Downloaded From: http://anesthesiology.pubs.asahq.or g/ on 07/29/201

1226

Anesthesiology

82:1226-1236, 1995

© 1995 American Society of Anesthesiologists. Inc
J. B. Lippincott Company, Philadelphia

The Effect of Intrinsic Efficacy on Opioid Tolerance

Alokesh Duttaroy, B.S. Pharm., M.S.,* Byron C. Yoburn, Ph.D.t

Background: The intrinsic efficacy of opioid analgesics has
been suggested to play a role in the development of tolerance
to these agents. However, the effect of differences in dosing
protocol on tolerance to opioid analgesics of high or low ef-
ficacy has not been addressed. Therefore, the effect of opioid
intrinsic efficacy on tolerance in mice was determined in pro-
tocols of continuous and intermittent administration of
equieffective doses of opioid agonists.

Methods: Initial antinociceptive median effective doses
(EDs,s) for five opioid agonists that vary in intrinsic efficacy
were estimated in untreated mice. Groups of mice received
continuous infusions of morphine, fentanyl, or etorphine for
72 h or 7 days from osmotic minipumps implanted subcuta-
neously. The infusion doses were calculated as multiples of
the initial antinociceptive EDs,. An inert placebo was im-
planted subcutaneously in controls. At the end of treatment,
the pumps and placebos were removed, and 4-24 h later, mice
were tested in dose-response studies (tail flick) using the same
drug that had been chronically administered. In another study
using intermittent dosing, mice received subcutaneous injec-
tions every 24 h for 3 days of saline or morphine, etorphine,
fentanyl, oxycodone, or meperidine, or received subcutaneous
injections every 24 h for 7 days of saline or morphine, etor-
phine, or fentanyl. Daily doses were calculated as multiples
of the initial antinociceptive EDs,. Twenty-four hours after
the last injection, mice were tested in dose-response studies.

Results: High-intrinsic-efficacy compounds (e.g., etorphine
and fentanyl) produced less tolerance than a lower-intrinsic-
efficacy drug (morphine) in 72-h and 7-day infusion studies.
Tolerance for all compounds after intermittent treatment with
equieffective doses was similar, and intrinsic efficacy had no
effect on the magnitude of tolerance after intermittent dosing.

Conclusions: These results indicate that the intrinsic efficacy
of opioid analgesics is inversely related to the degree of tol-
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erance after continuous infusion, but that intrinsic efficacy
does not significantly affect tolerance after once-daily inter-
mittent administration of these agents. These findings may
be of clinical utility in understanding the development of tol-
erance to the antinociceptive effects of opioids. (Key words:
Analgesia, opioid: continuous infusion; intermittent admin-
istration: intrinsic efficacy; tolerance. Analgesics, opioid:
etorphine; fentanyl; meperidine; morphine; oxycodone.)

PREVIOUS studies have suggested that the intrinsic
efficacy of an opioid analgesic can determine, in part,
the degree of tolerance to that agent. Specifically,
animal studies have demonstrated that the tolerance
that develops to equieffective doses of opioid anal-
gesics with high intrinsic efficacy is less than the tol-
erance that develops to lower-intrinsic-efficacy com-
pounds.'

Intrinsic efficacy is a property of a particular drug-
receptor interaction and is directly related to the num-
ber of spare receptors (i.e., receptor reserve), such that
the larger the receptor reserve, the greater the intrinsic
efficacy.’ In cases in which there is a receptor reserve,
a criterion response (e.g., maximal response) can be
produced with less than full receptor occupancy. The
concept of receptor reserve can be illustrated experi-
mentally by alkylating a fraction of receptors and then
demonstrating that the dose-response function is simply
shifted to the right without any decrease in the maximal
response.””’

With regard to opioid tolerance, it has been suggested
that equieffective doses of opioid agonists of high or
low intrinsic efficacy should produce differential de-
grees of tolerance because different fractional receptor
occupancy is required.’ Because it is assumed that tol-
erance is a consequence of receptor activation, a low-
intrinsic-efficacy agonist occupies and produces a “‘tol-
erance effect’” at more receptors than does a high-effi-
cacy agonist. Therefore, it is predicted that a high-ef-
ficacy compound will leave more receptors in the non-
tolerant state and produce a smaller degree of tolerance
than will an equieffective dose of a low-intrinsic-effi-
cacy agonist. In general, this prediction has been sup-
ported by studies that show that high-efficacy opioid
agonists (e.g., [p-ala’, N-methyl-phe*, gly-ol’] enkeph-
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Table 1. Estimation of Antinociceptive EDs,s
in Untreated Mice

Drug EDso

Morphine (mg/kg)
Oxycodone (mg/kg)
Fentanyl (ug/kg)
Etorphine (ug/kQg)
Meperidine (mg/kg)

1.25 (0.97-1.75)
0.90 (0.78-1.10)
13.00 (8.50-15.94)
0.60 (0.48-0.91)
5.13 (2.92-8.06)

EDs and 95% confidence limits (in parentheses) for each drug used in tolerance
studies. Initial EDsos were estimated using different groups of mice (typically
30-40/group) injected subcutaneously with four or more different doses of each
drug and tested for antinociception following administration. Similar EDs, esti-
mates were obtained in 1-3 replications for each drug

alin, sufentanil, and fentanyl) produced less tolerance
than intermediate- or low-intrinsic-efficacy agonists
(e.g., morphine, meperidine, and [p-ala®, p-leu’] en-
kephalin).'™

