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Abstract

q Ž . w3 x ŽThe characteristics of specific binding of the ATP-sensitive K K channel blocker H glibenclamide to forebrain membranes PATP 2
.fraction, 48C obtained from morphine-naive and -tolerant mice were evaluated. Morphine tolerance was induced by osmotic minipumps

that released 45 mgrkgrday of morphine subcutaneously for 6 days. This treatment enhanced the antinociceptive ED of morphine50
Ž . w3 xwithout changing itsE . In morphine-naive animals, 1 both the association and the dissociation of H glibenclamide were biphasic;max

Ž . w3 x Ž .2 H glibenclamide was displaced by other sulfonylureas order of potency: glibenclamide)glipizide4 tolbutamide with pseudo-Hill
Ž .coefficients lower than unity and biphasic Hofstee plots; and 3 Scatchard plots of saturation experiments were curvilinear, showed a Hill

coefficient of 0.81"0.04 and suggested the presence of two binding sites with aK of 0.13 and 3.17 nM and aB of 12.30 and 84.47D max
Ž .fmolrmg protein, respectively. By contrast, in membranes obtained from morphine-tolerant animals, 1 the Scatchard plots showed only

one population of binding sites with aK of 0.87 nM and aB of 77.99 fmolrmg protein, and the Hill coefficient was very close toD max
Ž . Ž . Ž .unity 0.96"0.1 ; 2 competition experiments using glibenclamide as displacer showed a pseudo-Hill coefficient of 0.99"0.04; and

Ž . w3 x3 dissociation experiments showed only one phase of dissociation. These results suggest that H glibenclamide binds to two different
sites in membranes obtained from morphine-naive animals, but to only one site in morphine-tolerant animals. Consequently, it seems that
morphine tolerance in mice involves adaptive changes in K channels.q2001 Published by Elsevier Science B.V.ATP
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1. Introduction

Ž .Ion channels like membrane receptors undergo adap-
tive modifications in their function or number during

Ždiseases processes Gopalakrishnan and Triggle, 1990;
.Levin and Dunn-Meynell, 1998 or chronic drug treat-

Ž .ments e.g. Ferrante and Triggle, 1990 . In particular, the
chronic activation of voltage-dependent Naq channels
Ž . 2qShermann and Catterall, 1984 , L-type Ca channels
Ž . q Ž .Skattebol et al., 1989 and ATP-sensitive K KATP

Ž .channels Gopalakrishnan and Triggle, 1992 downregu-
lates the number of each specific type of ion channel in the
cell membrane. On the other hand, up regulation of these
channels is induced by the chronic blockade of Naq

Ž . 2qchannels Brodie et al., 1989 , L-type Ca channels
Ž .Skattebol et al., 1989; Diaz et al., 1995 and K chan-ATP

Ž .nels Gopalakrishnan and Triggle, 1992; Lu et al., 1995 .
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The acute administration ofm-opioid receptor agonists
q Ž . Žopens inwardly rectifying K Kir channels Loose and

.Kelly, 1990; Chieng and Christie, 1994 and closes volt-
2q Žage-dependent Ca channels Kennedy and Henderson,

.1991; Wilding et al., 1995 . These electrophysiological
effects appear to have behavioural consequences. For ex-
ample, the antinociception induced by agonists ofm-opioid
receptors is antagonized both by blockers of K chan-ATP

Ž . Žnels a type of Kir channel Ocana et al., 1993a, 1995;˜
.Raffa and Martınez, 1995; Yang et al., 1998 and by´

2q ŽL-type voltage-dependent Ca channel openers Dierssen
.et al., 1990; Wei et al., 1996 , whereas it is enhanced by

openers of K channels and by blockers of L- andATP
2q ŽN-type Ca channels Narita et al., 1992a; Ocana et al.,˜

1996; Del Pozo et al., 1990; Dierssen et al., 1990; Wei et
.al., 1996 .

