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Dosing protocol and analgesic efficacy have been proposed to be important determinants of the magnitude of
opioid tolerance. The present study examined the effect of acute, intermittent and continuous treatment with
the low analgesic efficacy agonist morphine on analgesic tolerance. Mice were implanted s.c. with a 25 mg
morphine pellet for 1–7 days. Other mice were implanted s.c. with two 25 mg, or one 75 mg morphine pellet
for 7 days. The release of morphine from subcutaneous implanted pellets was quantitated using a
spectrophotometric assay. In other studies, mice were injected with morphine once (18.5–185 mg/kg/day;
≈10–100 times ED50 for morphine analgesia) or once/day for 7 days. Controls were implanted with a placebo
pellet or injected with saline. Analysis of drug release from a 25 mg pellet indicated that release was greatest
during the first 24 h, declined and then remained relatively constant. The amount of morphine released over
7 days bya 75mgpellet (23.9mg)wasmore than that of a single 25mgpellet (15.4mg) but less than two25mg
pellets (30.8 mg). Following treatment, morphine cumulative dose–response studies were conducted
(tailflick). Continuous treatmentwithmorphine using pellet implantation produced a dose-dependent shift in
the morphine ED50 by 3.3, 5.8 and 8.5 fold for one 25 mg pellet, one 75 mg pellet and two 25 mg pellets,
respectively. Acute and intermittent morphine administration produced substantially less analgesic tolerance
than continuous release of morphine by implant pellets. The maximum shift in the ED50 was 1.6 for acute
treatment and 2.7 for 7 day intermittent treatment; despite a larger total daily dose. The present results indicate
that continuous treatment with morphine results in greater analgesic tolerance than acute or intermittent
morphine treatment even at comparable daily doses. These results are consistent with the suggestion that
intermittent dosing has reduced risk of producing opioid tolerance.

© 2009 Elsevier Inc. All rights reserved.
1. Introduction

Recent data suggest that receptors can exist in multiple active
conformations that can stimulate an array of effectors. Different
ligands acting at the same receptor can have distinct efficacy profiles
for these effectors and this supports suggestions that efficacy is
system and effect dependent (e.g., Urban et al., 2007). This property
has been variously termed “functional selectivity”, “biased agonism”

and “protean agonism” (Galandrin et al., 2007; Jarpe et al., 1998;
Kenakin,1995;Mailman, 2007; Urban et al., 2007). In previous studies,
opioid efficacy, as a general drug-related characteristic, has been
suggested to play a role in tolerance and opioid receptor regulation
(Duttaroy and Yoburn,1995; Paronis and Holtzman,1992; Stevens and
Yaksh, 1989; Walker and Young, 2001). Since efficacy of an agonist
depends on the particular response measured, in recent studies, we
have used a quantitative model to specifically estimate opioid
analgesic efficacy (Kumar et al., 2008; Pawar et al., 2007; Sirohi et
al., 2008; see Mailman, 2007 for discussion).
1 718 990 6036.

l rights reserved.
Studies indicate that analgesic efficacy of opioids is inversely
related to themagnitude of opioid tolerance and directly related to the
downregulation of µ-opioid receptor density (Duttaroy and Yoburn,
1995; Paronis and Holtzman, 1992; Pawar et al., 2007; Kumar et al.,
2008; Sirohi et al., 2008). For example, continuous treatment with
lower analgesic efficacy agonists (e.g., morphine, oxycodone or
hydromorphone) produces more tolerance compared to higher
analgesic efficacy agonists (e.g., DAMGO, etorphine, fentanyl) (Dut-
taroy and Yoburn, 1995; Kumar et al., 2008; Paronis and Holtzman,
1992; Sirohi et al., 2008; Sosnowski and Yaksh, 1990; Stevens and
Yaksh, 1989; Tiano et al., 1998; Walker et al., 1997; Walker and Young,
2001). Higher analgesic efficacy opioid agonists produce internaliza-
tion and downregulation of µ-opioid receptor in in vitro and in vivo
studies (Arden et al., 1995; Duttaroy and Yoburn, 1995; Keith et al.,
1998; Pawar et al., 2007; Sirohi et al., 2008; Stafford et al., 2001;
Whistler and von Zastrow, 1998). In contrast, lower analgesic efficacy
opioid agonists are generally incapable of producing internalization
and downregulation of µ-opioid receptors (Keith et al., 1996, 1998;
Kumar et al., 2008; Patel et al., 2002; Pawar et al., 2007; Stafford et al.,
2001; Yoburn et al., 2004).

