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(1) 189–194, 1997.—The highly potent and efficacious 

 

m

 

-opioid agonist fentanyl was SC
infused into rats with submaximal analgesic doses (0–1.14 

 

m

 

mol/kg/day) continuously for 8 days, checked by the constant
daily urinary recovery of intact drug (0.43 

 

6

 

 0.031% of the daily dose). Tail-flick latencies measured at 24 (day 1) and 48 h
(day 2) after starting the infusion were increased in a dose-dependent fashion compared with those before the infusion (day
0). However, at day 8, the latencies were increased only weakly, not significantly, revealing tolerance to the antinociceptive
activity of fentanyl. Fentanyl at all doses showed no significant effect on the capacity (

 

B

 

max

 

) and affinity (

 

K

 

d

 

) of the 

 

m

 

-opioid
receptor binding of DAMGO to whole brain (

 

B

 

max

 

 126.2 

 

6

 

 3.00 fmol/mg protein, 

 

K

 

d

 

 1.00 

 

6

 

 0.04 nM) and spinal cord (

 

B

 

max

 

48.24 

 

6

 

 2.71 fmol/mg protein, 

 

K

 

d

 

 1.93 

 

6

 

 0.13 nM) membranes gained from the rats after killing them at day 8. Gpp(NH)p in-
creased the 

 

K

 

d

 

 for brain and spinal cord sites by 3.09 and 2.65, respectively, independent of the fentanyl dose. The infusion
with fentanyl did not alter the basal and forskolin-stimulated adenylate cyclase activity in the whole brain membranes, nor
did it change the inhibition of the forskolin-stimulated activity by DAMGO. It is concluded that, in rats, constant long-term
body levels of highly potent 

 

m

 

-agonists result in a tolerant state that, however, does not produce overall changes in the param-
eters of their specific receptor sites in the CNS, i.e., receptor capacity and affinity, and in the events closely related to them,
i.e., their regulation by GTP and of adenylate cyclase. This does not exclude such possible changes to be restricted to specific
regions in the CNS.  © 1997 Elsevier Science Inc.
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THE biochemical mechanisms by which opiate agonists in-
duce tolerance remain poorly understood. Because binding of
the opioid drugs to their receptors in the central nervous sys-
tem (CNS) is the first step in the chain of molecular events
leading to the observed analgesic effect, changes in the con-
centration and/or affinity of the receptors have been expected
to explain the decline in the effect, i.e., tolerance, at long-term
stimulation of the receptors by the drugs.

However, studies on the opioid receptor in the CNS of labo-
ratory animals after long-term opioid administration, rendering
the animals tolerant to the analgesic effect of opioids, gave con-

flicting results. Using rats or guinea pigs and 

 

m

 

-opioid receptor
agonists as tolerance-inducing drugs in vivo and ligands for re-
ceptor binding in vitro, elevation (1,5,19,20,26), decrease
(2,15,26,28), or no change (8,15,27) in the capacity of the 

 

m

 

-re-
ceptors in brain and spinal cord preparations were found, the
results for a certain treated animal group sometimes even de-
pending on the conditions in the binding experiments (17). In
these studies, very seldom did the affinity of the 

 

m

 

-receptor in
tolerant rats differ from that in control rats (19).

Furthermore, instead of changes in the receptor capacity
or affinity, changes in the regulation of the receptor binding
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by GTP (27,28) and in the activity of the adenylate cyclase
(10) or inhibition of the enzyme by the opioids (10,26) have
been sought as being involved in the development of toler-
ance in laboratory animals.

Nearly all of these studies used intermittent administration
of high doses of morphine to introduce a high degree of toler-
ance to its antinociceptive effect for the subsequent biochemi-
cal investigations. Differences in experimental protocol, and
different and fluctuating body levels of morphine should re-
sult in varying degrees of tolerance, and might be partly re-
sponsible for the differing results.