That less tolerance may result from equieffective
doses of high-intrinsic-efficacy compounds may be an
important issue in pain management. However, the
majority of studies that have examined this issue in
laboratory animals have used continuous administration
(i.e., infusion) protocols.'™ Because intermittent ad-
ministration of opioid analgesics is common, it is of
interest to determine whether the inverse relation be-
tween intrinsic efficacy and tolerance observed in in-
fusion studies holds under noncontinuous administra-
tion protocols. Therefore, in the current study we in-
vestigated the degree of tolerance after continuous and
intermittent administration of equieffective doses of
several opioid agonists. In these experiments we show
in mice that intrinsic efficacy®'’""* interacts with the
type of dosing protocol (intermittent vs. continuous)
in determining the degree of tolerance to the antino-
ciceptive effects of opioids.
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Fig. 1. Representative dose-response
functions in untreated mice for five
opioid analgesics.
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Materials and Methods

Subjects

Male Swiss Webster mice (22-35 g) (Taconic Farms,
Germantown, NY) were used throughout the study. Mice
were housed 10 or 11 per cage with free access to food
and water and were used only once. All protocols and
procedures were approved by the St. John's University
[nstitutional Animal Care and Use Committee.

Initial Estimation of Median Effective Doses

Untreated mice were tested for antinociception (tail
flick, see below) in dose-response studies, and the me-
dian effective doses (EDs,s) for morphine, etorphine,
fentanyl, meperidine, and oxycodone were calculated
(table 1). Four or more different doses of each drug
were administered (n = 5-10 mice/dose), and mice
were tested for antinociception (see below) 30 min
(morphine) or 15 min (all other drugs) after subcu-
tancous administration. As shown in figure 1, the dose-
response functions obtained in untreated mice for each
of the five opioids used in these studies appeared par-
allel to one another. Probit analysis (see Data Analysis,
below) confirmed that there was no significant devia-
tion from parallelism for any dose-response function
(P> 0.20). The dosing protocols for tolerance induction
were based on these initial EDs s and were designed to
deliver equieffective doses of each drug. Specifically,
the dosing schedules were defined as multiples of the
initial antinociceptive EDs, value. This strategy was
based on the principle that the EDs,, value for all drugs
is equieffective, by definition, and that therefore mul-
tiples of the EDs, also are equivalent. For example, 10
times the EDs, for morphine was a dose equivalent to
10 times the EDs, for etorphine or fentanyl.

v
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Dose-Response Protocols

Dose-response studies were conducted by means of
two procedures: standard and cumulative dosing. In
the standard procedure, separate groups of mice (typ-
ically 30-40 per group) received subcutaneous injec-
tions with three or more different doses of a drug and
were tested for antinociception (see below) at the time
of peak effect (30 min for morphine and 15 min for
all other drugs). Peak effect times were based on time-
action profiles determined earlier (data not shown).

In the cumulative dose-response protocol, all mice
in a treatment group (typically seven to ten per group)
received subcutaneous injections with a starting dose
of agonist and were tested for antinociception 30 min
(morphine) or 15 min (all other drugs) after admin-
istration of opioid agonists. All mice responding to the
painful stimulus were given a second dose of the same
drug within 5 min of testing and then were retested
for antinociception. This cumulative dose-response
protocol was continued until all mice failed to respond.
The actual doses given for each drug and the strategy
for choosing doses in the cumulative dose-response
protocol were determined from previous SEldicsT o
Data from cumulative dosing are presented such that
the percentage of mice that were antinociceptive is
plotted against the total (cumulative) dose adminis-
tered. In most cases, the EDs,, determined in cumulative
dose-response studies was greater than that determined
in standard dose-response studies.

Analgesia

Antinociception was determined with a tail-flick as-
say, as previously described.'® A beam of light was fo-
cused on the dorsal surface of the tail of the mouse and
the apparatus adjusted so that baseline tail flicks oc-
curred within 2—4 s. In dose-response studies, a cutoft
tail-flick latency (10 s) was used to avoid tissue damage.
Mice that did not flick their tails within 10 s were con-
sidered antinociceptive. Testing was conducted with-
out knowledge of the treatment group of each mouse.

Induction of Tolerance

Two dosing strategies were used to induce tolerance:
an intermittent protocol and a continuous infusion
protocol. In the intermittent dosing protocol, mice re-
ceived subcutaneous injections once per day for 3 or
7 days with a dose of opioid agonist that was a multiple
of the initial EDs, (table 1). In the continuous infusion
protocol, mice received subcutaneous infusions from
an implanted osmotic minipump for 3 or 7 days with
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a dose of opioid agonist that was a multiple of the initial
ED-,. In all experiments, a parallel control group was
included as an internal reference for potency changes
for the treated group. To minimize the costs associated
with the use of the osmotic infusion pumps, an inert
placebo pellet was implanted subcutancously in con-
trol mice. Preliminary studies showed that the implan-
tation of placebo pellets produced no effect on mor-
phine’s antinociceptive EDs, when compared with the
ED-, determined in mice with a pump infusing saline
for 7 days (EDs, 2.54 mg-kg ' [95% confidence limits
1.78-3.42] and EDs, 2.70 mg-kg ' [95% confidence
limits 1.91-3.63], placebo pellet, saline infusion, re-
spectively).