Although analgesic efficacy has a role in tolerance, previous studies
(Duttaroy and Yoburn,1995; Kumar et al., 2008; Sirohi et al., 2008) have
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shown that opioid analgesics administered intermittently produce less
tolerance compared with continuous treatment approaches despite the
fact that the total daily drug dose is comparable. Furthermore, analgesic
efficacy is not a critical factor in determining the extent of tolerance
produced in intermittent treatment protocols. Both high and low
analgesic efficacy agonists administered intermittently produce mini-
mal tolerance compared to continuous treatment protocols. In addition,
opioid agonists administered intermittently do not downregulate µ-
opioid receptor density in vivo (Kumar et al., 2008; Sirohi et al., 2008).

The objective of the present experiment was to study the effect of
acute, intermittent and continuous treatment with morphine on
analgesic tolerance. Morphine is a prototypical µ-opioid agonist used in
the clinical management of moderate to severe pain and is generally
classified as a lower analgesic efficacy opioid (Adams et al., 1990; Pawar
et al., 2007; Morgan and Picker, 1998). In previous studies, using osmotic
pumps it was not possible to infuse higher doses of morphine due to the
lower solubility of this drug. To overcome this limitation, subcutaneous
implantpellets canbeused forcontinuous treatmentwithhigherdosesof
morphine (e.g., Stafford et al., 2001; Yoburn et al., 1985). However, the
actual dose administered using the s.c. morphine pellet implantation
procedure is difficult to determine. Therefore, we developed a spectro-
photometric assay to determine the residual morphine in the pellets
following implantation. This allowedcalculationof thedose andprovided
an opportunity to correlate dose with the magnitude of tolerance. The
results of the present study indicate that continuous treatment with
morphineproduces greateranalgesic tolerance thanacuteor intermittent
treatment with comparable doses. These results are consistent with
previous data that intermittent dosing produces less opioid tolerance and
suggest that clinically employed continuous administration formulations
of opioid analgesics may foster the development of opioid tolerance.

2. Materials and methods

2.1. Drugs

Morphine sulphate was obtained from Spectrum Chemicals and
Laboratory Products (Gardena, CA). Morphine pellets (containing 25
or 75 mg morphine base) and inert placebo pellets were obtained
from Research Triangle Institute (Research Triangle Park, NC) through
the Research Technology Branch of the National Institute on Drug
Abuse. Morphine sulphate was dissolved in 0.9% saline and doses are
expressed as the free base. All implant pellets were wrapped in nylon
mesh before subcutaneous implantation.

2.2. Subjects

Male Swiss Webster mice (26–40 g) obtained from Taconic Farms
(Germantown, NY, USA) were used throughout this study. Animals
were housed 10 per cage for at least 24 h before use with food and
water available ad-libitum. All animal protocols were approved by the
St. John's University Institutional Animal Care and Use Committee.

2.3. General procedure

Initially, the analgesic (tailflick) ED50 of morphine was estimated
using standard (5–7/dose) and cumulative dosing (8–10/group) proto-
cols (see below).Next,mice (8/group)were implanted s.c. with a 25mg
morphine pellet for 1, 2, 3, 4, 5, 6 or 7 days. Other groups of mice (8/
group) were implanted s.c. with two 25 mg pellets or one 75 mg
morphine pellet for 7 days. Control mice were implanted with placebo
pellets. Pellets were removed at the end of treatment and 16 h later
morphine cumulative dose–response studies were conducted. Pellets
were implanted and removed while mice were lightly anesthetized
using isoflurane:oxygen(4:96) (WebsterVeterinary Supply Inc, Sterling,
MA). The excised pellets were analyzed using a spectrophotometric
method (see below). In other studies, mice (8–10/group) were injected
with morphine (18.5–185 mg/kg/day; ≈10–100 times the ED50 for
morphine analgesia determined using the standard dosing protocol).
Mice were injected once (acute treatment) or once/day for 7 days
(intermittent treatment). Control mice were injected with saline.
Twenty four h following the last injection, morphine cumulative dose–
response studies were conducted.