The chronic administration of agonists ofm-opioid re-
ceptors produces adaptive changes in the function and
number of voltage-dependent Ca2q channels, such as un-
coupling ofm-opioid receptors and N-type Ca2q channels
Ž .Kennedy and Henderson, 1991 and up regulation of

2q ŽL-type Ca channels Ramkumar and El-Fakahany, 1988;

0014-2999r01r$ - see front matterq2001 Published by Elsevier Science B.V.
Ž .PII: S0014-2999 01 00932-3



( )L.G. Gonzalez et al.rEuropean Journal of Pharmacology 418 2001 29–37´30

. qDiaz et al., 1995 . The function of K channels is also
altered in morphine tolerance. Thus, the amplitude of the
neuronal inwardly rectifying Kq conductance induced by
agonists ofm-opioid receptors is lower in animals rendered

Žtolerant to morphine than in control animals Christie et
.al., 1987; Zhang et al., 1996 . Whether such functional

changes reflect modifications in the properties or the num-
ber of Kq channels is not well known. A previous study
showed that chronic administration of morphine to rats
downregulated the levels of mRNA for certain non-ATP-

q Ž .dependent K channels Mackler and Eberwine, 1994 .
K channels are a type of Kir constituted by hetero-ATP

multimers of two kinds of proteins. Each channel is formed
Ž .from four pore-forming Kir subunits Kir 6.1 or Kir 6.2

complexed with four regulatory sulfonylurea receptor pro-
Žteins SUR1 in neuronalrpancreatic beta cells or SUR2 in

. Žcardiovascular cells Inagaki et al., 1996; Aguilar-Bryan
.et al., 1998 . Glibenclamide is a sulfonylurea drug which

binds to the SUR1 domain with 10 to 500 fold higher
Žaffinity than to the SUR2 domains Dorschner et al., 1999;

. w3 xMeyer et al., 1999 . Experiments with H glibenclamide
have demonstrated both the presence of specific binding

Ž . Žsites K channels in neuronal membranes Mourre etATP
.al., 1990; Gopalakrishnan et al., 1991a; Zini et al., 1991

and the development of adaptive changes in these binding
sites during several diseases and after chronic treatment

Žwith K channel openers and blockers e.g. Gopalakr-ATP

ishnan and Triggle, 1992; Lu et al., 1995; Levin and
.Dunn-Meynell, 1998 .

We were interested in studying whether a sustained
treatment with morphine changes the number or properties
of K channels in the brain. Therefore, we evaluated theATP

w3 xcharacteristics of H glibenclamide binding to neuronal
membranes obtained from morphine-naive and -tolerant
animals.

2. Materials and methods

2.1. Animals

ŽFemale Swiss CD1 mice weighing 28–30 g Criffa,
.Spain were used. Animals were kept in temperature-con-

trolled rooms at 21"18C, with 12 h darkrlight cycles
Ž .lights on at 0800 h and off at 2000 h and free access to
food and water. Antinociception experiments were per-
formed between 0900 and 1300 h.

The animals were handled according to guidelines for
the care of laboratory animals and ethical principles for
research in experimental pain with conscious animals
Ž .Zimmermann, 1983 .

2.2. Drugs and radioligands

w3 x Ž .H glibenclamide specific activity 50.00 Cirmmol
Ž .was purchased from Dupont-NEM Itisa, Madrid, Spain .
Ž .Dilutions were prepared in buffer Tris 50 mM, pH 7.4 .

ŽUnlabeled drugs were glibenclamide Sigma Quımica,´
. Ž .Spain ; glipizide Farmitalia Carlo Erba, Spain and tolbu-
Ž .tamide Sigma Quımica . Glibenclamide and glipizide were´

dissolved in absolute ethanol to make up a 1-mM solution
Žfrom which further dilutions were made with buffer Tris

.50 mM, pH 7.4 . Tolbutamide was prepared in Tris 50
ŽmM, pH 7.4, to make up a 25-mM solution five drops of

.NaOH 0.1 N were added to dissolve the drug ; further
dilutions were prepared with Tris 50 mM, pH 7.4.

ŽMorphine hydrochloride General Directorate of Phar-
.macy and Drugs, Spanish Health Ministry was used for

antinociception studies and to induce morphine tolerance.
It was dissolved in deionized water.

2.3. Experimental procedure

2.3.1. Experimental groups
ŽMice were treated with osmotic minipumps Alzet 2001,

.Criffa, Spain that released either morphine at a rate of 45
Ž .mgrkgrday morphine-tolerant group or its vehicle

Ž .morphine-naive or control group . The minipumps were
implanted subcutaneously in animals anaesthetised with
ethyl ether. Six days later, the animals, with the pump still
implanted, were used for antinociception experiments or
were killed and forebrain membranes were obtained as
described below.

