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This study examined the antinociceptive (analgesic) efficacy of hydromorphone and hydromorphone-
induced tolerance and regulation of μ-opioid receptor density. Initially s.c. hydromorphone's time of peak
analgesic (tail-flick) effect (45 min) and ED50 using standard and cumulative dosing protocols (0.22 mg/kg,
0.37 mg/kg, respectively) were determined. The apparent analgesic efficacy (τ) of hydromorphone was then
estimated using the operational model of agonism and the irreversible μ-opioid receptor antagonist
clocinnamox. Mice were injected with clocinnamox (0.32–25.6 mg/kg, i.p.) and 24 h later, the analgesic
potency of hydromorphone was determined. The τ value for hydromorphone was 35, which suggested that
hydromorphone is a lower analgesic efficacy opioid agonist. To examine hydromorphone-induced tolerance,
mice were continuously infused s.c. with hydromorphone (2.1–31.5 mg/kg/day) for 7 days and then
morphine cumulative dose response studies were performed. Other groups of mice were injected with
hydromorphone (2.2–22 mg/kg/day) once, or intermittently every 24 h for 7 days. Twenty-four hours after
the last injection, mice were tested using morphine cumulative dosing studies. There was more tolerance
with infusion treatments compared to intermittent treatment. When compared to higher analgesic efficacy
opioids, hydromorphone infusions induced substantially more tolerance. Finally, the effect of chronic
infusion (31.5 mg/kg/day) and 7 day intermittent (22 mg/kg/day) hydromorphone treatment on spinal cord
μ-opioid receptor density was determined. Hydromorphone did not produce any change in μ-opioid receptor
density following either treatment. These results support suggestions that analgesic efficacy is correlated
with tolerance magnitude and regulation of μ-opioid receptors when opioid agonists are continuously
administered. Taken together, these studies indicate that analgesic efficacy and treatment protocol are
important in determining tolerance and regulation of μ-opioid receptors.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The mechanisms that mediate tolerance to opioid agonists have
been extensively studied. The results of many studies suggest that
agonist efficacy may play an important role in the magnitude of
tolerance (Duttaroy and Yoburn, 1995; Paronis and Holtzman, 1992;
Pawar et al., 2007). For example, at equi-effective doses, a higher
efficacy opioid agonist (e.g., etorphine) produces less tolerance than
lower efficacy agonists (e.g., morphine, oxycodone) after chronic
infusion treatment (Duttaroy and Yoburn, 1995; Stafford et al., 2001;
Pawar et al., 2007). The regulation of μ-opioid receptor density also
appears to be correlated with agonist efficacy. Higher efficacy agonists
induce μ-opioid receptor internalization and downregulation in in
vitro and in vivo studies (e.g., Patel et al., 2002; Whistler et al., 1999;

Yoburn et al., 2004; Zaki et al., 2000); whereas, lower efficacy agonists
are typically ineffective (e.g., Keith et al., 1996; Stafford et al., 2001;
however see Haberstock-Debic et al., 2005). Nevertheless, while μ-
opioid receptor downregulation is usually not observed in vivo with
lower efficacy opioid agonists (Patel et al., 2002; Yoburn et al., 2004),
downregulation contributes to the magnitude of tolerance (e.g.,
Stafford et al., 2001). Taken together, opioid agonist efficacy appears
to play a role in both tolerance and opioid receptor regulation
(Duttaroy and Yoburn, 1995; Paronis and Holtzman, 1992; Stevens and
Yaksh, 1989; Walker and Young, 2001; Pawar et al., 2007).

Efficacycanbedefinedas thepropertyof adrug that causes a receptor
to change its behavior towards the host cell (Kenakin, 2002). Recent
formulations of efficacy suggest that ligands acting at a given receptor
can have multiple efficacies (e.g., Kenakin, 2007; Galandrin and Bouvier,
2006). In earlier studies examining the role of efficacy in tolerance and μ-
opioid receptor regulation, opioid agonist efficacy had been considered
as a parameter that characterizes the drug itself, rather than the drug and
a particular effect (e.g., Stafford et al., 2001). Using the operationalmodel
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of agonism in a previous study, morphine and oxycodonewere found to
have relatively low τ values for analgesia (i.e., antinociception), whereas
etorphine was identified as a higher analgesic efficacy opioid (Pawar
et al., 2007). This quantitative estimate of analgesic efficacy supported
previous suggestions that efficacy can be used to predict μ-opioid
receptor regulation and the magnitude of tolerance (e.g., Duttaroy and
Yoburn, 1995; Paronis and Holtzman, 1992; Stafford et al., 2001).