2.4. Analgesia assay

Antinociception (analgesia) was estimated using the tailflick assay
(Model TF6, Emdie Instrument Co., Maidens, VA). In this assay, a beam
of light was focused on the dorsal surface of the tail of the mouse
(approximately 2 cm from the tip of tail). The intensity of light was
adjusted so that the baseline tailflick latency was typically 1–3 s. The
maximum tailflick latency was set to 10 s. Following drug adminis-
tration, a mouse was defined as analgesic if it failed to remove its tail
from the heat source by 10 s. Testing was by an experimenter whowas
unaware of the specific treatment protocol of each individual mouse.

2.5. Dose–response protocol

Dose–response studies were conducted using standard and cumula-
tive dosing protocols. In standard dosing studies, mice (N=5–7/dose)
were injected s.c. with a single dose of morphine (0.5–4.0 mg/kg) and
tested for analgesia 30 min later. For the standard dosing protocol, mice
were injected once and tested once following drug administration. For
cumulative dosing studies,mice (N=8–10/group)were injected s.c.with
a starting dose of morphine (0.5 mg/kg) and tested 30 min following
injection for analgesia. If the mouse was analgesic it was not tested
further. Otherwise mice were immediately injected again with another
dose of morphine and tested again (the sequence of doses was 0.5, 1, 1.5,
1.5, 2, 3, 4, 4, 4, 4, 4, 8, 8, 8, 8mg/kg yielding cumulative dose of 0.5,1.5, 3,
4.5, 6.5, 9.5, 13.5, 17.5, 21.5, 25.5, 29.5, 37.5, 45.5, 53.5, 61.5 mg/kg). The
cumulativedosingprotocolwasbasedonprevious studies (Duttaroyet al.,
1997). Cumulative dosing with morphine was continued until all mice
were determined as analgesic.

2.6. Spectrophotometric analysis

Analysis of morphine was performed using a spectrophotometric
method. Thewavelength used for absorbancewas 284 nmbased onU. S.
Pharmacopeia XXIII National Formulary XVIII (1995) and preliminary
analysis in our lab. Initially, a known amount of morphine sulphate was
dissolved in 99.9% methanol. Serial dilutions were made and the
absorbance (Spectronic 601 spectrophotometer, Milton Roy USA,
Ivyland, PA) was linear in the concentration range of 10–500 μg ml−1.
To generate a standard curve for morphine pellets, individual unim-
planted morphine pellets (25 or 75 mg morphine base) wrapped in
nylonmesh (aswere implantedpellets)were crushed and transferred to
a volumetric flask containing 40 ml of 99.9% methanol. The resultant
solution was sonicated (Branson Ultrasonic Corporation, Danbury, CT)
for 20 min and brought to a final concentration of 500 μg ml−1. The
solutionwasfiltered throughnylonmembranefilters (0.45µmpore size,
47 mm diameter; Pall Life Sciences, Ann Arbor, MI) using vacuum
filtration and serial dilutions were made. Calibration curves for
morphine pellets were linear in the range of 10–500 μg ml−1. We
compared these curves to those from the known concentrations of
morphine sulphate in methanol (see above). This comparison indicated
that themean (±SD) recoveryofmorphine from25and75mgmorphine
pellets was 93.9±0.6% and 96.8.±0.9% respectively. All results from
unknowns were corrected for recovery using these data.

Pellets removed from mice were stored at −20 °C until analysis.
On the day of analysis, the pellets were thawed, suspended in 99.9%
methanol and analyzed as described above. The concentration of
unknown samples was determined using linear regression from
standard curves included in each assay.



