etorphine (ET).
Mice were pretreated with clocinnamox as described (see Fig 3). EDgg’s (quantal; percent
analgesic) and ECsgq’s (graded, mean tailflick latency) were determined using probit analysis
and nonlinear regression, respectively. The shift in the EDgy’s and ECsg’s was calculated as
the value following clocinnamox divided by the value for the saline treated control group (C).
In order to statistically compare the results, each data set was fit with the equation:

y=a eklogX

where y is the shift in the EDsq or the ECsgp; a is the y-intercept; and K is the rate constant.
There was no significant difference among the fitted a values, but the k values for oxycodone
were greater than for etorphine for both graded data (2.9+.24, 1.16+.49) and quantal data (3.93
+.13, 1.27+.48), respectively, (p<0.05).
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The effect of continuous oxycodone (A; Oxy) or etorphine (B; ET) infusion on morphine’s
quantal analgesic potency. Mice were implanted with placebo pellets (control) or infused using
osmaotic pumps with oxycodone (10-150mg/kg/day) or etorphine (50-250ug/kg/day) for 7days
(N=8-10/drug/infusion dose). On the 7t day, pumps and placebo pellets were removed and
16h later, morphine cumulative dose response studies were conducted. The data shown are

representative of one of 1-2 experiments for each infusion dose.
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Fig 6.
The effect of continuous oxycodone or etorphine infusion on the shift in morphine’s EDsgq. The
shift in the EDsgg’s was calculated as the value following continuous agonist infusion divided
by the value for the placebo treated control group (C). In order to statistically compare the
results, each data set was fit with the equation:

y=a kX
where y is the shift in the EDsp; a is the y-intercept; and K is the rate constant. There was no
significant difference between the fitted a values, but the k value for oxycodone was greater
than for etorphine (0.016+0.001; 0.005+0.001), respectively, (p<0.05).
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The effect of continuous oxycodone (Oxy) or etorphine (ET) infusion on p-opioid receptor
density in mouse spinal cord. Separate groups of mice (N=8-10/dose/drug) were infused s.c.
for 7 days with oxycodone (50, 150mg/kg/day) or etorphine (250ug/kg/day). Controls were
implanted with placebo pellets. The pumps and pellets were removed at the end of treatment
and 16h later, mice were sacrificed and spinal cords collected for saturation binding studies
([®H] DAMGO). The histograms for oxycodone are the combined mean (+ SEM) Byax data
from 4 experiments. A representative scatchard plot for oxycodone is shown above the
histogram. The histogram (Bmax = SE) and scatchard plot for etorphine are the results from
a single study. We have reported similar results for etorphine, previously (e.g., Patel et al.,
2002b; Yoburn et al., 2004; Stafford et al., 2001). * = significantly different from control
p<0.05
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Effect of continuous oxycodone (Oxy) or etorphine (ET) infusion on dynamin-2 protein
abundance. Mice were infused with oxycodone (50, 150mg/kg/day) or etorphine (200ug/kg/
day) for 7 days, and 16h later, mice were sacrificed and spinal cords removed for western blot
assays. Controls were implanted with a placebo pellet. Panel A presents the percent of control
results (mean + sd) from 3 oxycodone experiments, and 2 etorphine experiments. B and C are
representative blots from one experiment. * = significantly different from control p<0.05.
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Fig 9.

The effect of continuous morphine treatment on p-opioid receptor density in mouse spinal cord.
Mice were implanted with a 25mg morphine pellet and an osmotic pump infusing morphine
(40mg/kg/day) for 7 days. Controls were implanted with placebo pellets. The pumps and pellets
were removed at the end of treatment and 16h later, mice were sacrificed and spinal cords
collected for saturation binding studies ([*H] DAMGO). The data are from a single experiment.
We have previously reported that the same treatment protocol does not alter p-opioid receptor
binding in spinal cord (e.g., Yoburn et al., 2003; Patel et al., 2002).
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