In the present study, we used the irreversible μ-opioid receptor
antagonist clocinnamox and the operational model of agonism (Black
and Leff, 1983; Black et al., 1985; Leff et al., 1990) to estimate the
analgesic efficacy of the opioid agonist hydromorphone. Hydromor-
phone is an opioid analgesic that is commonly used to manage pain
and is abused (e.g., Cicero et al., 2005; Kumar and Lin, 2007; Murray
and Hagen, 2005); and studying efficacy may enhance clinical
effectiveness and lead to strategies to minimize tolerance, abuse and
dependence. Based on the estimated lowanalgesic efficacy of this drug,
we predicted that hydromorphone would produce substantial toler-
ance, but would not regulate the density of μ-opioid receptors. In
addition,wehave reported that themagnitude of tolerancewas similar
among several opioid analgesics when the drugs were administered
intermittently rather than continuously infused (Duttaroy and Yoburn,
1995). In other words, opioid analgesic efficacy did not appear to be a
major factor in predicting the magnitude of tolerance using an
intermittent treatment protocol. Therefore, in this study we also
examined tolerance and μ-opioid receptor regulation following
intermittent as well as acute treatment with hydromorphone.

2. Materials and methods

2.1. Subjects

Male Swiss Webster mice, weighing 22–30 g, obtained from
Taconic Farms (Germantown, NY) were used throughout. Animals
were housed 10 per cage with food and water ad libitum. Mice were
used only once. All protocols and procedures were approved by the
St. John's University Institutional Animal Care and Use Committee.

2.2. Drugs and chemicals

Hydromorphone HCl was obtained from Spectrum Chemicals Inc.
(Gardena, CA). Morphine sulfate and placebo pellets were obtained
from the Research Triangle Institute (Research Triangle Park, NC).
Clocinnamox mesylate was obtained from Tocris Bioscience (Ellisville,
MO). Placebo pellets were wrapped in nylon mesh before implanta-
tion. Hydromorphone andmorphinewere dissolved in 0.9% saline and
doses are expressed as the free base. Clocinnamox was dissolved in
dH2O with ≈4% DMSO added to enhance solubility. Clocinnamox dose
is expressed as the salt. [3H] DAMGO was obtained from PerkinElmer
Life Sciences (Boston, MA).

2.3. General procedure

Initially, the time of peak analgesic (antinociceptive) effect (tail-
flick) for hydromorphone was examined, followed by estimation of
the analgesic ED50 at the time of peak effect using two dosing
protocols (standard and cumulative, see below). Next, the analgesic
efficacy of hydromorphone was determined using clocinnamox, an
irreversible antagonist at μ-opioid receptors. Finally, infusion, acute
and intermittent treatment studies were conducted to assess
tolerance and changes in μ-opioid receptor binding.

2.4. Peak analgesic effect of hydromorphone

To determine the time of peak analgesic effect of hydromorphone,
mice (N=5–9/group) were injected subcutaneously (s.c.) with 0.2–
1.25 mg/kg and tested for antinociception (tail-flick) 15–240 min

following treatment. The approximate time atwhich the drug produced
the greatest effect (mean latency) was defined as time of peak effect.

2.5. Hydromorphone dose response studies

Dose response studies were performed using two methods:
Standard dose response and cumulative dose response protocols.

2.5.1. Standard dose response protocol
In this procedure, groups of mice (N=5–8/group), were injected s.c.

(0.1–1.25 mg/kg) and tested for antinociception using the tail-flick
assay (see below) at 45 min following hydromorphone. Mice were
injected once and tested once. The standard dose protocol was used to
estimate the ED50 of hydromorphone.