Fig.1.Dose–response functions for the analgesic effect of morphine using standard (left panel) and cumulative (right panel) dosing protocols. For standard dosing studies, mice were
injected once s.c. with 0.5–4.0 mg/kg (5–7/dose) and tested for analgesia 30 min later. For cumulative dosing studies, mice (N=8) were injected s.c. with cumulative doses of
morphine and tested for analgesia 30min following each injection as described inMaterials andmethods. Themean (±SEM) ED50 formorphine based on 7 independent experiments
using the standard dosing protocolwas 1.9±0.2mg/kg. Themean (±SEM) ED50 formorphine cumulative dosing studies based on 5 independent experimentswas 2.2±0.2mg/kg. In
thefigure, the combined results fromall studies for each dosing protocol are plotted and the datawerefitwith the 4 parameter logistic equation (Sigmaplot version 10; Systat Software,
Inc., San Jose, CA).
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2.7. Data analysis

Quantal dose–response studies were analyzed using the program
BLISS-21 (Department of Statistics, University of Edinburgh) which
uses Probit Analysis (Finney, 1973) to calculate ED50 values, standard
errors, potency ratios and 95% confidence intervals. The shift in ED50

was defined as: (ED50 treated group/ED50 control group). ED50 shift
datawere analyzed by ANOVA and appropriate post-hoc tests. In order
to statistically compare data, nonlinear regression was used to fit
either the logistic equation or the exponential growth curve using
Sigmaplot (version 10; Systat Software, Inc., San Jose, CA) or Prism
(version 5.01, Graph Pad Software, San Diego, CA).
Fig. 2. Amount of morphine released following s.c. implantation of morphine pellets for 7
morphine pellets following s.c. implantation of pellet. The r2s for all 16 curves were N0.98. B:
The value for two 25 mg pellets was calculated based on the release data for a single 25 mg
3. Results

The analgesic ED50 for morphine was determined using standard
and cumulative dosing protocols. The mean (±SEM) ED50 for
morphine based on 7 independent experiments using the standard
dosing protocol (Fig. 1 left panel) was 1.9 (±0.2) mg/kg. The mean
(±SEM) ED50 for morphine determined in cumulative dosing studies
(Fig. 1 right panel) based on 5 independent experiments was 2.2
(±0.2) mg/kg.

To determine the release of morphine from 25 mg and 75 mg s.c.
implanted pellets, a spectrophotometric assay was developed (see
methods). Standard curveswere linearover the rangeof 10–500 μgml−1
days. A: Standard curves used to estimate morphine remaining in 25 mg and 75 mg
The mean (±SE) amount of morphine released over 7 days from s.c. implanted pellets.
morphine pellet.



Fig. 3. Daily release (mg/day) of morphine from a single 25 mg s.c. implanted pellet.
Mice (8/group) were implanted with a morphine pellet and 1, 2, 3, 4, 5, 6 or 7 days later
the pellet was removed and analyzed using a spectrophotometric method (see
Materials and methods). The data are the mean (±SEM) mg of morphine released
each day.

Fig. 5. Tolerance (shift in ED50) following chronic treatment with s.c. implanted
morphine pellets for 7 days. Mice (8/group) were implanted s.c with one or two 25 mg,
or one 75mgmorphine pellet (67–147mg/kg/day;≈36–80 times the ED50 for morphine
analgesia) for 7 days. Data are based on the total drug released over a 7 day period and the
mean animal body weight. Controls were implanted with placebo pellets. Pellets were
removed after 7 days and 16 h later, morphine cumulative dose–response studies were
conducted (tailflick). Data are expressed as shift in ED50 (±SE) as determined by Probit
Analysis based on combined results of 3 experiments for one 25 mg and two 25 mg
morphine pellets and 2 experiments for one 75 mg morphine pellet. The mg/kg dose for
two25mgmorphinepellets is extrapolated fromtheanalysisof the releaseofmorphine for
a single 25 mg pellet (see Fig. 3).
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(Fig. 2A). Over the 7 day implant period (Fig. 2B), the average (±SEM)
amount ofmorphine released froma25mg anda 75mgmorphine pellet
was 15.4 (±0.2) and 23.9 (±0.3) or an average daily release of 2.2
and 3.4 mg/day, respectively. The amount of morphine released from
two 25 mg morphine pellet over 7 days implantation (Fig. 2B) was
estimated from the analysis of release of morphine from a single 25 mg
pellet.

