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Abstract

Rats, for 8 weeks consuming the m-opioid agonist etonitazene (forced and free choice conditions yielding high and low
drug-consumers), were sacri®ced after 2 days or 6 weeks lasting drug deprivation. Binding characteristics of membranes
from the parieto-occipital cortex of these four groups were compared with those of drug-naive controls. In all ®ve
groups, 1 mM of the m-opioid receptor agonist [D±Ala2,N±MePhe4,Gly5±ol]enkephalin (DAMGO) increased the guano-
sine-5 0-O-([35S]3-thio)triphosphate ([35S]GTPgS) binding activity on guanine nucleotide-binding (G) proteins, and 500nM
of GTPgS decreased the [3H]DAMGO binding af®nity. During acute withdrawal, both opioid consuming groups
displayed a higher maximum ef®cacy (Emax) in basal [35S]GTPgS binding (34 and 31%, each P , 0.01), but only the forced
group showed a 58% higher net DAMGO-stimulated binding density Bmax (P , 0.01) and 53% more activated G proteins
per m-opioid receptor (P , 0.05). In the presence of GTPgS both groups revealed a higher af®nity in [3H]DAMGO binding
(each 25%, P , 0.01). The long-term drug-deprived groups displayed no differences in their binding characteristics.
q 1999 Elsevier Science Ireland Ltd. All rights reserved.
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Animal models seem unequivocal to evaluate acute and

chronic effects of drugs of abuse on the brain [5,15]. In the

present study, rats consumed the highly potent and selective

m-opioid receptor agonist etonitazene [3,4], which is in vivo

about 1000 times more potent than morphine as positive

reinforcer and analgesic [2]. Chronic opioid intake for 8

weeks was studied to search for neurochemical effects in

phases of spontaneous, acute withdrawal (2 days of absti-

nence) and of protracted abstinence (6 weeks). Two differ-

ent paradigms of etonitazene intake (free choice and forced

treatment) were studied [4] to search for effects of chronic

drug consumption, but not for effects of opioid addiction

[3,16]. The main hypothesis was that chronic etonitazene

consumption would change brain m-opioid receptors

and their coupled signal transducers, i.e. the guanine

nucleotide-binding proteins (G proteins). Therefore, we

studied the in vitro binding properties of the non-hydrolyz-

able GTP analogue guanosine-5 0-O-([35S]3-thio)tripho-

sphate ([35S]GTPgS) to Ga protein subunits and of the

selective agonist [3H][D±Ala2,N±MePhe4,Gly5±ol]enke-

phalin ([3H]DAMGO) to m-opioid receptors in brain

membranes. [35S]GTPgS binding was analyzed in the

absence and presence of DAMGO. The m-opioid agonist

promotes the Ga protein activation resulting in an exchange

of the bound GDP by GTP [14], that can be measured by an

increase of high af®nity [35S]GTPgS binding [7,8]. To

determine the density of m-opioid receptors and the nucleo-

tide ef®ciency on receptor-Ga protein uncoupling,

[3H]DAMGO binding was carried out in the absence and

presence of GTPgS [6]. This study is the ®rst investigating

neurochemical consequences of chronic etonitazene

consumption on the complex interaction of m-opioid recep-

tors and G proteins ([35S]GTPgS ^ DAMGO,

[3H]DAMGO ^ GTPgS).

[3H]DAMGO (speci®c activity 48 Ci/mmol) and

[35S]GTPgS (1100±1300 Ci/mmol) were purchased from

DuPont, NEN, naloxone from RBI, GTPgS, DAMGO and

GDP from Sigma. Etonitazene was a gift from Novartis. All

other chemicals were of the highest grade available.

Forty-four male Wistar rats (Bundesinstitut fuÈr gesund-

heitlichen Verbraucherschutz und VeterinaÈrmedizin, Berlin,
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Germany) were treated as described previously [4]. Shortly,

one group (n� 16) had a free choice between water and 0.5,

1 and 2 mg etonitazene/l (plus 0.125, 0.25 and 0.5 g/l of

acetic acid), the other forced consumers (n � 16) received

0.5 mg etonitazene/l, each for 8 weeks. The choice-group

and the forced consumers took 12.3 ^ 2.5 and 56.7 ^ 3.2

mg etonitazene/kg per day, respectively. The opioid solu-

tions were withdrawn for 2 days (short-term abstinence,

each n � 8) and 6 weeks (long-term abstinence, each n �
8) before sacri®ce. The control group (n � 12) received

water.