2.5.2. Cumulative dose response protocol
Mice (N=8) were injected s.c. with a starting dose of morphine

(either 1.5 or 0.5 mg/kg) or hydromorphone (0.15 mg/kg) and tested for
antinociception at the 30min or 45min, respectively.Mice thatwere not
analgesic were given a second dose within 1 min and retested for
antinociception. This procedure was continued until all mice were
analgesic (tail-flick latency≥10 s). The cumulative dosing sequence for
morphine was based on previous studies (Duttaroy and Yoburn, 1995;
Duttaroy et al., 1997). The cumulative dosing sequence for hydromor-
phone was determined in preliminary studies and was designed to
approximate the ED50 calculated using the standard dosing protocol.

2.6. Efficacy studies

To determine hydromorphone's analgesic efficacy (see data
analysis below), the irreversible μ-opioid receptor antagonist, clocin-
namox was employed. Mice (N=6–10/dose) were injected i.p. with
clocinnamox (0.32–25.6 mg/kg). Controls were injected with saline.
Cumulative dose response studies were performed using s.c. hydro-
morphone 24 h later.

2.7. Tolerance studies

Mice (N=5–8/group) were implanted s.c. with an osmotic mini
pump (Alzet model 2001, Durect Corporation, Curpertino, CA) that
delivered hydromorphone at 2.1–31.5 mg/kg/day which is ≈10–150
times the ED50, as determined in standard dosing studies. Other mice
(N=8–10/group) were injected s.c. either once, or once every 24 h, for
7 days, with hydromorphone (2.2–22.0 mg/kg/day, ≈10–100 times the
ED50). Injection doses of hydromorphone higher than 100 times the
ED50 could not be used due to lethality (≈20%). Infusion controls were
implanted with an inert placebo pellet and injection controls were
injected s.c. with saline. Pumps and pellets were implanted s.c. at the
nape of the neck while mice were lightly anesthetized with oxygen:
halothane (96:4) (Halocarbon Labs, River Edge, NJ). Following 7 days
of treatment, pumps and pellets were removed and 16 h later, or 24 h
after the last injection, mice were tested for tolerance using morphine
cumulative dose response studies. Morphine was used as the test
drug, as we have done previously (see Pawar et al., 2007), so that the
magnitude of potency shifts induced by hydromorphone could be
directly compared among opioid drugs.

2.8. Radioligand binding studies

Mice (N=10/treatment) were implanted s.c. with an osmotic mini
pump that infused the highest dose of hydromorphone used in
infusion tolerance studies (31.5 mg/kg/day, ≈150 times the ED50).
Controls were implanted with placebo pellets. Other groups of mice
(N=8–10/treatment) were injected (s.c.) with saline or the highest
intermittent dose of hydromorphone (22.0 mg/kg/day, ≈100 times the
ED50) for 7days. Mice were sacrificed either 16 h (infusion) or 24 h
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(intermittent) after the termination of treatment and spinal cords
were rapidly removed, and placed in tubes containing 15 ml ice cold
50 mM Tris buffer (pH=7.4). Samples were homogenized (Brinkmann
Polytron Homogenizer, Westbury, NY) at 20,000 rpm for 40 s.
Homogenates were centrifuged at 15,000 rpm (≈26,000 ×g) for
15min at 3–9 °C. The supernatant was discarded and the tissue pellets
were collected and stored (−80 °C) until analysis.

Tissuepelletswere thawed, suspended in 15mlof ice cold Tris buffer,
and centrifuged for 15min, supernatantwas discarded and pellets were
collected. The pellets were resuspended in 35 ml Tris buffer and
incubated for 30 min at 25 °C. The samples were centrifuged again for
15 min and the supernatant was discarded and pellets collected. The
pellets were resuspended in 20 ml of ice cold 50 mM potassium
phosphate buffer, pH 7.2. An aliquot of sample was collected for
determination of protein concentration (Bradford, 1976). An aliquot
(100 μl) of the homogenate was assayed in triplicate tubes containing
0.02–10 nM [3H] DAMGO. Non specific binding was determined in the
presence of 1000 nM levorphanol. The tubes were incubated for 90min
at25 °C. Incubationwas terminatedby the additionof ice coldphosphate
buffer and the samples were filtered over glass fiber (GF/B) filters
(Brandel, Gaithersburg, MD) using a cell harvester. Filters were washed
three times with phosphate buffer; transferred into vials with liquid
scintillation cocktail (Econo-safe, Research Products International
Corporation, IL), and counted in a liquid scintillation counter (Packard
A2300, Packard, Shelton, CT). Counts per minute were converted into
disintegrations per minute, using the external standard method.