The objective of this study was, therefore, to investigate
the influence of different doses of a 

 

m

 

-opioid agonist under
controlled conditions on the 

 

m

 

-opioid receptor in the rat CNS.
For this purpose, the highly potent and efficacious 

 

m

 

-agonist
fentanyl was infused continuously into rats at submaximal an-
algesic doses for subsequent study of the effects on the 

 

m

 

-re-
ceptor binding, its regulation by GTP, and the activity of the
adenylate cyclase in membrane fractions obtained from brain
and spinal cord.

 

METHOD

 

Materials

 

Fentanyl citrate, levorphanol, 5

 

9

 

-guanylylimidodiphosphate
(Gpp(NH)p, theophylline, ethylene glycol bis(2-aminoethyl-
ether)-N,N,N

 

9

 

,N

 

9

 

-tetraacetic acid (EGTA), creatine phosphate,
adenosine-5

 

9

 

-triphosphate (ATP), guanosine-5

 

9

 

-triphosphate
(GTP), forskolin, and creatine phosphokinase (CPK) from
rabbit muscle were purchased from Sigma Chemie (F.R.G.).
[

 

D

 

-Ala(2), N-Me-Phe(4), Gly(5)-ol)]-enkephalin (DAMGO)
and dithiothreitol (DTT) were from Serva (F.R.G.). [

 

3

 

H]-
DAMGO (2.22 TBq/mmol) and the cyclic adenosine-3

 

9

 

:5

 

9

 

-
monophosphate (cAMP) kit were from Amersham, Inc. (En-
gland).

 

Infusion of Rats with Fentanyl

 

In eight experiments, a total number of 59 male Wistar rats
(Møellegaard Breeding Centre, Denmark) was anaesthetized
by pentobarbital sodium (50 mg/kg IP) and implanted with
ALZET osmotic minipumps (ALZA Corporation, USA)
model 2001 into the nuchal region. The pumps were filled with
physiological saline (control rats,

 

 n

 

 

 

5

 

 15) or solutions of differ-
ent concentrations of fentanyl to give continuous delivery of
the drug up to 1.14 

 

m

 

mol (600 

 

m

 

g) of fentanyl citrate per kg
body weight and 24 h (0.14 

 

m

 

mol, 

 

n

 

 

 

5

 

 15; 0.21 

 

m

 

mol, 

 

n

 

 

 

5

 

 10;
0.28, 0.57, 0.85, and 1.14 

 

m

 

mol, 

 

n

 

 

 

5

 

 5 each). The constant rate
of infusion for 7 days was checked by determination of the
urinary excretion of fentanyl (see below).

 

Assessment of Urinary Fentanyl

 

Rat urine samples were adjusted to pH 6.0 with concen-
trated phosphoric acid and applied to XtrackT

 

®

 

 cartridges
(AMCHRO) conditioned with each 6 ml of methanol and
0.05 M potassium phosphate (pH 6.0). After washing the car-
tridges with, consecutively, water (6 ml), 0.05% trifluoroacetic
acid in water (6 ml), methanol (18 ml), and 0.5% ammonia in
isopropanol (4 ml), fentanyl was eluted with 1.0% ammonia in
acetonitrile (4 ml). The eluates were dried by vacuum evapo-
ration. The residues were dissolved in 32.5% acetonitrile/
67.5% 0.01 M triethylammonium phosphate, pH 7.0 (medium
A), and applied to a LiChrospher100 RP-18 5-

 

m

 

m endcapped
column (125 

 

3

 

 4 mm) with precolumn (10 

 

3

 

 4 mm). Low-

pressure discontinuous gradient elutions, using WATERS
pump 610, WATERS valve station 610 and 600E controller,
were run with medium A and 70% acetonitrile/30% 0.01 M
triethylammonium phosphate, pH 7.0, starting with 100% me-
dium A (4 min), and followed by 80, 10, and 100% medium A
for 16, 15, and 20 min, respectively, at a flow rate of 1 ml/min.
Fentanyl was detected at a retention time of 22.7 min with a
WATERS 486 detector at 205 nm. Recovery of fentanyl
from urinary samples spiked with the drug was 90.6 

 

6

 

 7.3%
(mean 

 

6

 

 SD).
For the determination of the amount of fentanyl that was

excreted into urine, 10 rats were injected SC with bolus doses
of fentanyl citrate of 8–70.5 

 

m

 

g/kg body weight, and 24 h sam-
ples of urine were collected for 3 days. The low doses used
should comply with the blood levels of fentanyl reached with
the rats infused continuously with fentanyl.

