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Abstract

The efficacy of heroin metabolites for the stimulation wfopioid receptor-mediated G-protein activation was investigated using
agonist-stimulated *PS]guanosine-50-(y-thio)-triphosphate binding. In rat thalamic membranes, heroin and its primary metabolite,
6-monoacetylmorphine (6-MAM), were more efficacious than morphine or morphpm-gucuronide. This increased efficacy was not due
to increased action of heroin and 6-MAM &treceptors, as determined by competitive antagonism by naloxone, lack of antagonism by
naltrindole, and competitive partial antagonism with morphine. In agreement with this interpretation, the same relative efficacy profile o
heroin and its metabolites was observed at the cloned hymeapioid receptor expressed in C6 glioma cells. Moreover, these efficacy
differences were GDP-dependent in a manner consistent with accepted mechanisms of receptor-mediated G-protein activation. The acti
of heroin was attributed tin vitro deacetylation to 6-MAM, as confirmed by HPLC analysis. These results indicate that the heroin
metabolite 6-MAM possesses higher efficacy than other heroin metabolifgsopioid receptors, which may contribute to the higher
efficacy of heroin compared with morphine in certain behavioral paradigmso. © 2001 Elsevier Science Inc. All rights reserved.
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1. Introduction morphine in the treatment of chronic or post-surgical pain
[1]. However, a recent study of the agonist actions of opi-
3,6-Diacetylmorphine (heroin) and morphine are both oids in a rodent neuropathic pain model has demonstrated
effective analgesics, but also produce undesirable effectsthat heroin is both a more potent and efficacious anti-
such as respiratory depression, tolerance, and dependencallodynic agent than morphine [2]. Thus, although the in-
Morphine is widely used clinically, but heroin is an illicit creased agonist potency of heroin compared with morphine
opiate that accounts for a major portion of non-medical may be due to pharmacokinetic differences between these
opiate use in the United States. Although heroin generally is two drugs [3,4], it is also possible that a greater intrinsic
more potent than morphine when administeiadvivo, efficacy of heroin resulting in greater receptor reserve may
previous studies have found no advantages of heroin overcontribute to its increased potenicyvivo. Because heroin is
metabolized rapidly to 6-MAM, and then to morphine [3,5],
it is likely that any greater intrinsic efficacy of heroin over
* Corresponding author. Tel.:+1-804-827-0463; fax:+1-804-828- morphine is due to the primary metabolite, 6-MAM. More-
1532. over, since most of thi vivo effects of morphine are due
E-mail addressdeselley@hsc.vcu.edu (D.E. Selley). _ primarily to its actions af.-type opioid receptors [6—9] and
Abbreviations:6-MAM, 6-monoacetylmorphine; GT¥5, guanosine- . . . . . .
5/-O-(y-thio)-triphosphate; DAMGO, f-Ala2 (N-Me)Phé,Gly*(OH)Jen- since most oplatg alkaloids bllnd o recepto.rs with high
kephalin; M-6-G, morphine-@o-glucuronide; and hMOR-C6, Cé rat gli-  @ffinity [10], any increased efficacy of heroin versus mor-
oma cells expressing humanopioid receptors. phine may be due to a greater efficacy of 6-MAM ag a
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receptor agonist. Alternatively, heroin could exert actions at 2.3. Cell transfection
different opioid receptor subtypes, as suggested by recent
studies that demonstrated that heroin analgesia could be C6 rat glioma cells in exponential growth phase were

mediated byu receptor splice variants [11,12]. detached mechanically from culture plates and collected by
Agonist efficacy atu opioid receptors can be measured centrifugation at 34% for 10 min at 4°. Cells were resus-
in vitro using agonist-stimulatedJS]GTPyS binding [13— pended in culture medium, counted with a hemacytometer,