2.9. Analgesia assay

Antinociceptionwas determined using the tail-flick assay (Model TF6,
Emdie Instrument Co.,Maidens, VA) inwhich a beamof lightwas focused
on thedorsal surfaceof the tail, approximately2 cmfromthe tipof the tail.
The intensity of the light was adjusted so that baseline tail-flick latencies
were typically in the range of 1–3 s. If a mouse failed to flick within 10 s
following drug administration, it was defined as analgesic and the test
was terminated. All tail-flick tests were conducted in a blind manner.

2.10. Data analysis

Cumulative and standard dose response results were analyzed as
quantal (percent analgesic) or graded (tail-flick latency) data. The
estimation of agonist ED50 requires quantal data, while the calculation
of agonist efficacy following receptor depletion is typically based on
graded data. Quantal dose response data were analyzed using Probit
Analysis (Finney, 1973) to calculate ED50 values, standard errors and

95% confidence intervals. Graded data were analyzed using nonlinear
regression (four-parameter logistic equation; Prism version 4.03,
GraphPad software, San Diego, CA); which estimates EC50 values,
standard errors and 95% confidence intervals. Potency changes are
based on the ratio of the ED50 or EC50 value in the treated groups
relative to control. This change is referred to as the shift in the ED50 or
EC50 value. Binding datawere analyzed using GraphPad Prism (version
4.03, GraphPad, San Diego, CA) using nonlinear regression. All binding
data were best fit by a one site model.

Efficacy of hydromorphonewas analyzed using the operationalmodel
of agonism (Black and Leff, 1983) and the calculation methods of Zernig
et al. (1995). In this approach to efficacy estimation, an irreversible μ-
opioid receptor antagonist (e.g., clocinnamox) is used. τ is the operational
definition of efficacy (Black and Leff,1983). τ can be defined as the ratio of
the total receptor concentration [R0] and the concentration of agonist
receptor complex necessary to produce a half maximal effect (KE), or:

τ ¼ R0½ �
KE½ �

q is the fraction of receptors still available to interact with the agonist
following irreversible antagonist treatment and can be obtained by
dividing the τ value of clocinnamox treated group with the τ value of
control group (Zernig et al., 1996) and can be written as:

q ¼ τtreated
τcontrol

Rearranging, we get:

τtreated ¼ q� τcontrol

Black and Leff (1983) have proposed an equation for non-
rectangular hyperbolic E/[A] curves (where E is the effect and [A] is
the agonist concentration) as:

E ¼ Em � τn � A½ �n
KA þ A½ �ð Þnþτn � A½ �n

Where E in this case is the mean tail-flick latency; Em is the
maximum attainable antinociceptive response (10 s); [A] is the dose of

Fig. 1.Mice (N=5–9/dose) were injected with hydromorphone (0.2–1.25 mg/kg s.c.) and
tested for antinociception (tail-flick) at various time points (15–240 min). Each time
action profile was determined once except for the 0.31 mg/kg dose which was
determined twice and the combined data (mean+S.E.M.) are presented. Hydromor-
phone's time of peak analgesic effect was estimated as 45 min.

Fig. 2. Dose response studies for hydromorphone were performed using standard (left
panel) and cumulative dose response protocols (right panel) as described in the Materials
andmethods. For the standard dose response protocol, individual groups of mice (N=5–8/
dose)were injectedwith a single dose of hydromorphone s.c. and tested for antinociception
45 min later. For the cumulative dose response protocol, mice (N=8) were injected with a
starting dose of hydromorphone s.c. and tested for antinociception 45 min later. Mice that
were not analgesic (i.e., tail-flick latencyb10 s), were injected with another dose (see
Materials and methods) and retested. This cumulative dosing was continued until all mice
were analgesic. The data presented are the combined results of five independent
experiments for both cumulative and standard dosing protocols .The mean ED50 (95% CL)
for the standard dosing experiments was 0.22 mg/kg (0.20–0.24 mg/kg). The mean ED50

(95% CL) for the cumulative dosing experiments was 0.37 mg/kg (0.31–0.43 mg/kg).
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hydromorphone, KA is the apparent dissociation constant, n is the
slope factor of the transducer function and τ is the transducer ratio (as
described above). Rearranging the above equation into a semi-
logarithmic form (Zernig et al., 1995), adding a new parameter c
which is the base line response (i.e. the response in the absence of μ-
opioid agonist), and expressing τ as