 

Test for Analgesia

 

Immediately before (day 0) and on days 1, 2, and 8 after im-
plantation of the minipumps, the animals were tested for analge-
sia by the tail flick method using a beam (analgesiometer from
Technical & Scientific Equipment GmbH, Germany). From the
test latency (TL), baseline latency before implantation of the
pumps (BL, being about 3.5 s), and a cut-off time of the beam
of 10 s, the measured analgesia was expressed as percentage of
the maximum possible effect (MPE) according to %MPE 

 

5

 

100(TL 

 

2

 

 BL)/(10 

 

2

 

 BL). The analgesic parameters were com-
pared over the dose groups using one-way ANOVA followed
by post hoc tests (Student–Newman–Keuls test) (29).

 

Membrane Preparation

 

At the end of the infusion period at day 8, before the de-
cline in the infusion rate, the rats were killed by decapitation
and the whole brain without cerebellum and the spinal cord
were removed, frozen in liquid nitrogen, and stored at 

 

2

 

70

 

°

 

C.
All following steps were performed at 0–4

 

°

 

C. For receptor
binding, the brain tissue obtained from each individual rat was
homogenized by 10 strokes with a teflon-glass homogenizer
(Potter S, Braun, Melsungen, F.R.G.) in 50 mM Tris/HCl
buffer, pH 7.4, at 0.1 g wet weight/ml. After centrifugation at
1,000 

 

3

 

 

 

g

 

 for 5 min, the supernatant above the pellet P1 was
centrifuged at 26,000 

 

3

 

 

 

g

 

 for 20 min, resulting in pellet P2.
The P2 pellet from each rat was washed three times by re-

homogenization by hand with 24 ml of buffer and centrifuga-
tion at 26,000 

 

3

 

 

 

g

 

 for 20 min to release the endogenously
bound fentanyl. Given the pharmacokinetic parameters for
fentanyl infused continuously into rats [steady-state blood
level, steady-state brain/blood partition coefficient 4.0, from
(3)], the maximal possible concentration of fentanyl in the
brain at the highest infusion dose (1.14 

 

m

 

mol/kg/day) was esti-
mated to be about 50 pmol per g tissue. When the brain mem-
brane fraction from untreated rats was incubated at 25

 

°

 

C with
fentanyl at a concentration 10-fold the above estimated value,
the washing procedure used was shown to be necessary and
sufficient for the receptor binding not to be influenced by any
residual fentanyl.

Using spinal cord, it was found that a great part of 

 

m

 

-recep-
tor binding sites was bound to the P1 pellet. Therefore, the
spinal cord homogenate was exposed immediately to the high-
speed centrifugation and the pellet representing the combined
P1/P2 was used for the experiments.

Membrane protein content was determined according to
(4), using bovine serum albumin as standard.
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m

 

-Receptor Binding of DAMGO

 

About 500–800 

 

m

 

g of membrane protein of brain or spinal
cord were incubated in triplicates with 130,000 dpm/ml (1 nM)
of the 

 

m

 

-opioid receptor ligand [

 

3

 

H]-DAMGO in absence and
presence of 10 different concentrations (0.1 up to 100 nM) of
unlabeled DAMGO in 50 mM Tris-HCl buffer (pH 7.4) at
25

 

°

 

C for 1 h. These conditions were shown to be sufficient to
reach receptor-binding equilibrium with no loss of binding
sites. Nonspecific binding (

 

,

 

10 and 

 

,

 

30% of total binding for
brain and spinal cord preparations, respectively) was deter-
mined from incubations including 20 

 

m

 

M levorphanol. In
some studies, 70 

 

m

 

M Gpp(NH)p was included in the incuba-
tion to look for change in receptor affinity. For spinal cord
membranes, values with and without Gpp(NH)p were com-
pared in pooled samples.