The rats were sacri®ced by decapitation, the `parieto-

occipital cortex' (cerebral cortex minus frontal part) was

dissected, homogenized (glass-te¯on, 48C) in 10 ml of 50

mM Tris±HCl (pH 7.4) and centrifuged (40 000 £ g, 10

min). The pellets were rehomogenized in 10 ml; 1 ml was

taken for the [35S]GTPgS binding assay. The 9 ml homo-

genates were incubated (358C, 30 min) and centrifuged

(40 000 £ g, 10 min). The pellets were rehomogenized in

5.7 ml. The 1 ml homogenates plus 0.5 ml of 50 mM Tris±

HCl (pH 7.4), 1 mM EDTA, 3 mM MgCl2 were used (10 ml,

17.0 ^ 0.5 mg protein) for the [35S]GTPgS binding assay.

The 2 ml samples contained 50 mM Tris±HCl (pH 7.4), 1

mM EDTA, 3 mM MgCl2, 40 mM GDP and 56.3 ^ 1.7 pM

[35S]GTPgS (about 300 000 cpm). The samples were incu-

bated in the absence (total binding: about 10 000 cpm) and

presence of 10 mM GTPgS (non-speci®c binding: 3±9% of

total binding), and of 10 further concentrations of unlabelled

GTPgS (0.25±100 nM), both in the absence and presence of

1 mM DAMGO, each in duplicate. All samples were incu-

bated (308C, 60 min) before ®ltration (cell harvester, GF-B

®lters). The radioactivity on the dried ®lters was determined

by liquid scintillation spectrometry (counting ef®ciency

about 95%). For the [3H]DAMGO binding assay 100 ml

homogenate (290 ^ 9 mg protein) were used. The 3-ml

samples contained 50 mM Tris±HCl (pH 7.4), 0.3 nM

[3H]DAMGO in the absence (total binding) and presence

of 1 mM naloxone (non-speci®c binding; 10±20% of total

binding) and of six further concentrations of unlabelled

DAMGO (0.5±16 nM), each in triplicate. The samples

were incubated in the absence and presence of 500 nM

GTPgS. All samples were incubated (228C, 60 min) before

®ltration (cell harvester, GF-B ®lters). The radioactivity on

the dried ®lters was determined by liquid scintillation spec-

trometry (counting ef®ciency 50±60%). The protein content

was determined in 1-ml samples with bovine serum albumin

as standard [1].

The results are presented as mean ^ SEM. The binding

data were analyzed with non-linear, unweighted least squares

procedures (GraphPadPrism, USA). The [3H]DAMGO

binding experiments were calculated by one-site saturation

analyses to estimate Bmax (binding density in mol/mg

protein) and Kd values (inverse of binding af®nity in nM).

The [35S]GTPgS binding data were analyzed by one-site

concentration-response curves to reveal EC50 (effective

concentration inducing 50% response, in nM), Emax (maxi-

mum ef®cacy, in fmol/mg protein) and Hill coef®cient (nH)

values. Furthermore, Kd and Bmax values were calculated

from the net DAMGO-stimulated [35S]GTPgS binding by

Scatchard analyses [7,8]. The ampli®cation factor was

calculated by division of these Bmax values by the Bmax

values from [3H]DAMGO binding [8]. Two-way analysis

of variance (two-way ANOVA, treatment X GTPgS

concentrations) was applied to compare the concentration-

response curves between controls and drug-taking groups.

Differences among the calculated parameters between the

groups were assessed by means of one-way ANOVA

followed by post-hoc tests using t-statistics (P , 0.05,

two-tailed). The DAMGO and GTPgS effects on the corre-

sponding [35S]GTPgS and [3H]DAMGO binding para-

meters were analyzed by two-tailed paired Student's t-

tests (P , 0.05).