τtreated ¼ q� τcontrol

we get:

E ¼ Em

10 logKA−log A½ �ð Þ þ 1
� �

= q� τcontrolð Þ
� �n

þ1
� �þ c

The dose response curves were simultaneously fit to the above
equation, using a nonlinear fitting routine developed by Zernig et al.
(1995), and the general mathematical software package Mathematica
Wolfram Research, Champaign, USA (Wolfram, 1991).

3. Results

The time of peak analgesic effect for hydromorphone was
estimated as 45 min (Fig. 1). Throughout the rest of this study, all
testing was conducted at 45 min following hydromorphone admin-
istration. ED50 values for hydromorphone were determined using
standard and cumulative dose response protocols (Fig. 2). The mean
ED50 (95% CL) for the standard dosing protocol was estimated as
0.22 mg/kg (0.20–0.24 mg/kg), while that for the cumulative dosing
protocol was estimated as 0.37 mg/kg (0.31–0.43 mg/kg).

In order to estimate hydromorphone efficacy, micewere injected i.p.
with a dose of clocinnamox (0.32, 6.4, 12.8, 25.6 mg/kg) or saline and
24 h later cumulative hydromorphone dose response studies were
conducted. There was a dose-dependent shift to the right for
hydromorphone cumulative dose response functions following
clocinnamox (Fig. 3). The EC50s (95% CL) for hydromorphone
following clocinnamox increased in a dose-dependent manner
(Table 1). As determined by the operational model of agonism,
increasing doses of clocinnamox produced a dose-dependent
reduction in the q value, which is the fraction of receptors available
for an agonist to interact with after irreversible antagonist treatment
(Table 2). The apparent efficacy (τ) value for hydromorphone was
estimated as 35 (34–36, 95% CL); suggesting that hydromorphone is a
relatively low efficacy agonist for analgesia (see Discussion).

Next, the effect of chronic infusion or injection with hydromor-
phone on morphine's analgesic potency was determined. Groups of
mice were infused s.c. with hydromorphone (2.1–31.5 mg/kg/day;
≈10–150 times the ED50) for 7 days. Pumps were removed at the end
of treatment and 16 h later, a morphine cumulative dose response
study was performed. Other groups of mice were injected s.c. with
hydromorphone (2.2–22 mg/kg/day ≈10–100 times the ED50) once, or
intermittently every 24 h for 7 days; and 24 h after the last injection,

Fig. 3. The effect of clocinnamox (CCAM) treatment on the analgesic potency of
hydromorphone. Mice (N=6–10/treatment) were injected i.p. with CCAM or saline
(control) and 24 h later hydromorphone cumulative dose response studies (tail-flick)
were conducted. The data for control represent the mean of three experiments, while
the CCAM treatment results are from one experiment for each dose. The data plotted are
the mean tail-flick latency as a function of cumulative dose. EC50 estimates were
calculated for each treatment (see Table 1).

Table 1
The analgesic EC50s for hydromorphone 24 h following CCAM treatment

CCAM (mg/kg) EC50 mg/kg (95% CI)

Control 0.30 (0.23–0.39)
0.32 0.32 (0.25–0.39)
6.4 3.32 (2.77–3.97)
12.8 3.77 (3.12–4.55)
25.6 7.76 (6.35–9.50)

The effect of clocinnamox (CCAM) treatment on the analgesic potency of
hydromorphone. The EC50 value for control represents the mean of three
experiments, while the CCAM treatment results are from one experiment for each dose.

Table 2
Calculated q values for hydromorphone following treatment with CCAM

CCAM (mg/kg) q (95% CI)

0.32 0.87 (0.82–0.91)
6.4 0.11 (0.10–0.12)
12.8 0.10 (0.09–0.11)
25.6 0.07 (0.07–0.08)

The effect of clocinnamox (CCAM) treatment on the q value for hydromorphone. The
calculated q value represents the fraction of receptors available for an agonist to interact
with μ-opioid receptors after CCAM treatment. q is determined as: τtreated /τcontrol
(Zernig et al., 1996), see Materials and methods.