At the end of incubation, the samples were diluted with
buffer and immediately filtered and washed with 3 

 

3

 

 3 ml Tris-
buffer through Whatman GF/B filters in a Brandel-Harvester.
The filters with the pelleted membranes were counted for

 

3

 

H-activity. The receptor-binding parameters, i.e., the dissocia-
tion constant 

 

K

 

d

 

 and the binding capacity 

 

B

 

max

 

, were estimated
using the program LIGAND (BIOSOFT, Cambridge, UK).

Data for 

 

K

 

d

 

 and 

 

B

 

max

 

 obtained without Gpp(NH)p and
with/without Gpp(NH)p were analyzed with, respectively,
one-way multivariate ANOVA and ANOVA for a double
multivariate repeated measure design, with the dependent
variables 

 

K

 

d

 

 and 

 

B

 

max

 

 and the factor variables in vivo fentanyl
dose and in vitro Gpp(NH)p treatment (29).

 

Adenylate Cyclase Assay

 

The membrane fractions from the control rats and the rats
receiving 1.14 

 

m

 

mol of fentanyl/kg/day were, after thawing, re-
homogenized by Ultra-Turrax (Janke & Kunkel, F.R.G.). One-
hundred-microliter quadruplicates of the membranes (2.5 

 

m

 

g of
protein per tube) were incubated in 50 mM Tris/HCl buffer
(pH 7.4) in presence of 60 mM NaCl, 2.5 mM MgCl

 

2

 

, 1 mM
DTT, 0.5 mM EGTA, 0.5 mM ATP, ATP generating system
(20 mM creatine phosphate and 10 U of CPK), 10 mM theo-
phylline, and 20 

 

m

 

M GTP for 5 min at 25

 

°

 

C. Forskolin (10 

 

m

 

M)
was included in part of the incubations for stimulating the ac-
tivity and the basal as well as forskolin-stimulated activity was
measured, additionally, in presence of 10 

 

m

 

M DAMGO. The

reaction was stopped by heating the samples for 3 min at
95

 

°

 

C. cAMP was determined by the binding assay.
The data were analyzed with three-way repeated measures

ANOVA (29) with one between-subjects-factor (control/fent-
anyl-treated rats) and two cross-classified within-subjects-fac-
tors (enzyme activity basal/forskolin-stimulated and without/
with DAMGO).

 

Statistics

 

The statistics used are described separately for the differ-
ent parts of the study (see above). Numerical data in the text
and tables and bars in the figures are expressed as the mean 

 

6

 

SEM. All computations were performed with the program
SPSS for Windows, Release 6.1 (SPSS Inc., Chicago, IL,
USA) or STATISTICA for Windows, Release 4.5 (StatSoft,
Inc., Tulsa, OK, USA).

 

RESULTS

 

Of a subcutaneously injected dose of fentanyl, only 0.95 

 

6

 

0.20% was recovered in rat urine within 24 h, without any
drug being detected after this time. Nevertheless, this low
amount was sufficient for urinary excretion to be measured in
rats implanted with minipumps containing fentanyl. From the
calculated dose delivered every day from day 1 after implan-
tation onward and from the corresponding amount of fentanyl
determined in the daily collected urine, the daily recovery of
fentanyl was estimated to be 0.43 

 

6

 

 0.031% of the daily dose
and, more importantly, this was shown to be constant for all
doses with time from day 1, the time the minipump reached its
constant level of delivery (Fig. 1).

Evaluation of %MPE data by ANOVA showed high sig-
nificant dependence of the antinociceptive effect of fentanyl
on its dose at day 1 (Fig. 2) and day 2 (data not shown) after
the beginning of the infusion (

 

F

 

(6,52) 

 

5

 

 10.27, 

 

p

 

 

 

,

 

 0.001),
and, by Student–Newman–Keuls post hoc test, the antinocice-
ptive response became significant from 0.57 

 

m

 

mol/kg/day up-
ward (Fig. 2). However, at day 8, the response was not signifi-
cantly different between all doses, but was significantly lower
when compared with the response at day 1 (Fig. 2) or day 2
for all doses that had lead to significant analgesia at these
days, revealing tolerance (Fig. 2).