2.3.2. Membrane preparations
Binding experiments were carried out in the crude

synaptosome fraction or P fraction from mice forebrains.2

To obtain this fraction, we used the method of Zini et al.
Ž .1993 . Briefly, mice were killed by decapitation, the
brains were quickly removed and the forebrains were
dissected and placed in tubes containing 10 ml ice-cold
0.32 M sucrose solution. Then each forebrain was homog-

Ženized with three strokes of Polytron homogenizer Model
.PTA7T, Gomensoro, Spain at a position of 3. Each stroke

lasted 10 s and was separated from the next stroke by a
30-s period during which the tube was placed in ice. These
homogenates were centrifuged at 1000=g for 10 min at
48C; the resulting pellets were discarded and the super-
natants were recentrifuged under the same conditions. The
resulting supernatants were poured off, taking care not to
disturb the pellets, and were centrifuged at 17000=g, for

Ž .20 min, at 48C. Then each pellet P fraction obtained was2
Ž .resuspended in buffer Tris 50 mM, pH 7.4 and thor-

oughly mixed using a vortex.
Protein concentrations were measured by the method of

Ž .Lowry et al. 1951 with some modifications, using bovine
serum albumin as the standard.

2.3.3. Radioligand assays
We incubated 460ml of crude synaptosome fraction

with 20 ml of tritiated ligand and 20ml of unlabeled drug
or its solvent at 48C. The incubation time was different
depending on the type of assay. For protein, saturation and
competition experiments we used 120 min, but in associa-
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tion experiments, different times were used ranging from
0.5 to 180 min. In dissociation assays we incubated mem-

Žbranes and radioligand for 60 min; then unlabeled drug 1
. w3 xmM was added and bound H glibenclamide was mea-

sured at several time intervals ranging from 1 to 240 min.
Incubations were terminated by adding 5 ml ice-cold 50
mM Tris–HCl buffer, pH 7.4, at 48C. Bound and free
w3 xH glibenclamide were immediately separated by rapid
filtration under a vacuum with a Brandel cell harvester
Ž .Model M-12T, Brandel Instruments, MD over Whatman
GFrB glass fibre filters, and washed twice with 5 ml
volumes of ice-cold buffer. The filters were transferred to
scintillation counting vials containing 4 ml of liquid scin-

Žtillation cocktail Optiphase Hisafe II, Wallac Scintillation
.Products, England and equilibrated for at least 12 h. The

radioactivity retained in the filter was measured with a
Žliquid scintillation spectrometer Beckman Instruments Es-

.pana S.A., Spain , with an efficiency of 52%.˜
The kinetics and competition studies were done in the

w3 xpresence of 2 nM H glibenclamide. In saturation studies,
w3 xa range of H glibenclamide concentrations from 0.05 to

32 nM was used. Specific binding was defined as that
displaced by 1mM unlabeled glibenclamide.

All incubations were done in triplicate and each experi-
ment was repeated three or more times to replicate the
results.

2.3.4. Measurement of antinociception
Antinociception was assessed by the hot plate test at

Ž .50"0.58C as previously described Robles et al., 1996 .
ŽSix days after the minipump was implanted with the

.pump still in place , morphine or its vehicle was injected
Ž .subcutaneously s.c. in a volume of 5 mlrkg, 30 min

before the animals were exposed to the hot plate. Then
each mouse was placed on the surface of the hot plate and

Žthe latency to the beginning of jumping was recorded the
.control latency value was 112.11"6.67 s . The maximum

Ž .time of exposure to the plate cut-off time was 500 s, and
animals that did not jump after this time were removed
from the plate and latency was recorded as 500 s. At the
end of the experiments, all the animals were killed to avoid
unnecessary suffering due to possible tissue lesions.
Antinociceptive activity was expressed as the percentage
of maximum possible antinociception, according to the

wŽ . Žequation: % antinociceptions LTT y LTC r CTy
.xLTC =100, where LTT is the latency in morphine-treated

mice, LTC is the latency in vehicle-treated mice, and CT is
the cut-off time or maximum possible time on the plate.