Fig. 4. The effect of hydromorphone treatment on morphine analgesic potency. For
infusion studies, mice (N=5–8/dose) were infused for 7 days with hydromorphone (2.1,
10.5, 21, 31.5 mg/kg/day; which is equivalent to ≈10–150 times the ED50 for
hydromorphone). Controls (C) were implanted with placebo pellets. Pumps and pellets
were removed at the endof treatment and 16h later, amorphinecumulative dose response
(tail-flick) studywas conducted. All infusion results are fromonedetermination, except the
data for 21mg/kg/daywhich are the combined data from two experiments. For acute (one
s.c. injection) and intermittent (7 daily s.c. injections) studies, mice (N=8–10/dose) were
injectedwith hydromorphone (2.2–22mg/kg/day; equivalent to ≈10–100 times the ED50).
Controls were injectedwith saline. Morphine cumulative dose response (tail-flick) studies
were conducted 24 h after the last treatment. The data for acute and intermittent
experiments represent themeanof threeexperiments. The shift in theED50 relative to each
individual control is presented as a function of the multiple of ED50 for hydromorphone
(0.22mg/kg) asdeterminedusing the standarddosingprotocol. (seeTable3).⁎ significantly
different from control (Pb0.05).
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all mice were tested in morphine cumulative dosing studies. There
was substantially more tolerance with infusion treatment compared
to injection treatment (Fig. 4 and Table 3). All infusion treatments
produced significant tolerance (Pb0.05) whereas in injection studies,
only the 7 day intermittent treatment at the highest hydromorphone
dose produced significant tolerance.

Finally, we determined the effect of chronic infusion (≈150 times
the ED50) and 7 day injection (≈100 times the ED50) with hydro-
morphone on μ-opioid receptor density in mouse spinal cord. Only the
highest treatment dose of hydromorphone was examined for both
intermittent and infusion protocols. Hydromorphone did not produce
any significant changes in μ-opioid receptor density or ligand affinity
following either treatment (Fig. 5).

4. Discussion

It has been proposed that the magnitude of tolerance produced by
opioid agonists after chronic infusion treatment is related to the
analgesic efficacy of the agonist (e.g., Duttaroy and Yoburn, 1995;
Pawar et al., 2007). Continuous infusions of lower analgesic efficacy
opioid agonists (e.g., morphine, oxycodone) produce more tolerance
compared to higher efficacy opioid agonists (e.g., etorphine) when
these drugs are administered at equi-analgesic doses (Duttaroy and
Yoburn, 1995; Paronis and Holtzman, 1992; Stevens and Yaksh, 1989;
Walker and Young, 2001; Pawar et al., 2007). Regulation of μ-opioid
receptor density is also related to analgesic efficacy, since higher
efficacy agonists, but not lower efficacy agonists, are associated with
μ-opioid receptor internalization and downregulation both in vivo and
in vitro (Keith et al., 1996, 1998; Patel et al., 2002; Stafford et al., 2001;
Yoburn et al., 2004; however see Haberstock-Debic et al., 2005).

To date, quantitative estimates of analgesic efficacy (i.e., τ) have been
confined to a relatively limited group of opioid agonists (e.g., Pawar et al.,
2007; Pitts et al., 1998; Walker et al., 1998; Zernig et al., 1995).
Furthermore, there are few studies directly examining the relationship
between analgesic τ values, in vivo tolerance and μ-opioid receptor
regulation (Pawar et al., 2007). In the current study, the analgesic efficacy
of hydromorphone was estimated using the irreversible μ-opioid
antagonist clocinnamox and the operational model of agonism (Black
and Leff, 1983). Clocinnamox treatment produced a dose-dependent
rightward shift in the analgesic dose response function for hydromor-
phone (Table 1, Fig. 3). The calculated τ value for hydromorphonewas 35
which is similar to that for other lower analgesic efficacy opioid agonists
suchas oxycodone (τ=20) andmorphine (τ=39) (Pawaret al., 2007); and
lower than theτ value for etorphine (52), a high analgesic efficacyopioid.
The characterization of hydromorphone as lower analgesic efficacy
agrees with another report that used dose response studies and
comparative Emax values in an in vitro assay (Peckham and Traynor,
2006). Taken together, these results indicate that hydromorphone, like
oxycodone and morphine, is a lower efficacy agonist.