Using the program LIGAND, a one-site binding model

FIG. 1. Daily (24 h) recovery of fentanyl (% of daily dose 6 SEM)
in urine of rats (n 5 8) implanted with osmotic minipumps
delivering 0.14–0.57 mmol fentanyl/kg/day. The value given for day
1 (0–24 h) after implantation is an apparent one because it is related
to the constant delivery rate of the pumps reached only after about
1 day after implantation.
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gave the best fit for the data of the binding of the 

 

m

 

-agonist
DAMGO to the receptors in the brain and spinal cord prepa-
rations with and without Gpp(NH)p. Table 1 summarizes the
binding constants and capacities of the membrane prepara-
tions from the rats infused with different doses of fentanyl.

ANOVA showed no significant effect of the in vivo fenta-
nyl dose on 

 

Kd and Bmax for the in vitro brain preparations as
well as for those of spinal cord, and no interaction between
fentanyl dose and Gpp(NH)p influence on Kd and Bmax. How-
ever, the influence of Gpp(NH)p on the Kd values, by univari-
ate analysis, was highly significant (F(1,17) 5 155.95, p ,
0.001 for brain; F(1,5) 5 11.62, p , 0.05 for spinal cord; Table
1). For the whole group of control rats and rats infused with
various doses of fentanyl, the mean values of Kd (nM) and
Bmax (fmol/mg protein) of the binding of DAMGO to the
m-receptors in the brain were 1.00 6 0.04 and 126.2 6 3.00,
and in spinal cord 1.93 6 0.13 and 48.24 6 2.71, respectively.
Gpp(NH)p increased the Kd for brain and spinal cord sites by
3.09 and 2.65, respectively.

Evaluating the data for the adenylate cyclase activity by

ANOVA, a significant influence of DAMGO (F(1,36) 5
25.50, p , 0.001) and forskolin (F(1,36) 5 802.06, p , 0.001)
on the activities in the brain membranes and a significant in-
fluence of forskolin on the inhibition by DAMGO (F(1,36) 5
22.26, p , 0.001) was found (Table 2). However, the infusion
of the rats with fentanyl did not produce significant changes in
any of the activities (basal or in presence of DAMGO, forsko-
lin, or DAMGO/forskolin) of the adenylate cyclase compared
with those measured in the membranes of control rats
(F(1,36) 5 1.306, p 5 0.26).

DISCUSSION

In this study, rats were administered a m-opioid agonist
over a period of 8 days under conditions that should minimize
the development and expression of tolerance to its analgesic
action. First of all, fentanyl, a m-agonist of high analgesic ac-
tivity, was used. Such a high-efficacy opioid is assumed to pro-
duce smaller degrees of tolerance than opioids with lower an-
algesic potency and efficacy like morphine, the most widely

FIG. 2. Dependence of analgesia in rats (n 5 59) on the dose of
fentanyl daily delivered from osmotic minipumps continuously for 8
days. Tail-flick latencies were measured at day 1 (d) and day 8 (s)
after starting the infusion (day 0) and are given as mean 6 SEM of
%MPE. *p , 0.05 vs. control (dose 0) and †p , 0.05 vs. day 1 by
Student–Newman–Keuls test.