2.4. Data analysis

Radioligand binding data were analysed using the non-
linear least-squares analysis computer program EBDAr

Ž .LIGAND McPherson, 1985 . This program performs
ŽScatchard analyses specific boundrfree concentration of

.radioligand versus specific bound and calculates the equi-
Ž .librium dissociation constantK and the maximum num-D

Ž .ber of binding sites B . The program also fits datamax

assuming the presence of one or more binding sites and
allows comparison of the relative goodness-of-fit using a

Žpartial F test the differences were considered significant
.when P was less than 0.05 . We also performed Hill plots

from the saturation experiments by plotting the data as log
w Ž .x w xBr B yB versus log L , whereB is the amount ofmax

w xradioligand bound at each concentration of radioligand L
Ž .and the slope of the plotn represents the Hill coeffi-H

cient.
Using the data from the competition experiments, the

EBDArLIGAND program provided the Hofstee analysis
Ž w% binding displaced versus % binding displacedr dis-

x. Ž X .placer, nM and calculated a pseudo-Hill coefficientnH
w X Ž X X.xby plotting the data as logB r B yB versus logmax

w x Xdisplacer, M . In this case,B is the specific binding in
the presence of displacer, andBX represents the amountmax

of specific binding in the absence of any concentration of
displacer.

Association and dissociation experiments were analysed
Ž .with the KINETIC computer program McPherson, 1985 .

Ž .If the P was less than 0.05 partialF test , the model for
biphasic kinetics was considered more appropriate than a
monophasic kinetics model. The association was described
by the following equation:

B sB 1yeyk obs1t qB 1yeyk obs2tŽ . Ž .t e1 e2

where B is the amount of radioligand bound at timet, Bt e

is the amount of radioligand bound at equilibrium at sites 1
and 2, respectively, andk and k are the apparentobs1 obs2

association rate constants at these sites.
The data obtained in dissociation experiments were

fitted to the following equation:

B sB eyky1 A tqB eyky1 B t
t 01 02

where B is the amount of radioligand bound at time 0 at0

the different sites, andk and k represent they1A y1B

dissociation rate constants for each phase.
ŽThe IC concentration of unlabeled drug that inhibited50

w3 x . Ž50% of specific H glibenclamide binding and ED dose50

of morphine that produced half of the maximal antinoci-
.ception values were calculated from the dose–response

curves using non-linear regression analysis with the Graph-
Ž .Pad Inplot computer program Graph-Pad Software .

In the antinociception experiments, significant differ-
ences between two means were assessed by the StudentXs
t-test and were accepted at theP-0.05 level. Results are
presented as mean"S.E.M. value.

3. Results

[3 ]3.1. Characteristics of H glibenclamide binding in con-
trol animals

w3 xSpecific H glibenclamide binding was linear at protein
Ž .concentrations between 0.4 and 2.2 mgrml Fig. 1A .
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w3 x Ž . Ž .Fig. 1. Specific binding of H glibenclamide to morphine-naive mice forebrain membranes P fraction as a function of protein concentration A and2
Ž . w3 x Ž . Ž .time of association B . Membranes were incubated at 48C with H glibenclamide 2 nM for 120 min A or for different periods B . Specific binding was

Ž .defined with unlabeled glibenclamide 1mM , and represented more than 90% of the total binding. Data shown are representative of at least three
experiments done in triplicate.

Binding experiments were therefore done at a final protein
concentration of 0.8 mgrml.

w3 xThe time course of association of H glibenclamide
was determined at a concentration of radioligand of 2 nM.
Steady state was reached at 60 min and remained stable for

Ž .180 min Fig. 1B . We therefore used 120 min as the
incubation time for the rest of the experiments, except for
dissociation experiments, for which we used a 60-min
incubation period. Analysis of the time-course of the asso-
ciation indicated that a two-site model was significantly

Ž .better P-0.05, F partial test than a one-site model, the
apparent association rate constants beingk s0.091obs1

miny1 and k s0.669 miny1, respectively.obs2
w3 xThe dissociation of bound H glibenclamide also fit a

Ž .bi-exponential modelP-0.001, F partial test , with two
dissociation rate constants:k s0.0049 miny1 andy1A

y1 Ž .k s0.3410 min Fig. 2A .y1B

Ž . w xConsidering thatk s k yk r F , we calculatedq1 obs y1

the values ofk of the two sites, which were 0.043 andq1

0.161 miny1 nMy1 for k and k , respectively. Theq1A q1B

k rk ratios, a measure of the apparent dissociationy1 q1

constant, were 0.11 and 2.12 nM forK and K ,D1 D2

respectively; these values were close to those obtained
Ž .from saturation experiments see below .