Intermittent Administration of Opioid Agonists.
Seventy-two-hour Intermittent Administration. Mice
(n = 45-50 per group per experiment) received sub-
cutaneous injections once per day for 3 days of saline,
morphine, etorphine, fentanyl, meperidine or oxyco-
done. The dose of each drug for each injection was
based on the initial estimate of the EDs, such that =20
times the EDs, (table 1) was administered on days 1
and 2 and =40 times the EDs, on day 3. The daily
doses for the first 2 days and the 3rd day, respectively,
were morphine 25.0 and 50.0 mg-kg '; etorphine
12.0 and 24.0 ug-kg '; fentanyl 260 and 520 ug-kg ';
oxycodone 18.0 and 36.0 mg-kg '; and meperidine
102.6 and 205.2 mg-kg '. On day 4 (72 h after the
first injection), mice were tested for analgesia in a dose-
response study (standard protocol) using the same drug
that was chronically administered. To determine the
effect of a larger dose of morphine, mice (n = 30 per
group) received subcutaneous injections of saline or a
morphine dose =~ 40 times (50 mg kg*‘) the EDs, on
days 1 and 2 and ~80 times (100 mg-kg ') the EDs,
on day 3. Twenty-four hours after the last injection (72
h after the first injection), mice were tested for anti-
nociception.

Seven-day Intermittent Administration. Mice (n =
7-10 per group per experiment) received subcuta-
neous injections of saline, morphine (13.7-27.4
mg - kg '), etorphine (6.2-16.0 ug-kg '), or fentanyl
(6.6-660.0 ug-kg ') every 24 h for 7 days. These daily
doses are ~5-25 times the initial estimate of the EDs,, .
On day 8 (24 h after the last injection), mice were
tested for antinociception in a cumulative dose-re-
sponse study using the same drug that was injected
chronically.

Continuous Infusion of Opioid Agonists. Seventy-
two-bour Continuous Infusion. In mice (n = 7-10
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Fig. 2. The effect of intrinsic efficacy on
tolerance after 72-h infusion of opioid ag-
onists. Mice received infusions subcuta-
neously using osmotic minipumps for 72
h with morphine, etorphine, or fentanyl.
The daily infusion dose represents ~27
times the median effective dose (EDs,) for
each drug as determined previously (table
1). Placebo pellets were implanted sub-
cutaneously in controls. At the end of the
infusion the pellets and pumps were re-
moved, and 4 h later all mice were tested
in cumulative dose-response studies (tail
flick) using the same drug. For ease of
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comparison, dose is presented on a scale that is equated for distance between units for each drug. Each panel represents a
separate representative experiment for each drug (table 2). The cumulative dose range for each drug for the dose response was
morphine 1.00-21.00 mg - kg ', etorphine 0.75-16.50 ug-kg ', and fentanyl 10.0-180.0 ug - kg .

per group per experiment) an osmotic minipump (AL-
ZET 2001, Alza, Palo Alto, CA) that delivered pump
contents at a rate of 1.0 ul-h ' was implanted subcu-
tancously. An inert placebo pellet was implanted sub-
cutancously in control mice. Pumps were filled with
morphine (33.33 mg-kg '-day '), etorphine (16
ug-kg '-day '), or fentanyl (347.10 ug-kg '-day ).
The infusion doses were equal to the total dose of drug
delivered during the 72-h intermittent dosing protocol
(see above). Thus, an equivalent dose was administered
continuously rather than intermittently. The daily in-
fusion dose represented =27 times the EDs, dose for
cach drug. Pumps and pellets were left in place for 72
h and then removed, and 4 h later, cumulative dose-
response studies were conducted using the same drug
that had been infused.

Seven-day Continuous Infusion. In mice (n = 7-
10 per group per experiment) osmotic minipumps
(ALZET 2001 or 2002, Alza) delivering contents at a
rate of 1.0 ul-h ' or 0.05 pl-h', respectively, were
implanted subcutaneously. An inert placebo pellet was
implanted subcutaneously in control mice. Pumps were
filled with morphine (13.70-41.10 mg-kg '-day '),
etorphine (15.50-124 pg-kg '-day '), or fentanyl
(165-1,320 pug-kg '-day '), representing a dose
range of =~10-200 times the initial EDs,s. Pumps and
pellets were left in place for 7 days and then removed,
and 24 h later, cumulative dose-response studies were
conducted using the same drug that had been infused.

Drugs

Etorphine hydrochloride and inert placebo pellets
were obtained from Research Triangle Institute (Re-
search Triangle Park, NC) through the Research Tech-
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nology Branch of the National Institute on Drug Abuse.
Fentanyl citrate and oxycodone hydrochloride were
obtained from Sigma Chemical (St. Louis, MO). Mor-
phine sulfate and meperidine hydrochloride were sup-
plied by Penick Corporation (Newark, NJ). All drugs
were dissolved in 0.9% sodium chioride and adminis-
tered subcutaneously. Doses are expressed as the base.
Pellets and osmotic minipumps were implanted sub-
cutancously at the nape of the neck. Pumps and pellets
were implanted and removed while mice were lightly
anesthetized with halothane/oxygen.