TABLE 1
m-OPIOID RECEPTOR BINDING OF DAMGO TO MEMBRANE FRACTIONS OF

BRAIN (WITHOUT CEREBELLUM) AND SPINAL CORD OF MALE RATS
AFTER THEIR CONTINUOUS S.C. INFUSION WITH 0 TO 1.14 mMOL

FETANYL/KG BODY WEIGHT/DAY FOR 8 DAYS

In vivo fentanyl
(mmol/kg/day)

Gpp(NH)p
70 mM

Brain Spinal cord

Kd
(nM)

Bmax
(fmol/mg)

Kd
(nM)

Bmax
(fmol/mg)

0 (vehicle) 2

1

0.88 6 .036
3.29 6 .121***

122.3 6 4.00
117.5 6 5.74

1.79 6 0.183
5.99 6 1.267*

46.31 6 3.14
48.30 6 6.55

0.14 2 1.00 6 .145 131.0 6 9.30
0.28 2 1.12 6 .177 130.4 6 5.81
0.57 2 1.05 6 .134 137.8 6 13.36
0.85 2

1

1.18 6 .182
2.79 6 .407***

112.8 6 9.87
99.9 6 6.83

2.02 6 0.383
3.96 6 0.411*

54.66 6 7.77
50.20 6 3.04

1.14 2

1

1.00 6 .085
3.00 6 .217***

131.7 6 3.25
125.0 6 4.84

2.13 6 0.029
4.51 6 0.745*

45.67 6 5.57
36.89 6 2.29

Mean values 6 SEM of the dissociation constants (Kd) and binding capacities (Bmax, fmol
receptor/mg protein) in presence and absence of Gpp(NH)p are given.

*p , 0.05 and ***p , 0.001 vs. values in absence of Gpp(NH)p.
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used analgesic drug (7,16,22–25). Furthermore, fentanyl was
given continuously, i.e., by a treatment schedule that is thought
to lower the development of tolerance during the long-term
treatment of cancer patients with morphine, compared with in-
termittent administration (6,12). No additional opioid was used
for testing for analgesia at the completion of the infusion be-
cause this could have had a negative impact on the constant
body level of drug and led to confusion over the antinocicep-
tive effects from residual fentanyl and the probe drug.

The infusion of fentanyl by the osmotic minipumps was
checked by the determination of the urinary excretion of the
drug by an extraction/HPLC procedure that allowed for the
very low urinary recovery of less than 1% of intact drug of a
subcutaneous dose, which is in accordance with its extensive
metabolism (3,13,21). From the constant values of urinary
fentanyl over the experimental time from day 1 to day 8 (Fig.
1), it is concluded that a constant plasma level and, by steady-
state equilibrium, constant tissue levels of the drug were
maintained during the long-term infusion.

The tail-flick latencies as measured 24 (Fig. 2) and 48 h af-
ter starting the infusion of fentanyl were increased in a dose-
dependent fashion. However, after 8 days of infusion, only a
slight but not significant analgesic response was seen even at
the highest dose used (Fig. 2). Conclusively, tolerance to the
analgesic activity of fentanyl had developed at submaximal
dosing of the drug and under conditions thought to be favor-
able in decreasing tolerance (see above).

Changes in pharmacological parameters, e.g., tolerance, of
opioids during their long-term administration should be
caused or accompanied by changes in the chain of molecular
events following binding of the active compound to its specific
receptors. Therefore, parameters of the specific receptor sites,
i.e., receptor capacity and affinity, and events closely related
to them, i.e., their regulation by GTP and of adenylate cy-
clase, has been sought as possibly being involved in the devel-
opment of tolerance in laboratory animals.

Literature data generally agree that there is no change in
the affinity of the m-opioid receptors in the CNS of rats after
long-term administration of m-opioid agonists (1,2,9,15,17,27).
In line with this, no significant effect of the in vivo fentanyl
dose on the affinity of the m-receptors, as measured with the
m-specific ligand DAMGO, in both the brain and spinal cord
was found here (Table 1). Furthermore, the concentrations of
the m-receptors in brain and spinal cord were not altered sig-

nificantly by the fentanyl treatment (Table 1), which is in line
with only part of the literature data about continuous opioid
administration (8,27), whereas in some reports decrease
(2,9,26) or even elevation (1,5,19,20,26) in the number of
binding sites were found.

m-Opioid receptors are G(i)-protein-coupled to inhibit the
adenylate cyclase. Accordingly, the GTP analogon Gpp(NH)p
decreased the affinity of the DAMGO binding sites in the rat
brain and spinal cord membranes (i.e., increase in the Kd by
3.09 and 2.65, respectively; Table 1) and, furthermore,
DAMGO decreased the forskolin-stimulated adenylate cyclase
(Table 2). However, again there was no significant influence of
the long-term treatment of the rats with fentanyl on these pa-
rameters, although the analysis of the data showed a tendency
to a slight inhibition of the decrease of the receptor affinity by
Gpp(NH)p, as it was observed with midbrain membranes
from morphine-tolerant rats (27).