w3 xSaturation experiments showed that H glibenclamide
Ž .bound in a saturable manner to the P membranes Fig. 3 .2

The Scatchard analysis of these experiments yielded a
Ž .biphasic curvilinear plot over the concentration range

Ž .tested Fig. 4A . Hill coefficients were different from unity
Ž .0.81"0.04 . LIGAND analysis showed that a two-site fit

Ž .was significantly better than a one-site fitP-0.01 . The
equilibrium dissociation constants were 0.13"0.04 nM
Ž .K for the higher affinity population and 3.17"0.58D1

Ž .nM K for the lower affinity, and the maximum num-D2

w3 x Ž . Ž .Fig. 2. Dissociation of H glibenclamide from forebrain membranes P fraction : A bi-exponential process of dissociation from morphine-naive mice2
Ž .membranes; B monoexponential process of dissociation from morphine-tolerant mice membranes. Dissociation was initiated by the addition of unlabeled
Ž . w3 xglibenclamide 1mM to membranes equilibrated for 60 min at 48C with H glibenclamide 2 nM, and was stopped by rapid filtration at the indicated

times. Data shown are representative of at least three experiments done in triplicate.
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w3 xFig. 3. Saturation analysis of H glibenclamide binding to control mice
Ž . Ž . Ž .forebrain membranes P fraction . The totalI , specific v and2

Ž .non-specific % binding were plotted as a function of free ligand
Ž .concentration. Membrane proteins 0.8 mgrml and several concentra-

Ž . w3 xtions 0.05–0.32 nM of H glibenclamide were incubated with 1mM
Ž . Žunlabeled glibenclamide non-specific binding or its solvent ethanol

. Ž .0.1% total binding for 120 min at 48C. Specific binding was calculated
as the difference between total and non-specific binding. Data shown are
representative of at least three experiments done in triplicate.

Ž . w3 xber B of specific H glibenclamide binding sitesmax

were 12.30"4.56 and 84.47"12.00 fmolrmg protein for
B and B , respectively.max1 max2

Competition experiments performed at equilibrium
Žshowed that all sulfonylureas tested glibenclamide, glip-

.izide and tolbutamide concentration-dependently dis-
w3 x Ž .placed specifically bound H glibenclamide Fig. 5 . The

amount of specific binding was independent of the unla-
beled sulfonylurea used, and it was always higher than
90% of the total binding. The order of potency of the

w3 xdifferent sulfonylureas in inhibiting H glibenclamide
binding was glibenclamide)glipizide4 tolbutamide, and

Ž .their inhibitory concentration 50 IC and 95% confi-50
Ž . Ždence interval were 1.59 1.41–1.78 nM, 9.69 7.78–

. Ž .12.06 nM and 16.78 12.80–21.90mM, respectively. The
Hosftee analysis yielded a curvilinear plot in all cases, and

Ž X .the pseudo-Hill coefficients n were always differentH

w3 xFig. 5. Inhibition by unlabeled sulfonylureas of H glibenclamide spe-
Ž .cific binding to control mice forebrain membranes P fraction .2

w3 x Ž .H glibenclamide 2 nM was incubated with 0.8 mgrml membrane
Ž .protein and increasing concentrations of glibenclamidev , glipizide

Ž . Ž .I or tolbutamide ' for 120 min at 48C. Data shown are representa-
tive of at least three experiments done in triplicate.

from unity: 0.91"0.05, 0.87"0.08 and 0.85"0.02 for
glibenclamide, glipizide and tolbutamide competition, re-
spectively.