Data Analysis

Quantal dose-response data were analyzed by probit
analysis'® with use of a computer program (BLISS 21,
Department of Statistics, University of Edinburgh,
Edinburgh, Scotland) that estimates EDsgs, 95% confi-
dence limits, and relative potencies and determines
whether dose-response functions are parallel. Signifi-
cant differences between potency estimates and EDss
were determined by probit analysis.

Results

Tolerance dafter Continuous Infusion

Continuous infusion of morphine, etorphine, or fen-
tanyl for 72 h produced significant tolerance to all three
agonists (fig. 2 and table 2). The 72-h morphine in-
fusion generated a 3.3-fold decrease in morphine po-
tency, whereas ctorphine and fentanyl infusions pro-
duced =~ 2-fold shifts in potency. The degree of toler-
ance was significantly greater for morphine than for
ctorphine or fentanyl.
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Table 2. Tolerance Following 72-h Continuous Infusion
of Opioid Agonists

Drug EDs, Shift

Morphine (mg/kg)

Control 3.66 (2.78-4.69)

Morphine pump 12.14 (10.07-14.54) 332
Etorphine (ug/kg)

Control 3.45 (2.57-4.52)

Etorphine pump 7.29 (5.64-9.65) 2108
Fentanyl (vg/kg)

Control 43.97 (32.60-56.62)

Fentanyl pump 80.95 (63.31-101.82) 1.84*

Data presented are the antinociceptive EDsy and 95% confidence limits (in pa-
rentheses) from two cumulative dose-response studies for each drug. The shift
is calculated as the ratio: (EDg, for drug group)/(EDs, for controls)

* Significant potency shift versus control (P < 0.05)
t Significantly different from the potency shift for all others (P < 0 05)

In the 7-day infusion study, morphine, etorphine, and
fentanyl produced significant tolerance after all or most
dosing schedules (fig. 3 and table 3). However, doses
of morphine much smaller than those of fentanyl or
ctorphine were required to produce equivalent toler-
ance. The relation between the multiple of EDs, (7.e.,
chronic dose) and the shift in the EDs,, (7.e., tolerance)
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for morphine, fentanyl, and etorphine is presented in
figure 4, in which it can be seen that the curve for
morphine is located to the left of the curves for fentanyl
and etorphine.

Tolerance dfter Intermittent Dosing

Intermittent treatment with opioid agonists for 72 h
significantly decreased the antinociceptive potency of
cach of the five opioids (fig. 5 and table 4A). (In this
72-h intermittent administration experiment, testing
of the mice with the standard dose-response protocol
rather than the cumulative protocol accounts for the
lower ED-, estimates; see Materials and Methods.) The
dosing schedule of =20 times the EDs, on days 1 and
2 and ~40 times the EDs, on day 3 produced similar
tolerance for the five agonists (potency shift range
1.52-1.95). There were no significant differences
among these potency shifts. When a larger intermittent
dosing schedule for morphine was used (fig. 5, top
middle, and table 4B), greater tolerance was observed
(3.40-fold). Dosing at higher multiples of the EDs, was
not attempted for the other drugs because of toxicity.
Mortality using the above dosing schedule was 0% for
oxycodone, <1% for both morphine dosing protocols,
11% for meperidine, 6% for etorphine, and 16% for
fentanyl.

Fig. 3. The effect of intrinsic efficacy on
tolerance after 7-day infusion of opioid
agonists. Mice received subcutaneous
infusions from osmotic minipumps for
7 days with morphine, etorphine, or
fentanyl. The daily infusion dose rep-
resents a multiple (top left of each panel)
of the median effective dose (EDs,) dose
for morphine, etorphine and fentanyl,
as determined previously (table 1). Pla-
cebo pellets were implanted in controls.
At the end of the infusion the pellets and
pumps were removed, and 24 h later all
mice were tested in cumulative dose-re-
sponse studies (tail flick) using the same
drug. For ease of comparison, dose is
presented on a scale that is equated for
distance between units for each drug.
Each panel represents a separate exper-
iment (table 3). The cumulative dose
range for each drug for the dose-re-
sponse was morphine 0.5-19.50
mg- kg !, etorphine 0.24-20.80 ug-kg ',
and fentanyl 5.0-290.0 ug- kg .

Control
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& Table 3. Tolerance Following 7-day Continuous Infusion
1 of Opioid Agonists

Daily Dose
Drug (multiple of EDs) EDsq Shift
I Morphine (mg/kg)
Control 2.38 (1.72-3.09)
Morphine pump 10X 4.65 (3.61-5.81) 1:95%
Control 2.37 (1.64-3.18)
Morphine pump 20X 8.09 (6.46-10.22) 3.41*
Control 3.38 (2.48-4.48)
Morphine pump 33X 11.96 (9.27-15.45) 3.54*
¢ 8 Etorphine (ug/kg)
Control 2.75(2.11-3.41)
Etorphine pump 25X 4.30 (3.48-5.24) 567
Control 5.53 (4.73-6.42)
Etorphine pump 100X 10.20 (8.82-11.89) 1.84*
Control 3.04 (2.38-3.82)
Etorphine pump 200X 9.08 (7.23-11.61) 2.99*
1 Fentanyl (xg/kg)

Control 30.82 (21.20-42.27)
Fentanyl pump 13X 35.61 (24.79-47.90) 1.16
Control 31.42 (21.54-45.96)
Fentanyl pump 25X 51.28 (37.19-68.88) 1.63"
Control 31.38 (18.87-48.52)
Fentanyl pump 35X 67.46 (41.83-108.94) 2.15*
Control 50.65 (36.46-66.77)
Fentanyl pump 50X 83.02 (61.81-115.35) 1.64*
Control 32.66 (23.13-45.43)
Fentanyl pump 100X 131.19 (103.11-169.79) 4.02*
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Data presented are the antinociceptive EDs, and 95% confidence limits (in pa-
rentheses) from 1-2 cumulative dose-response studies for each condition. The
shift is calculated as the ratio: (EDs, for drug group)/(EDs, for controls).