The main difference between the literature studies men-
tioned above and this study lies in the treatment schedule of the
rats with opioids. Most studies have used repeated administra-
tion of morphine, especially in pellet formulations, to obtain
morphine-tolerant rats. Therefore, different and fluctuating
body levels of morphine may have resulted in tolerant states of
differing degrees for subsequent biochemical studies. In the
present study, pharmacokinetically, by constant-rate infusion,
and pharmacodynamically, by tail-flick measurements, con-
trolled rats were used and the membrane preparations were
checked to be free of contaminations of residual fentanyl.

Under these conditions, in summary, infusion of rats for 8
days with fentanyl in doses up to 1.14 mmol/kg/day, leading to
tolerance to its analgesic effect, did not significantly change
the capacity, affinity, and regulation of the affinity by GTP of
the m-opioid receptor in brain and spinal cord, nor did it
change the activity of the brain adenylate cyclase and its inhi-
bition by the m-opioid ligand DAMGO. There may be two
general reasons why no effects of the state of tolerance on the
m-opioid receptors in preparations of whole brain and spinal
cord were observed. Molecular events in the signaling system
more distant to the events at the receptor may be affected
(11,14), which could give rise to additional messengers, e.g.,
anti-opioid peptides (18). Alternatively, or additionally,
changes at the receptor level may be restricted to specific re-
gions in the CNS thought to be mainly involved in the devel-
opment of tolerance (14).

Then such site-specific changes in the receptors could
hardly be seen with preparations of the whole brain. On the
other hand, changes in the capacity of m-opioid receptors
have been found in a broad spectrum of brain loci such as cor-
tex (2,26), midbrain (26), striatum (5,26), hypothalamus (5),
and pons and medulla (2), however, in some cases down-regu-
lated and in other up-regulated. If, at the same time, the re-
ceptors in different regions were regulated differently, then
again using whole brain preparations would not reveal the sig-
nificant processes.

It has been considered that up-regulated opioid receptors
might differ from the normal inhibitory receptors by being ex-
citatory in nature, counteracting the analgesic activity of an
opioid, and that receptor up-regulation might be higher as the
level of tolerance is the higher (18). This could partly explain
the different results for opioid receptor regulation, assuming
different levels of tolerance in the various studies. The possi-
bility that m-opioid receptors may be differently regulated de-
pending on their regional localization and the level of toler-
ance emphasizes investigations into the regional receptor
regulation under different levels of tolerance.

TABLE 2
ADENYLATE CYCLASE ACTIVITIES IN MEMBRANES OF 

WHOLE BRAINS (WITHOUT CEREBELLUM) OF RATS
AFTER THEIR CONTINUOUS S.C. INFUSION WITH

VEHICLE (n 5 5) OR 1.14 mMOL FENTANYL/KG/DAY
(n 5 5) FOR 8 DAYS

Activity

pmol cAMP/min/mg protein (25°C)

Vehicle Fentanyl‡

Basal 282.0 6 10.0 254.8 6 10.6
1 10 mM DAMGO 270.1 6 8.7 260.2 6 11.3
1 10 mM forskolin 998.9 6 43.4*** 1071.7 6 44.8***
1 10 mM DAMGO/

10 mM forskolin
843.1 6 38.6***

‡‡‡
928.7 6 28.9***

‡‡‡

***p , 0.001 vs. basal and DAMGO and ‡‡‡p , 0.001 vs. forskolin 
(Student-Newman-Keuls post hoc test).

‡Not significant vs. vehicle for all kinds of activity.
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