[3 ]3.2. Characteristics of H glibenclamide binding in mor-
phine-tolerant animals

In the membranes obtained from morphine-tolerant ani-
w3 xmals, the Scatchard analysis of H glibenclamide satura-

Žtion data showed only one population of receptors Fig.
.4B , with a K of 0.87"0.20 nM, and aB value ofD max

77.99"5.08 fmolrmg protein. The slope of the Hill plot
Ž .was not different from unity 0.96"0.1 . In addition, the

pseudo-Hill coefficients obtained from competition experi-
Ž .ments using glibenclamide as the displacer were very

Ž X . Ž .close to unity n s0.99"0.04 data not shown . TheseH

results suggest the presence in morphine-tolerant animals
of only one class of binding site with aK intermediateD

between that of the low- and high-affinity binding sites in

w3 x Ž . Ž .Fig. 4. Scatchard plots of H glibenclamide specific binding to forebrain membranes P fraction : A biphasic plot obtained from morphine-naive mice2
Ž .membranes; B monophasic plot obtained from morphine-tolerant mice membranes. Each figure is representative of the results obtained in four

experiments done in triplicate. The dotted lines are estimates of the high- and low-affinity binding sites.
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ŽFig. 6. Antinociception induced in the hot plate test 50"18C, jumping
. Ž .response by the subcutaneous administration of morphine 1–32 mgrkg

to animals implanted 6 days previously with osmotic minipumps that
Ž . Ž .released either morphine 45 mgrkgrday ` or its vehicle v . The

points and the vertical lines that cross them represent the mean"S.E.M.
of the values obtained in a minimum of eight animals per dose. Statisti-
cally significant differences in comparison to control mice:)P-0.05,
)) Ž .P-0.01 Student’st-test .

morphine-naive animals, and aB similar to that of themax

low-affinity site found in control animals.
Differences were also found between control and toler-

ant animals when dissociation experiments were analysed.
In morphine-tolerant animals, the dissociation curve was

Ž .monoexponential and the dissociation rate constantky1
y1 Ž .was 0.0023 min Fig. 2B .

3.3. AntinociceptiÕe actiÕity of morphine in control and
morphine-tolerant animals

In mice implanted 6 days previously with minipumps
Žthat released vehicle, the administration of morphine 1–32

.mgrkg, s.c. induced a dose-dependent antinociceptive
Ž .effect Fig. 6 . Maximum effect was reached with 16

mgrkg of morphine, and the ED was 4.08"0.31 mgrkg.50

In mice implanted 6 days previously with minipumps that
Ž .released morphine 45 mgrkgrday , the dose–response

curve of morphine was shifted to right and the ED was50
Ž .8.43"1.01 mgrkg, a value significantly higherP-0.01

Ž .than in the control group Fig. 6 . There was no difference
in the E of morphine between the two groups ofmax

Žanimals 100.11"3.56 in the control group versus 96.6"
.6.5 in the morphine-tolerant group .

4. Discussion

The results we obtained with different experimental
Žapproaches kinetic, competition and saturation experi-

. w3 xments showed that H glibenclamide recognizes two
binding sites in morphine-naive animals but only one in
morphine-tolerant animals. These results suggest that adap-

Žtive changes in the receptors for sulfonylureas K chan-ATP

.nels occur during the development of tolerance to mor-
phine.

[3 ]4.1. Characteristics of H glibenclamide binding in con-
trol animals

In the kinetics experiments, both the association and the
w3 xdissociation of H glibenclamide to its binding sites were

biphasic. A similar bi-exponential association and dissocia-
w3 xtion of H glibenclamide to neuronal and beta-cell mem-

Žbranes has been previously described Panten et al., 1989;
.Zini et al., 1991; Schwanstecher et al., 1992 . Scatchard

analysis of the saturation isotherms in our control forebrain
membranes yielded biphasic plots, and the Hill coefficients
were less than unity; these facts suggest again that
w3 xH glibenclamide binds to two different sites. Biphasic
Scatchard plots have also been reported by others in

Žneuronal membranes Zini et al., 1991; Gopalakrishnan et
.al., 1991a; Niki and Ashcroft, 1993 , as well as in insulin-

Ž . Žsecreting tumor HIT cells French et al., 1991; Aguilar–
.Bryan et al., 1992; Nelson et al., 1992 and cardiac

Žmembranes Gopalakrishnan et al., 1991a; French et al.,
.1991 . The apparentK values obtained with thek rkD y1 q1

ratios from the kinetics experiments were similar to those
obtained with the Scatchard analysis, which supports the
internal consistency of our data.