* Significant potency shift (P < 0.05).

In the 7-day intermittent administration study (fig. 6
and table 5), equieffective dosing produced approxi-
mately similar tolerance for all drugs, suggesting that
there was little relation between intrinsic efficacy and
the degree of tolerance. For example, 10 times the EDs,,
treatment for morphine and etorphine produced no
significant tolerance, but 20 times the EDs, dose pro-
duced equivalent and significant tolerance. (However,
10 times the EDs, treatment for fentanyl resulted in
significant tolerance.) Doses of fentanyl and etorphine
25 times the EDs, also produced equivalent and sig-
nificant tolerance. Larger doses of fentanyl and etor-
phine could not be used for acute daily administration
because of the toxicity of larger doses. Specifically,
mortality was 0% for all doses of morphine, 20% at 25
times the EDs, for etorphine, and 26% for 25 times the
EDs, for fentanyl; mortality was 0% for the lower dosing
schedules for both fentanyl and etorphine.
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The relation between the multiple of EDs, and the
shift in the EDs, for 7-day intermittent dosing is pre-
sented in figure 7. The effect of dose on the degree of
tolerance is relatively small compared with that in the
7-day infusion studies (fig. 4). Furthermore, the mag-
nitude of tolerance for all three drugs in the 7-day in-
termittent dosing protocol was less than that in the
infusion studies; however, this discrepancy may have
occurred because larger doses could be administered
in the infusion studies than could be administered in
the intermittent protocols.

Discussion

The contribution of the intrinsic efficacy of opioid
agonists to the development of antinociceptive toler-
ance in the mouse was examined in the current study
in continuous infusion and intermittent dosing proto-
cols. Intrinsic efficacy was inversely related to tolerance
after continuous infusion of morphine, etorphine, or
fentanyl. These results confirm in mice the findings of
previous investigators in rats, in which infusions of
high-intrinsic-efficacy opioids (e.g., fentanyl and su-
fentanil) were associated with less tolerance than were
infusions of lower-intrinsic-efticacy opioids (e.g., mor-
phine).'™

In contrast to continuous infusion, intermittent ad-
ministration of equieffective doses of opioid agonists
produced approximately the same degree of tolerance
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Fig. 4. The effect of intrinsic efficacy on the shift in the median
effective dose (EDs,) after 7-day infusions of morphine, etor-
phine, or fentanyl. Mice were treated as described in the legend
to figure 3. The shift in the ED;, is plotted against the multiple
of the initial EDses. The shift in the EDs, is the ratio (EDs, for
drug group)/(EDs, for controls) from table 3.
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Table 4. Tolerance Following Intermittent Opioid Agonist
Treatment for 72 h

Drug EDso Shift
(A)

Morphine (mg/kg)

Control 1.28 (0.94-1.70)

Morphine 2.50 (1.93-3.69) 1:95*
Oxycodone (mg/kQg)

Control 0.77 (0.60-0.98)

Oxycodone 1.17 (0.94-1.49) =524
Fentany! (vg/kQ)

Control 14.12 (10.96-17.90)

Fentanyl 24.32 (18.56-33.70) 182%
Etorphine (xg/kQ)

Control 0.92 (0.72-1.17)

Etorphine 1.51 (0.96-1.93) 1.64*
Meperidine (mg/kg)

Control 6.76 (5.30-8.59)

Meperidine 12.07 (9.37-16.39) 15795

(B)

Morphine (mg/kg)

Control 1.62 (1.05-2.38)

Morphine 5.50 (3.72-8.84) S0

Data presented are the antinociceptive EDs, and 95% confidence limits (in pa-
rentheses) from 1-4 studies using the standard dose-response protocol for
each drug. The shift is calculated as the ratio: (EDso for drug group)/(EDs, for
controls).

(A) Mice were injected with ~ 20 times the EDs, on day 1 and 2; ~40 times the
EDso on day 3. (B) Mice received injections with ~ 40 times the EDs, on day 1
and 2; ~ 80 times the EDg, on day 3.

* Significant potency shift (P < 0.05).
t Significantly different potency shift versus all others (P < 0.05).

in all of the agents tested. In the 72-h intermittent
treatment study, an equieffective dosing schedule was
used for five opioids (morphine, fentanyl, oxycodone,
meperidine, and etorphine; see table 4). This dosing
protocol resulted in comparable tolerance (1.52-1 95
fold) to all five drugs. Likewise, similar tolerance to
morphine, etorphine, and fentanyl was produced by
equieffective 7-day intermittent dosing (table 5). Tol-
erance was increased in the 72-h intermittent study
when the daily dose of morphine was increased, indi-
cating that the magnitude of tolerance was sensitive to
dose. (Larger intermittent doses of fentanyl or ctorphine
could not be evaluated because of the toxicity asso-
ciated with acute administration of doses in excess of
~25 times the EDs,.) It is notable that intermittent
administration of morphine in rats is associated with a
reduced level of naloxone-precipitated withdrawal
compared with that associated with continuous admin-
istration of an equivalent amount of drug.'” Thus, both
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tolerance and dependence appear to be related to the
degree of intermittency of drug administration.