Mice were implanted with a single 25 mg pellet for 1–7 days and
morphine release was determined daily. The amount of morphine
released from a 25mgmorphine pellet (Fig. 3) was greatest during the
first 24 h (3.7 mg±0.2). Daily morphine release declined and then
remained relatively constant (≈2 mg/day). At the end of 1–7 days of
25 mg morphine pellet implantation, the pellets were removed and
16 h later morphine cumulative dose–response studies were con-
ducted. Tolerance following 1–7 days treatment with a 25 mg
morphine pellet increased for 3 days and then reached a steady
state (Fig. 4). Treatment with one 25 mg pellet, one 75 mg pellet or
two 25 mg morphine pellets for 7 days produced a dose-dependent
shift in the morphine ED50 (±SE's) by 3.3 (±0.1), 5.8 (±1.4) and 8.5
(±0.5) (Fig. 5).

Tolerance following acute and intermittent morphine injections
was also determined (Fig. 6). Mice were injected with morphine
Fig. 4. Tolerance (shift in ED50) following chronic treatment with a 25 mg morphine
pellet for 1–7 days. Mice (8/group) were implanted s.c. with one 25 mg morphine
pellet, pellets were removed 1, 2, 3, 4, 5, 6 or 7 days later and 16 h following pellet
removal morphine cumulative dose–response studies were conducted (tailflick).
Controls were implanted with placebo pellets. The results plotted are the calculated
shift in ED50 (±SE) as determined by Probit Analysis. The data are based on a single
experiment for each time point, except for Days 3 and 7 which are the combined results
from 2 and 3 experiments, respectively.
(18.5–185mg/kg/day;≈10–100 times the standard ED50 for morphine
analgesia) once or once/day for 7 days. Injection doses higher than 100
times the ED50 for morphine could not be used because of lethality.
There was significantly greater tolerance following intermittent treat-
ment compared to acute treatment (F1,9=9.6, pb0.05), but no
significant dose effect or dose X treatment effect (F'sb1.9, pN0.05).
The maximum mean (±SEM) shift in the ED50 for acute treatment
was 1.6 (±0.4). The maximum shift in the ED50 (±SE's) for 7 day
intermittent treatment was 2.7 (±0.5). Overall, acute and intermittent
treatment with morphine produced minimal tolerance compared to
continuous treatment (Fig. 5), despite the fact that daily dosing was
comparable or greater.
Fig. 6. Tolerance (shift in ED50) following acute (single injection) or intermittent (7 daily
injections) morphine treatment. Mice (8–10/group) were injected with morphine
(18.5–185 mg/kg/day; ≈10–100 times the ED50 for morphine analgesia determined
using the standard dosing protocol) once or once/day for 7 days. Controls were injected
with saline. Twenty four h following the last injection, morphine cumulative dose–
response studies were conducted. The data presented for acute injections are the mean
(±SEM) shift in the ED50 based on 3–4 independent experiments for each dose. The data
presented for intermittent treatment are based on a single experiment for each dose and
the shift in the ED50 (±SE) was determined by Probit Analysis.



Fig. 8. The effect of analgesic efficacy on analgesic tolerance following continuous
administration of opioid agonists. The results from the present study on morphine
tolerance are compared with those of oxycodone, etorphine (Pawar et al., 2007),
fentanyl (Sirohi et al., 2008) and hydromorphone (Kumar et al., 2008). The shift in the
ED50 following treatment was plotted against the agonist dose expressed as a multiple
of the analgesic ED50 that was infused per day. The analgesic ED50 was determined in
untreated mice using standard dosing studies (see methods). By using the multiple of
the analgesic ED50, different potency drugs can be equated in terms of effect. Thus, for
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4. Discussion