In the [35S]GTPgS binding experiments, DAMGO

induced higher Emax values in each group and lower EC50

values in all but one group (Table 1). Both in the free choice

and forced group, the [35S]GTPgS binding curves of 2 days

abstinent rats were signi®cantly different from the control

curves (Fig. 1A,B). In comparison to the controls, the short-

term opioid-deprived groups revealed higher Emax values

both in the absence (31 and 34%) and presence of

DAMGO (26 and 35%), whereas the EC50 values were not

signi®cantly different (Table 1). The net DAMGO-stimu-

lated [35S]GTPgS binding parameter Bmax, describing the

intrinsic agonist ef®cacy [7], was in previously forced etoni-

tazene-taking, 2 days abstinent animals by 58% higher (P ,
0.01) than in controls. The other previously etonitazene-

consuming groups displayed no signi®cant differences

(Table 1). In the absence of GTPgS, [3H]DAMGO binding

saturation analyses revealed no signi®cant differences in Kd

and Bmax values between opioid-administering groups and

controls (Table 1). The presence of GTPgS did not change

the Bmax but increased the Kd values 3.3±4.1 times in each of

the ®ve groups (P , 0.001). Thereby, the Kd values in the

two short-term deprived groups were signi®cantly lower

(25%; P , 0.01) than in controls (Table 1). The number

of activated G proteins per m-opioid receptor, the ampli®ca-

tion factor [8], was by 53% higher in the previously forced

etonitazene-taking, 2 days abstinent group vs. the controls

(P , 0.05), the other etonitazene-groups displayed no

signi®cant differences (Table 1).

The etonitazene-consuming rats did not become addicted

[4], i.e. they did not show an irreversible loss of control over

drug intake [3,16]. However, 8 weeks of etonitazene intake

induce physical dendence. Both forced and free choice

etonitazene-consuming rats are more sensitive to painful

stimuli for the ®rst 3 days of spontaneous withdrawal [3].

Therefore, 2 days (but not 6 weeks) drug-deprived rats

should have symptoms of an acute withdrawal due to a

previous physical dependence. The experimental design

produced a stringent coupling between the consumption

procedure (forced or free choice) and the etonitazene

doses (high or low). Thus it is speculative to differentiate
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between biochemical effects evoked by these two factors.

No neurochemical effect was found solely in the free choice

groups. In both short-term abstinent groups, the GTPgS

effect on [3H]DAMGO af®nity and the basal [35S]GTPgS

binding were lower and higher, respectively, than in

controls. The nucleotides GTPgS and guanyl-5 0-yl 0-imodo-

diphosphate activate G proteins and decrease the

[3H]DAMGO af®nity [6]. A lessened nucleotide ef®ciency

has been described in the cerebral cortex and midbrain of

morphine-treated guinea-pigs and rats [10,13]. Herein, the

reduced GTPgS effect on m-opioid receptor-G protein

uncoupling was accompanied by an increased basal

[35S]GTPgS binding activity. The Go proteins are the

most abundant G proteins in the mammalian brain and

[35S]GTPgS preferentially labels the a subunits of Gi/o

proteins [14]. Chronic administration of m- but not d- or

k -opioid agonists selectively induced higher Ga i/Ga o

immunoreactivities in the rat cerebral cortex [11]. Thus,

the present results may be consequences of a larger G

protein pool. On the other hand, the net DAMGO-stimulated

[35S]GTPgS binding and the ampli®cation factor were

increased solely in the previously forced etonitazene-taking

rats vs. the controls. This short-lasting stimulatory effect of

forced etonitazene intake on the m-opioid agonist ef®cacy

may be induced by an increased phosphorylation of the m-

opioid receptors described previously for morphine-depen-

dent mice [12]. We did not ®nd signi®cant effects of etoni-

tazene intake on the rat brain m-opioid receptor density. Our

results suggest an increased sensitiveness of the m-opioider-

gic neurotransmission, in particular after forced etonitazene

consumption. Challenge tests with an opioid might be useful

to characterize behavioral consequences but such experi-

ments could not be performed, since they inaccessibly affect

neurotransmission parameters.

Long-lasting etonitazene-effects induced by a protracted

withdrawal syndrome were not found in the signal trans-

mission of m-opioid receptors in the parieto-occipital

cortex, but have been described previously for dopamine

receptors in the limbic forebrain [4]. However, the cerebral

cortex is involved in the consequences of opioid depen-

dence and withdrawal [5,9,15]. Therefore, the short-lasting

alterations in the signal transmission of m-opioid receptors/

G proteins may be signs of etonitazene dependence and

withdrawal. An open question is whether such changes
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Table 1
[35S]GTPgS and [3H]DAMGO binding to the parieto-occipital cortexa