Intrinsic efficacy is a property of a drug-receptor in-
teraction and is proportional to the number of receptors
required to produce a given effect.” Measurement of
intrinsic efficacy is a laborious process, and the intrinsic
efficacy in vivo of the vast majority of opioid analgesics
has not been determined. However, in studies with ir-
reversible u-receptor antagonists, it has been shown
that the intrinsic efficacy of morphine is lower than
that of fentanyl.®'* Behavioral data from a drug dis-
crimination study suggest that the intrinsic efficacy of
meperidine is lower than that of morphine.'* Although
data on the intrinsic efficacy in vivo of etorphine are
not currently available, parallel binding and analgesia
studies imply that etorphine has greater intrinsic effi-
cacy than does morphine.'” Finally, there is no infor-
mation currently concerning the intrinsic efficacy of
oxycodone. Although the intrinsic efficacies of all
opioid analgesics are not known, the finding that all
five opioid agonists produced similar tolerance after
72-h intermittent administration suggests that intrinsic
efficacy is not an important determinant of tolerance
in this dosing protocol. For morphine, etorphine, and
fentanyl, which have been shown to differ in intrinsic
efficacy, there was a clear difference in the magnitude
of tolerance after continuous infusion. Of interest, it
has been reported that the degree of analgesic tolerance
in rats was similar after acute (8-h) infusions of opioids
that vary in intrinsic efficacy (morphine, sufentanil, and
alfentanil).'®'” Thus, the effect of intrinsic efficacy on
tolerance after continuous administration appears by
72 h but is not present after an 8-h infusion.

In the 7-day administration studies, the range of dos-
ing schedules for intermittent and continuous admin-
istration permitted comparison of the relation between
the multiple of EDs, (i.e., dose) and the degree of tol-
erance for continuous and intermittent dosing. As might
be predicted, the larger the dose, the greater the degree
of tolerance. This relation was most striking for the
infusion studies (fig. 4), although there was a weaker
relation between dosing and tolerance in the intermit-
tent protocol (fig. 7).

The effect of dosing protocol on the capacity of a
drug to produce tolerance can be demonstrated by ex-
amining the shift in the EDs, for continuous and inter-
mittent administration. In general, tolerance to mor-
phine (low efficacy) was greater after infusion than after
intermittent administration. Specifically (tables 2 and
4), acute intermittent administration of morphine for
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' Fig. 5. The effect of intrinsic efficacy on
' tolerance after daily intermittent opioid 100
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subcutaneous injections every 24 h for
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median effective dose (EDs,) for mor-
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Table 5. Tolerance Following 7-day Intermittent Injection
of Opioid Agonists

Daily Dose
Drug (multiple of EDsp) EDso Shift

Morphine (mg/kg)

Control 3.90 (2.88-5.14)

Morphine 10X 5.30 (4.03-6.82) 1.36

Control 3.90 (2.88-5.14)

Morphine 20X 9.16 (7.30-11.45) 235
Etorphine (1g/kQ)

Control 2.02 (1.15-3.19)

Etorphine 10X 2.49 (1.48-3.89) 128

Control 2.02 (1.15-3.19)

Etorphine 20X 4.90 (3.19-7.26) 2.43*

Control 4.02 (3.41-4.74)

Etorphine 25X 6.82 (5.70-8.21) 1.70*
Fentanyl (1g/kg)

Control 38.4 (27.3-51.8)

Fentanyl 5X 55.5 (40.4-73.9) 1.45

Control 38.4 (27.3-51.8)

Fentanyl 10X 93.5 (71.1-122.4) 2.43*

Control 50.2 (37.0-66.5)

Fentanyl 13X 81.5 (62.1-106.9) 1.62*

Control 66.2 (53.5-81.3)

Fentanyl 25X 122.8 (104.3-143.8) 1.85"

Data presented are the antinociceptive EDs, and 95% confidence limits (in pa-
rentheses) for each cumulative dose-response study. The shift is calculated as
the ratio: (EDs, for drug group)/(EDs, for controls)

* Significant potency shift (P < 0.05).