Based on previous studies (e.g., Duttaroy and Yoburn, 1995; Paronis
andHoltzman,1992; Stevens and Yaksh,1989;Walker and Young, 2001)
suggesting that opioids with lower analgesic efficacy produce more
tolerance following equi-analgesic infusions, we hypothesized that
hydromorphone infusion would induce more tolerance than higher
efficacy agonists. Infusions of hydromorphone produced dose-depen-
dent tolerance (Fig. 4, Table 3). When the magnitude of tolerance
following hydromorphone infusion was compared to previously
published data (Pawar et al., 2007), hydromorphone behaved similarly
to that of another low efficacy opioid (oxycodone; Fig. 6). Tolerance to

Table 3
Tolerance following treatment with hydromorphone

Infusion Injection

(Multiple
of ED50)

Shift in
ED50 (±se)

(Multiple
of ED50)

Shift in ED50(±SEM)

1 day 7 days

10 3.0a (±0.8) 10 1.6 (±0.1) 1.2 (±0.1)
50 6.3a (±0.8) 50 1.8 (±0.2) 1.9 (±0.5)
100 13.7a (±0.9) 100 1.5 (±0.3) 2.9a (±0.6)
150 24.1a (±0.8)

Estimationofmorphine tolerance following7daycontinuous infusion (left columns), and1
or 7 day injections (right columns) with hydromorphone. At the end of hydromorphone
treatment,morphinecumulative dose response studieswereperformed (seeMaterials and
methods). Infusion studies present the shift in the ED50 (±se from Probit analysis) and
are from a single determination, except for 100 times the ED50, which is the combined
data from two experiments. Intermittent studies were repeated three times and themean
(±S.E.M.) is presented.

a Significantly different from 1.0 (Pb0.05).

Fig. 5. The effect of hydromorphone treatment on μ-opioid receptor density in mouse
spinal cord. Panel A. Mice (N=10) were injected s.c. for 7 days with hydromorphone,
(22mg/kg/day; equivalent to ≈100 times the standard dose ED50). Controls (N=10) were
injected with saline. Twenty-four hours after the last injection mice were sacrificed and
spinal cords collected for saturation binding studies ([3H] DAMGO). The Bmax (95% CL)
was 171 fmol/mg protein (163–179) and 161 (156–166) for control and hydromorphone
groups, respectively. KDs (95% CL) for control and treated groups were 1.0 nM (0.8–1.2)
and 1.0 (0.8–1.0), respectively. Similar results were found in 2 other experiments.
Panel B. Mice (N=10) were infused s.c. with hydromorphone (31.5 mg/kg/day; equiv-
alent to ≈150 times the standard dose ED50) for 7 days. Controls (N=10) were implanted
with placebo pellets. Pumps and pellets were removed at the end of treatment, and 16 h
later, mice were sacrificed and spinal cords collected for ([3H]DAMGO) saturation
binding studies. The Bmax (95% CL) was 191 fmol/mg protein (182–200) and 193 (181–
206), for control and hydromorphone groups, respectively. KDs (95% CL) for control and
treated groups were 1.2 nM (1.1–1.4) and 1.5 (1.2–1.7), respectively. Similar results were
found in 2 other experiments. There were no significant differences (PN0.05) between
the groups for Bmax or KD for either treatment.

Fig. 6. The effect of chronic (7 day) infusion with hydromorphone, oxycodone and
etorphine on morphine analgesic potency. Oxycodone and etorphine data are from
Pawar et al., 2007 using a treatment protocol identical to that used for hydromorphone.
The shift in ED50 relative to control was calculated as: ED50treated /ED50control.
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morphine following hydromorphone infusions was substantially
greater than that for equi-effective infusions of a higher efficacy agonist
etorphine (Fig. 6). It was anticipated that since hydromorphone is a
lower efficacy analgesic agonist that infusions would not downregulate
μ-opioid receptor density. This was found to be the case (Fig. 5). Another
study using cell culture has shown that hydromorphonewas ineffective
in inducing receptor internalization, which is an initial step in
downregulation (Koch et al., 2005). The lack of hydromorphone induced
μ-opioid receptor regulation contrasts with the substantial down-
regulation observed following etorphine treatment (Keith et al., 1996,
1998; Patel et al., 2002; Stafford et al., 2001; Yoburn et al., 2004). Overall,
these results are consistent with our suggestion that analgesic efficacy
(τ) can predict the magnitude of tolerance and μ-opioid receptor
regulation.