Competition experiments in membranes obtained from
control animals showed that all sulfonylureas tested were

w3 xequally able to displace H glibenclamide from its binding
sites, the only difference being the order of potency as
displacers: glibenclamide was one order of magnitude

Žmore potent than glipizide IC for both in the low nM50
. Žrange , whereas tolbutamide was much less potent IC in50

.the mM range . These results agree with those obtained
Žpreviously in brain membranes Zini et al., 1991;

. ŽSchwanstecher et al., 1994 , pancreatic beta-cells Panten
. Ž .et al., 1989 and HIT cells Nelson et al., 1992 . The

results of competition experiments provided further evi-
w3 xdence that H glibenclamide binds to two different sites,

since the Hofstee plots were biphasic and the pseudo-Hill
coefficients were lower than unity for all three sulfony-
lureas tested as displacers. Similar results have been de-

Ž .scribed by Zini et al. 1991, 1993 in rat cerebral cortex
membranes.

Therefore, experiments with forebrain membranes from
w3 xour morphine-naive animals suggested that H gliben-

clamide binds to two different sites. The physiological
significance of the high and low affinity binding sites is
not clear, but both of them may play a functional role
ŽDunn-Meynell et al., 1997; Aguilar-Bryan et al., 1992;

.Nelson et al., 1992 and autoradiographic studies suggest
that they are distributed differently in several areas of the

Žbrain and within the neurons of the same area Dunn-
.Meynell et al., 1997 . Furthermore, high- and low-affinity

w3 xH glibenclamide binding sites have been shown to be
differentially regulated by streptozotocin-induced diabetes
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Ž .Levin and Dunn-Meynell, 1998 as well as by dietary
composition and by the propensity of the animals to

Ždevelop or resist dietary obesity Levin and Dunn-Meynell,
.1997 .

[3 ]4.2. Characteristics of H glibenclamide binding in mor-
phine-tolerant animals

The enhanced ED of morphine to produce antinoci-50

ception in animals implanted with minipumps that released
morphine in comparison to those implanted with vehicle-
filled minipumps indicates that the former animals were in
fact tolerant to morphine. The degree of tolerance induced
by the dose of morphine released by the minipumps in our
experiments was not very high: the ratio between the
antinociceptive ED of morphine in the morphine-treated50

and -naive group was only 2.07. Interestingly, when the
animals were made tolerant to morphine the characteristics

w3 xof H glibenclamide binding to forebrain membranes were
altered. In morphine-tolerant animals, the dissociation of
w3 xH glibenclamide from its binding sites was monoexpo-
nential, the Scatchard analysis of saturation experiments
yielded a linear plot, and the competition experiments
yielded a linear Hofstee plot and a pseudo-Hill coefficient
close to unity. These results indicate that during morphine

w3 xtolerance there is only one H glibenclamide binding site
with a B similar to that of low-affinity sites in controlmax

animals, and aK intermediate between that of the high-D

and low-affinity binding sites in morphine-naive animals.
w3 xThe modulation by morphine of H glibenclamide binding

cannot be explained by a direct effect of morphine on the
sulfonylurea receptor, since morphine is not able to dis-

w3 xplace H glibenclamide from its binding sites in neuronal
Ž .membranes Narita et al., 1992a; Raffa and Codd, 1994 .

w3 xThe changes in the binding characteristics of H gliben-
clamide that we observed in the morphine-tolerant animals
can be explained in part by two facts. Firstly, during
morphine tolerance, the activity of some proteinkinases
and the degree of phosphorylation of several proteins are

Ženhanced Nestler and Aghajanian, 1997; Nestler et al.,
.1999 . Moreover, phosphorylation of the sulfonylurea re-

ceptor reduces theB of the high-affinity binding site ofmax
w3 xH glibenclamide in the hamster B-cell line HIT-T15 cells
Ž .Schwanstecher et al. 1992 and enhances theK valueD

w3 xfor H glibenclamide binding to the high-affinity site in
Ž .HIT-T15 cells Schwanstecher et al. 1992 and to micro-

Žsomes obtained from mouse pancreatic islets Schwans-
.techer et al. 1991 . Therefore, a phosphorylation of the

brain sulfonylurea receptor induced by the sustained ad-
ministration of morphine may underlie the modification of

w3 xthe high-affinity H glibenclamide binding site character-
istics that we found.