72 h produced a ~2-fold shift in the EDs,, whereas
infusion of the same dose increased the shift to 3.3-
fold. In contrast, the difference between the EDs shifts
for intermittent versus continuous administration was
less for fentanyl (=~1.7-1.9) and etorphine (=~1.6—
2.1). Similarly, (tables 3 and 5) 7-day morphine in-
fusion of 10 or 20 times the EDs, yielded = 2-and 3.4-
fold shifts, respectively, whereas intermittent morphine
treatment resulted in =~1.4- and 2.4-fold shifts, re-
spectively, in the EDs,. In contrast, the magnitude of
the EDs, shift for fentanyl after intermittent and con-
tinuous treatment with 25 times the EDs, for 7 days
was ~ 1.9 and 1.6, respectively. Similarly, the magni-
tude of the EDs, shift for etorphine after intermittent
and continuous treatment with 25 times the EDs, for
7 days was ~1.7 and 1.6, respectively. These results
indicate that the degree of tolerance was dependent
on both the dosing protocol and the intrinsic efficacy
of the drug. In short, the dosing protocol was critical
in determining tolerance for the low-efficacy drug.
The compounds used in this study vary significantly
in their pharmacokinetic characteristics, and it is pos-
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sible that kinetic differences may have affected the re-
sults, especially after intermittent administration be-
cause the duration of exposure of receptors to each
drug would differ. For example, etorphine and fentanyl
have been shown to have much shorter half-lives than
morphine.'"*"?" In general, however, tolerance was
equivalent for all agonists after intermittent dosing. Al-
though it is possible that pharmacokinetic differences
among the compounds may affect the degree of toler-
ance with some dosing protocols, the intermittent pro-
tocol used in the current study did not reveal a relation
between kinetics and tolerance. In infusion studies,
steady-state plasma concentrations would be reached
faster with fentanyl and etorphine than with morphine,
suggesting that more tolerance might be induced for
fentanyl and etorphine. In fact, just the opposite was
observed in the infusion studies: tolerance to fentanyl
and etorphine was less than that to morphine. These
results suggest that kinetic differences among the com-
pounds are not a significant variable in determining the
degree of tolerance. In infusion studies the washout of
fentanyl and etorphine would be more rapid than that
of morphine. This difference may have contributed to
the reduced tolerance seen for etorphine and fentanyl,
because we allowed 4-24 h between infusion termi-
nation and analgesic testing. However, other investi-
gators have shown that intrinsic efficacy affects the de-
gree of tolerance after infusions even when there is no
interval between dosing termination and testing.” Thus,

4
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Fig. 7. The effect of intrinsic efficacy on the shift in the median
effective dose (EDs,) after 7-day intermittent injections of
morphine, etorphine or fentanyl. Mice were treated as de-
scribed in the legend to figure 6. The shift in the EDs, is plotted
against the multiple of the initial EDs,s. The shift in the EDs,
is the ratio (EDs, for drug group)/(EDs, for controls) from
table 5.
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our studies extend previous results on the role of in-
trinsic efficacy in tolerance in infusion studies.

Overall, the current findings indicate that the effects
of intermittent administration are different from those
of continuous infusion. The mechanism whereby all
agonists tested produced roughly equivalent tolerance
after intermittent administration is not readily apparent
but may be related to phasic versus continuous stim-
ulation of receptors. Perhaps relatively brief elicitation
of an equivalent effect by several agonists initiates
comparable tolerance mediated by common intracel-
lular substrates (e.g., cyclic adenosine monophosphate,
ion flux). Receptor-based contributions (e.g., decou-
pling) to tolerance after intermittent administration
may be minimal because of the alternating periods of
receptor occupancy. In contrast, continuous adminis-
tration may induce changes close to the receptor site
(e.g., decoupling) due to uninterrupted receptor oc-
cupancy, as well as at other intracellular sites. Whatever
the mechanism, infusions of the high-intrinsic-efficacy
agonists etorphine and fentanyl produced less toler-
ance, whereas an equieffective infusion of morphine
produced greater tolerance. These findings clearly
support the role of intrinsic efficacy in tolerance during
continuous administration.

The potential clinical importance of these results is
that analgesics of high intrinsic efticacy may produce
less tolerance than low-efficacy analgesics when ad-
ministered as infusions. Therefore, it is possible that
there is a clinical advantage to using opioid analgesics
of high intrinsic efficacy for continuous administration.
However, our results suggest that there may be little
benefit in the use of intermittent high-efficacy agonists
to reduce tolerance. Furthermore, the current results
may be relevant to observations by some investigators
that clinical tolerance is a relatively rare phenome-
non.”*” Some clinicians have suggested that the need
for increased opioid analgesics may be precipitated
more by a change in the underlying pain state (i.e.,
disease progression) than by tolerance.”*~?> Perhaps the
modest incidence or magnitude of clinical tolerance
is related to the phasic plasma profiles that accompany
intermittent oral and acute parenteral administration.
Thus, clinical tolerance may be minimized by the
phasic nature of intermittent dosing. In support of this
suggestion are clinical case examples of stable inter-
mittent opioid (morphine) use for the treatment of
pain, followed by increasing opioid use with the ini-
tiation of continuous infusions.** It is worth noting that
intermittent spinal administration of morphine for
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cancer pain has been reported to be associated with
more tolerance than spinal infusions.?° However. in
that report, it is not clear whether total daily dose was
equivalent for intermittent and infusion protocols, thus
making comparison more difficult.