A previous report from our lab raised the possibility that acute or
intermittent administration of opioid agonists might have different
effects from continuous treatment (Duttaroy and Yoburn, 1995;
Yoburn et al., 1993). These studies suggested that intermittent
treatment produces minimal tolerance that is generally unrelated to
estimated analgesic efficacy. In support of these prior findings, single
day and 7 day intermittent treatment (Fig. 4, Table 3) produced no
significant tolerance, except for 7 day intermittent treatment with
≈100 times the ED50 hydromorphone dose. In radioligand binding
studies, there was no significant regulation of μ-opioid receptors
following intermittent treatment (Fig. 5). Overall, the magnitude of
tolerance appeared to be dramatically reduced following acute and
intermittent treatment compared to infusions. This is particularly
striking since the total drug delivered was the same for animals
treated intermittently or infused for 7 days with ≈10–100 times the
ED50 (Fig. 4). Thus, tolerance was maximal following continuous
infusion, an observation that may be important clinically in treating
chronic pain and minimizing tolerance.

The ED50 for hydromorphone in the tail-flick assay was estimated
using standard and cumulative dosing protocols. The standard dosing
protocol is the most common and accurate way to estimate the ED50.
Cumulative dosing greatly limits the number of animals required and
reduces the need for costly drugs with limited availability (e.g.,
clocinnamox). On the other hand, the ED50 determined by cumulative
dosing is dependenton thedosing schedule (startingdose and increment
doses) and can vary if different doses are used (Duttaroy et al., 1997).
Therefore, we used the standard ED50 value in this and previous studies
(Duttaroy and Yoburn, 1995; Pawar et al., 2007) as the metric for
determining equi-effective treatments (multiple of the ED50; see Figs. 4
and 6). This provides a relatively straight-forward comparison of dosing
among various opioids. In addition, tolerance following hydromorphone
treatment was examined using morphine, which is primarily a μ-opioid
receptor agonist that lacks activity in μ-opioid receptor knock out mice
(Kieffer, 1999). By using morphine to assess tolerance, tolerance to
various opioid agonists can be directly compared.

Overall, the current data indicate that hydromorphone has
relatively low analgesic efficacy and produces more tolerance
following chronic infusion at equi-effective doses relative to a higher
analgesic efficacy opioid such as etorphine (Fig. 6). Interestingly,
intermittent hydromorphone treatment produced little tolerance
following a single injection or after 7 day treatment. The mechanisms
that mediate these effects are not clear, but it is possible that chronic
infusion treatment with low efficacy agonists desensitizes more
receptors since a low efficacy agonist must occupy more receptors to
produce an equivalent effect to that of a higher efficacy agonist
(Zimmerman et al., 1987; Adams et al., 1990; Comer et al., 1992; Pawar
et al., 2007). Furthermore, it has been proposed that higher efficacy
agonists can induce internalization, but lower efficacy agonists are
unable to induce internalization, which may reduce the recycling of
the resensitized receptors, and this may result in more tolerance
(Martini and Whistler, 2007; Koch et al., 1998). The fact that chronic
infusion treatment produces more tolerance compared to chronic

intermittent treatment may be related to phasic activation of μ-opioid
receptors which may less efficiently engage substrates responsible for
tolerance. These data also raise the possibility that less tolerance
might be anticipated clinically with intermittent administration of
opioid analgesics compared to treatment options that rely on
continuous release formulations and infusions of opioids for pain.

In summary, hydromorphone is a lower analgesic efficacy agonist
as determined using a quantitative model to estimate the efficacy
parameter τ. Like other lower analgesic efficacy opioid agonists,
hydromorphone does not downregulate μ-opioid receptors in vivo and
produces more tolerance compared to higher efficacy opioid agonists.
Furthermore, the schedule of drug administration determines the
magnitude of tolerance. When hydromorphone was administered
intermittently at the same daily infusion dose, substantially reduced
tolerancewas observed. These data indicate that analgesic efficacy and
treatment protocol are important determinants of opioid tolerance.
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