w3 xThe changes in H glibenclamide binding as a result of
chronic treatment with morphine are not surprising, since

w3 xprevious experiments have shown that H glibenclamide
binding sites undergo adaptive changes as a consequence

of chronic drug treatment or disease. Chronic treatment
w3 xwith glibenclamide up regulates H glibenclamide binding
Žin cardiac and brain membranes Gopalakrishnan and Trig-

.gle, 1992; Lu et al., 1995 , whereas chronic administration
of pinacidil downregulates binding in brain membranes
Ž .Gopalakrishnan and Triggle, 1992 . Furthermore, changes

w3 xin H glibenclamide binding to brain membranes were
Žalso observed during experimental diabetes Levin and

. ŽDunn-Meynell, 1998 , cardiac failure Gopalakrishnan et
. Žal., 1991b and in cardiomyopathic animals Miller et al.,

. Ž1992 , as well as in animals subjected to hypoxia Mourre
.et al., 1990; Xia et al., 1993 .

One previous study reported an increase in theK andD
w3 xin the B of H glibenclamide to brain membranesmax

Ž .during morphine tolerance Welch et al., 1997 . The
changes inB were opposite to those we found. Al-max

though we do not known the reasons for the discrepancy,
methodological differences may be partly responsible.
Welch et al. used synaptosomes obtained from the whole
brain of Swiss Webster mice treated for 3 days with
morphine; whereas we used P membranes obtained from2

the forebrain of CD-1 mice treated for 6 days with mor-
phine. More importantly, Welch et al. found a single
w3 xH glibenclamide binding site in control and morphine-
tolerant animals. These results differ from those of several

w3 xstudies which found two binding sites for H glibencla-
Žmide in neuronal membranes of control animals Zini et

al., 1991; Gopalakrishnan et al., 1991a; Niki and Ashcroft,
.1993; present results . Therefore, the experimental condi-

tions used by Welch et al. may have precluded the identifi-
cation of binding sites that were downregulated in our
experiments.

Morphine is not able to directly bind to the Kir channels
Ž .to modulate their activity Ulens et al., 1999 , but it is able

to open Kir channels by binding tom-opioid receptors and
Žactivating Gi proteins Tatsumi et al., 1990, Chen and Yu,

.1994 . The opening of Kir channels, particularly KATP

channels, appears to play a role in both the centrally and
peripherally mediated acute effects of morphine. Mor-
phine-induced antinociception is antagonized by the i.c.v.

Žadministration of several K channel blockers Ocana et˜ATP
.al., 1990, 1995; Raffa and Martınez, 1995 , whereas it is´

Ženhanced by K channel openers Narita et al., 1993;ATP
.Ocana et al., 1996 . Furthermore, K channel blockers˜ ATP

are also able to antagonize other centrally mediated acute
Žeffects of morphine, such as hyperthermia Narita et al.,

. Ž .1992b , hypermotility Ocana et al., 1993b and memory˜
Ž .impairments Stefani et al., 1999 . In addition, some pe-

ripheral effects of morphine, such as the cardioprotective
Žeffects of morphine against ischemia Schultz et al., 1996;

.Liang and Gross, 1999 and the inhibitory effect of mor-
Ž .phine on gall bladder emptying Patil and Thakker, 1996

are also antagonized by K channel blockers.ATP

Because the opening of Kir channels seems to play a
role in the acute effects of morphine, modifications in the
function or number of Kir channels would be expected as
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part of the adaptive changes that take place during mor-
phine tolerance. In fact, sustained exposure in vitro to high
concentrations ofm-opioid receptor agonists favors desen-
sitization of the inwardly rectifying Kq currents induced

Žby them-opioid agonist Chen and Yu, 1994; Osborne and
.Williams, 1995; Kovoor et al., 1995 . Furthermore, in

animals made tolerant to morphine in vivo, the ability of
m-opioid receptor agonists to activate neuronal inwardly

q Žrectifying K conductances was impaired Christie et al.,
.1987; Zhang et al., 1996 . Our results indicate that such

changes might be due, at least in part, to modifications in
the characteristics of the constitutive protein of KATP

channels, i.e. downregulation of the high affinity state for
w3 xH glibenclamide, in morphine-tolerant animals.

In conclusion, our results together with those previously
published by others, obtained with electrophysiological
and molecular biology techniques, suggest that a change in
the function and number of Kq channels is one of the
adaptive processes that occurs during the repeated adminis-
tration of morphine.
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