It has been hypothesized that opioid agonist analgesic efficacy is
directly correlatedwith µ-opioid receptor downregulation and inversely
related to the magnitude of tolerance (Duttaroy and Yoburn, 1995;
Kumar et al., 2008; Paronis and Holtzman, 1992; Pawar et al., 2007;
Sirohi et al., 2008; Stevens and Yaksh, 1989; Walker and Young, 2001).
Previous studies in our lab (e.g. Duttaroy and Yoburn,1995; Kumar et al.,
2008) suggested that analgesic efficacy plays a less significant role in
predicting the magnitude of tolerance following intermittent opioid
administration compared to continuous administration approaches. In
the present study, we have further examined this possibility and
compared acute, intermittent and continuous dosing protocols using
morphine. The present results indicate that acute and intermittent
treatment with morphine produces minimal tolerance compared to
continuous treatment (Figs. 5 and 6). Fig. 7 compares the present results
with data from two previous studies. It is clear that when morphine is
administered continuously, there is substantially more analgesic
tolerance at roughly equivalent daily doses. This is especially pro-
nounced at doses over 100 mg/kg/day where the function relating
tolerance following continuous morphine treatment diverges from that
for acute and intermittent treatment. These results are not confined to
morphine and agree with previous studies on dosing protocol using
hydromorphone and fentanyl (Kumar et al., 2008; Sirohi et al., 2008).
Fig. 7. Comparison of morphine tolerance following acute (single injection), intermittent
(7 daily injections) and continuous morphine treatment. The data from the present
experiment (● ■ ▲) were compared with previous studies from our lab (Duttaroy and
Yoburn,1995⊙△; Staffordet al., 2001○). In continuous (●○⊙)morphine administration
studies, (pellet implantation, pellet implantation plus minipump infusion, or minipump
infusions), mice were treated for 7 days, then pumps and pellets were removed and 4–
24 h later morphine tolerance was determined using morphine cumulative dose–
response studies (present study, Stafford et al., 2001; Duttaroy and Yoburn, 1995). For
intermittent (▲ △) studies, (present study, Duttaroy and Yoburn, 1995) mice were
injected s.c. once per day with morphine and 24 h later tested for tolerance using
morphine cumulative dose–response studies. Finally, data for acute (■) morphine
treatment (single s.c. injection) from the present study are presented. The shift in ED50

was calculated as: ED50 treated group/ED50 control group. The combined results from all
studies for different treatment protocols are plotted and the data were fit with the two
parameter exponential growth curve: y=aekx where, y is the shift in ED50; a is the y-
intercept; x is the daily dose of morphine (mg/kg/day) and k is the rate constant. Curve
fitting indicated that the a values did not differ (pN0.05) among the three conditions,
whereas the k value for continuous treatment (0.015±0.001) was significantly different
(pb0.05) from that for intermittent (0.006±0.001) and acute treatment (0.003±0.001).
Where available, mean data are plotted. Otherwise, single observations are presented. In
some cases, SE's were not available from previous studies.

example, infusion of a dose that is 100 times the analgesic ED50 for each drug is defined
as an equi-analgesic dose. In order to compare the data statistically, each data set was fit
using nonlinear regression with the two parameter exponential growth curve (see
Fig. 7); where, y is the shift in ED50; a is the y-intercept; x is the multiple of the
analgesic ED50 and k is the rate constant. The a values (±SEM) for oxycodone, etorphine,
fentanyl,morphine and hydromorphonewere not significantly different (pN0.05). The k
values (±SEM) for oxycodone, morphine and hydromorphone (0.016±0.001, 0.0243±
0.002 and 0.014±0.001) were significantly greater (pb0.05) than the k values for
etorphine and fentanyl (0.005±0.001, 0.006±0.002). The τ values represent the
analgesic efficacy estimates determined previously using the operational model of
agonism (Black and Leff, 1983) for each opioid agonist (Kumar et al., 2008; Pawar et al.,
2007; Sirohi et al., 2008).
Taken together, at equivalent daily doses of opioids, intermittent dosing
is associated with much less analgesic tolerance than continuous
administration approaches.