In summary, the current study has shown that intrinsic
efficacy, dose, and dosing protocol interact in determining
the degree of tolerance to opioids. Intrinsic cfficacy ap-
pears to influence tolerance more significantly after con-
tinuous administration than after intermittent adminis-
tration. In general, intermittent administration of equief-
fective doses of opioid agonists resulted in equivalent
levels of tolerance. These findings may be important in
identifying the appropriate opioid analgesic for use in
infusion and intermittent treatment protocols. Currently,
however, the clinical applicability of the these findings
remains to be determined empirically.
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plying placebo pellets and etorphine. They also thank K. W. Chan,
S. Shah, T Dr. M
T. Turnock’s contributions also are appreciated

Davis, and G. Munirathinam, for their assistance

References

1. Paronis CA, Holtzman SG: Development of tolerance to the analgesic
activity of Mu agonists after continuous infusion of morphine, meperidine
or fentanyl in rats. ] Pharmacol Exp Ther 262:1-9, 1992

2. Sosnowski M, Yaksh TL: Differential cross-tolerance between
intrathecal morphine and sufentanil in the rat. ANESTHESIOLOGY 7 3:
RIS IEE SO 9.0

3. Stevens GW, Yaksh TL: Potency of infused spinal antinociceptive
agents is inversely related to magnitude of tolerance after continuous
1989

4. Stevens GW, Yaksh TL: Time course characteristics of tolerance

infusion. ] Pharmacol Exp Ther 250:1-8,

to continuously infused antinociceptive agents in rat spinal cord. ]
Pharmacol Exp Ther 251:216-223, 1989
5. Kenakin T: Pharmacologic Analysis of Drug-Receptor Interac-
tion. 2nd edition. New York, Raven Press, 1993, pp 1-38

6. Adams JU, Paronis CA, Holtzman SG: Assessment of relative in-
trinsic activity of Mu-opioid analgesics in vivo by using -funaltrex-
amine. J Pharmacol Exp Ther 255:1027-1032, 1990
7. Nickerson M: Receptor occupancy and tissue response. Nature
178:697-698, 1956

8. Stephenson RP: A modification of receptor theory. Br | Phar-
macol 11:379-393, 1956

9. Mjanger E, Yaksh TL: Characteristics of dose-dependent antag-
onism by g-funaltrexamine of the antinociceptive effects of intrathecal
Mu agonists. ] Pharmacol Exp Ther 258:544-550, 1991

10. Perry DC, Rosenbaum JS, Kurowski M, Sadée W: [*H]Etorphine
receptor binding 7n vivo: Small fractional occupancy elicits analgesia
Mol Pharmacol 21:272-279, 1982

11. Liao CS, Day AR, Freer RJ: Evidence for a single opioid receptor
type on the field stimulated rat vas deferens. Life Sci 29:2617-2622,
1982




1236

A. DUTTAROY AND B. C. YOBURN

12. Comer SD, Burke TF, Lewis JW, Woods JH: Clocinnamox A
novel, systemically-active, irreversible opioid antagonist. | Pharmacol
Exp Ther 262:1051-1 056, 1992

13. France CP, Woods JH: Discriminative stimulus effect of opioid
agonists in morphine-dependent pigeons. ] Pharmacol Exp Ther 254
626-632, 1990

14. Yoburn BC, Billings B, Duttaroy A: Opioid receptor regulation
in mice. J Pharmacol Exp Ther 265:314-320, 1993

15. Lufty K, Yoburn BC: The role of opioid receptor density in
morphine tolerance. ] Pharmacol Exp Ther 256:575-580, 1991

16. Finney DJ: Probit Analysis. 3rd edition. London, Cambridge
University Press, 1973

17. Cerletti C, Keinath SH, Reidenberg MM, Adler MW: Chronic
morphine administration: Plasma levels and withdrawal syndrome
in rats. Pharmacol Biochem Behay 4:323-327, 19706

18. Kissin I, Brown PT, Bradley EL: Magnitude of acute tolerance
to opioids is not related to their potency. ANESTHESIOLOGY oS 15—
816, 1991

19. Zernig G, Butelman ER, Lewis JW, Walker EA, Woods JH: /n
vivo determination of Mu opioid receptor turnover in rhesus monkeys

Anesthesiology, V 82, No 5, May 1995

after irreversible blockade with clocinnamox. J Pharmacol Exp Ther
269:57-65, 1994

20. Yoburn BC, Chen J, Huang T, Inturrisi CE: Pharmacokinetics
and pharmacodynamics of subcutancous morphine pellets in the rat.

] Pharmacol Exp Ther 235:282-286, 1985

21. Hug CC, Murphy MR: Tissue redistribution of fentanyl and
termination of its effects in rats. ANESTHESIOLOGY 55:369-375, 1981

22. Cherney NI, Portenoy RK: Cancer pain management. Cancer
72(suppl) 3393-3415, 1993

23 Collin E, Poulain P, Gauvain-Piquard A, Petit G, Pichard-Lean-
dri E: Is disease progression the major factor in morphine ‘tolerance’
in cancer pain treatment? Pain 55:319-326, 1993

24. Foley KM: Clinical tolerance to opioids, Towards a New Phar-
macotherapy of Pain. Edited by Basbaum Al, Besson J-M. New York,
J. Wiley and Sons, 1991, pp 181-203

25. Payne R, Foley KM: Advances in the management of cancer
pain. Cancer Treat Rep 68:1 73-183, 1984

26. Shetter AG, Hadley MN, Wilkinson E: Administration of intra-
spinal morphine sulfate for the treatment of intractable cancer pain.

Neurosurgery 18:740-747, 1986

‘i au«w}m“m
{ e peflc
8 ndergol
| (\[ﬂlum
muh(\\
lmdm
Helbodk
oth, (0

Temperd
fstor |
¢mia, Int
In expe
amaker
approx
lated |
| replica
i To add

Analyst

Ugs, I
halott
(38,

Res
Obser

=108
and;

IUHU