Group Controls 2 days abstinent 6 weeks abstinent

Drug-naive Choice Forced Choice Forced

[35S]GTPgS binding
Without DAMGO

EC50 (nM) 5.18 ^ 0.27 4.60 ^ 0.43 4.49 ^ 0.15 5.71 ^ 0.43 5.83 ^ 0.35
Emax (fmol/mg) 217 ^ 13 284 ^ 23** 291 ^ 23** 183 ^ 16 204 ^ 9
nH 0.80 ^ 0.02 0.77 ^ 0.04 0.79 ^ 0.03 0.79 ^ 0.03 0.83 ^ 0.03

With DAMGO
EC50 (nM) 4.02 ^ 0.1711 3.95 ^ 0.37 3.61 ^ 0.1311 4.04 ^ 0.251 4.29 ^ 0.37***

Emax (fmol/mg) 262 ^ 1411 329 ^ 25*, 1 353 ^ 29**, 11 228 ^ 1811 260 ^ 1311

nH 0.83 ^ 0.02 0.83 ^ 0.03 0.85 ^ 0.02 0.78 ^ 0.02 0.78 ^ 0.02
Net DAMGO

Kd (nM) 1.97 ^ 0.22 1.44 ^ 0.17 2.17 ^ 0.24 1.34 ^ 0.19 1.95 ^ 0.33
Bmax (pmol/mg) 1.48 ^ 0.10 1.49 ^ 0.19 2.34 ^ 0.28** 1.09 ^ 0.20 1.60 ^ 0.22

[3H]DAMGO binding
Without GTPgS

Kd (nM) 1.08 ^ 0.08 0.91 ^ 0.08 1.00 ^ 0.14 1.16 ^ 0.19 0.92 ^ 0.11
Bmax (fmol/mg) 184 ^ 16 227 ^ 30 189 ^ 20 187 ^ 33 173 ^ 12

With GTPgS
Kd (nM) 4.42 ^ 0.2111 3.35 ^ 0.35**, 11 3.31 ^ 0.23**, 11 4.76 ^ 0.2611 3.65 ^ 0.4111

Bmax (fmol/mg) 185 ^ 15 229 ^ 34 180 ^ 18 189 ^ 27 166 ^ 16
Ampli®cation factor 8.8 ^ 1.0 6.7 ^ 0.8 13.4 ^ 2.2* 7.8 ^ 2.2 9.8 ^ 1.3

a [35S]GTPgS binding was carried out in the absence and presence of 1 mM DAMGO. Nonspeci®c binding was determined in the
presence of 10 mM GTPgS. [3H]DAMGO binding experiments were performed in the absence and presence of 500 nM GTPgS. Non-
speci®c binding was determined in the presence of 1 mM naloxone. The data represent the means ^ SEM (n � 8±12). The Kd values are
shown in nM and the Bmax values in mol per mg of protein. The binding parameters were calculated by one-site concentration-response
and saturation curves, and by Scatchard analyses of the net DAMGO-stimulated [35S]GTPgS binding data. The ampli®cation factor was
calculated by division of the net DAMGO-stimulated [35S]GTPgS binding Bmax by the [3H]DAMGO binding Bmax values. Parieto-occipital
cortex membranes were used, from etonitazene consuming rats (free choice intake and forced consumption for 8 weeks) and controls.
The animals were sacri®ced during acute withdrawal (after 2 days of drug deprivation) and after protracted abstinence (after 6 weeks of
drug deprivation), respectively. *P , 0.05, **P , 0.01 vs. the controls (ANOVA followed by post-hoc tests using t-statistics). ***P , 0.05,
1P , 0.01, 11P , 0.001 vs. the corresponding data in the absence of DAMGO ([35S]GTPgS binding) and GTPgS ([3H]DAMGO binding),
respectively (paired Student's t-tests).



also participate in the withdrawal syndrome of opioid-

addicted rats [3,16].
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Fig. 1. [35S]GTPgS binding to membranes of the parieto-occipi-
tal cortex. Each value represents the mean ^ SEM (n � 8±12).
The one-site concentration-response curves display the speci®c
binding (in fmol/mg protein; ordinates) vs. the concentration of
GTPgS (in M; abscissae), each in the absence (A) and presence of
1 mM DAMGO (B). The corresponding binding parameters are
presented in Table 1. P , 0.001 (two-way ANOVA) data of each
group in (B) vs. the corresponding data in (A). ***P , 0.001 (two-
way ANOVA) data of each 2 days abstinent group vs. the
controls. W, controls; K, free choice, 2 days abstinent; A, forced,
2 days abstinent; O, free choice, 6 weeks abstinent; B, forced, 6
weeks abstinent.