Subcutaneous implantation of morphine pellets is a standard
approach for producing opioid tolerance and dependence in rodents. In
the present study, the release ofmorphine in themousewas determined
using a spectrophotometric assay allowing estimation of the actual dose
administered. These datawere not available previously. In earlier studies,
the solubility of morphine was insufficient to allow evaluation of toler-
ance at higher doses using osmotic pumps for continuous drug admin-
istration (e.g. Pawar et al., 2007). An alternative technique to produce
highdose treatmentusedbyStaffordet al., 2001, combinedpumps andan
implanted morphine pellet. However, lack of information about the
release ofmorphine from the pelletsmade it impossible to determine the
dose administered. The spectrophotometric method developed in the
present study resolves this issue. We used this information to estimate
morphine dose in the present study and dosing from previous studies
from our lab (see Fig. 7).

The 75mgpellet releasedmoremorphine than a single 25mgpellet,
but less than two25mgpellets over 7 days (Fig. 2). Determination of the
daily release characteristics of morphine from one 25 mg pellet for
7 days indicated that the amount of morphine released was greatest
during the first 24 h, declined and then remained relatively constant
(Fig. 3). Tolerance following treatment with one 25mgmorphine pellet
for 1–7 days was also determined. These data show that the magnitude
of tolerance increased for 3 days and then was constant (Fig. 4);
suggesting that despite continued exposure to morphine the mechan-
isms that mediate analgesic tolerance had reached equilibrium.

Analgesic efficacy can be quantitatively estimated with the Opera-
tional Model of Agonism using the parameter τ (Black and Leff, 1983).
Previous reports indicate that morphine has low analgesic efficacy (e.g.
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Pawar et al., 2007; Pitts et al., 1998; Walker et al., 1998, Zernig et al.,
1995). The magnitude of tolerance produced by continuous morphine
treatment in the present studywas comparable to other lower analgesic
efficacy agonists such as hydromorphone (τ=35) and oxycodone
(τ=20) (Kumar et al., 2008; Pawar et al., 2007). Higher analgesic efficacy
opioids, such as etorphine (τ=52) and fentanyl (τ=58) produce
significantly less tolerance (Pawar et al., 2007; Sirohi et al., 2008) when
infused. In order to compare opioid drugs with different potencies and
efficacies, the shift in the ED50 (i.e., tolerance) can be plotted against the
daily infusion dose expressed as a multiple of the analgesic ED50

determined in untreated mice. This approach normalizes drug treatment
so that opioids can be compared using equi-analgesic doses. When these
data are analyzed in thismanner (Fig. 8), the inverse relationshipbetween
analgesic efficacyand tolerance is apparent. In Fig. 8,fiveopioid analgesics
(including morphine from the present study) with different τ values are
compared. Lower analgesic efficacy opioids produce more tolerance than
higher efficacy agonists at equi-analgesic doses (multiple of analgesic
ED50). Taken together, these data support the suggestion that opioid
agonist efficacy (τ) plays an important role in the magnitude of opioid
tolerance produced by continuous administration (Adams et al., 1990;
Duttaroy and Yoburn, 1995; Kumar et al., 2008; Pawar et al., 2007; Sirohi
et al., 2008; Stevens and Yaksh, 1989).

The molecular mechanisms by which acute and intermittent opioid
agonist treatment produce less tolerance than continuous treatment
remain unclear. Possible explanations include phasic versus continuous
receptor stimulation. Brief exposure to an opioid agonist will result in
periodic activation of the receptor. This may allow recovery of down-
stream events involved in tolerance, which would not occur in con-
tinuous treatment approaches that produce sustained receptor
occupancy. Nevertheless, these results with morphine, taken together
with results fromother opioid analgesics (Kumar et al., 2008; Sirohi et al.,
2008) suggest that sustained releasepreparations of opioids for painmay
foster more tolerance compared to intermittent treatment approaches.

In summary, the present findings suggest that morphine is a lower
analgesic efficacy opioid agonist and that the effects of intermittent
dosing on the magnitude of tolerance are different from that of
continuous treatmentprotocols. The analgesic efficacyof opioid agonists
strongly impacts on the magnitude of tolerance following continuous
treatment. On the other hand, analgesic efficacy seems to be less of a
determinant of the magnitude of tolerance following intermittent
administration.
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