15], which is a direct measure of receptor-mediated G- and diluted to a concentration of 36 10°/mL. Humanu
protein activation [16—18]. Thus, under conditions where opioid receptor cDNA, irpcDNA-neo, was linearized with
there is no receptor reserve for G-protein activation, maxi- Pvu, and 1- to 10pg aliquots of linear DNA were trans-
mal stimulation of $°S]GTPyS binding by the agonist- ferred to electroporation cuvettes containing 0.4 mL each of
occupied receptor directly correlates with intrinsic efficacy cell suspension. Electroporation was performed at 0.26 kV,
[19]. In the present study>JS]GTPyS binding was used to 1050 wF, with infinite internal resistance, using a Bio-Rad
examine the efficacy of heroin and its metabolites, 6-MAM, Gene Pulser Il electroporation system. Cells were then di-
morphine, and M-6-G, compared with opioids that are luted 20X in culture medium, plated 2 mL/well on a 12-well
known to be full agonists for G-protein activation hy plate, and incubated for 48 hr under standard culture con-
opioid receptors in brain, DAMGO and methadone [15,19, ditions. The medium then was replaced with culture me-
20]. These experiments were conducted in membranes fromdium containing 2 mg/mL of Geneticin, and the cells were

rat thalamus, which contains predominanilppioid recep- grown to confluency. Cells were harvested and diluted into
tors [21,22], and from transfected C6 glioma cells express- 96-well plates at a density of 1 cell/3 wells. Cloned cells
ing a pure population of humam opioid receptors. were transferred to 100-mm plates and grown to confluency.

Membranes from each clone were screened pfoopioid
receptor expression by assay df[naloxone binding.

2. Materials and methods
2.4. [PH]Naloxone binding

2.1. Materials
Cell membranes (10fg) were incubated with 0.1 to 15

Male Sprague_Daw|ey rats (150_29mere purchased nM [3H]naloxone in assay buffer for 1 hr at 30°. Nonspe
from zivic Miller. [3°S]GTPyS (1250 Ci/mmol) and cific binding was determined with 10M levallorphan. The
[3H]na|oxone (575 C|/mmo|) were purchased from the New incubation was terminated by rapid vacuum filtration
Eng|ahd Nuclear Corp. Guanosihe.(ﬁphosphate and through GF/B glass fiber filters using a 48-well Brandel cell
GTPyS were purchased from Boehrinder Mannheim. harvester, and washed three times with 3 mL of ice-cold 50
DAMGO, naloxone, naltrindole, and adenosine deaminase MM Tris—HCI, pH 7.4. The filters were extracted overnight
were purchased from the S|gma Chemical Co. All other in Scintisafe Econo-1 scintillation fluid, and radioactivity
opioid drugs were obtained from the Research Triangle was determined by liquid scintillation spectrophotometry at
Institute through the NIDA drug supply program. Geneticin 45% efficiency for’H.
(G-418), fetal bovine serum, and penicillin-streptomycin
were purchased from Qibpo/BRL. Dulbeccojs Mogiified Ea- 2.5. F°S|GTPYS binding
gle’s Medium and Scintisafe Econo-1 scintillation fluid
were purchased from Fisher Scientific. All other reagent
grade chemicals were purchased from the Sigma Chemicaly e,iously described [15,19] with minor modifications.

Co. or Fisher Scientific. .The humap ppioid receptor Briefly, membranes (1gug rat thalamus or 3@g hMOR-
Zglgllﬁrcggrs;ruct was provided by Dr. Erik Mansson of the geD)Pwere inc_ubated with 0195 nI\/F’ElS]G_TPyS,_BO M -
, and various concentrations of agonists with and with-
out antagonists in assay buffer [50 mM Tris—HCI (pH 7.4),
2.2. Cell culture and membrane preparation 3 mM MgCl,, 0.2 mM EGTA, and 100 mM NacCl] at 30° for
2 hr (thalamus) or 90 min (hMOR-C6). In some experi-
Cells were cultured at 37° in a humidified atmosphere of ments, 0.05 nM $S]GTPyS and 30uM GDP were re
5% CO,/95% air in Dulbecco’s Modified Eagle’s Medium  placed by 0.1 nM°S]GTPyS and various concentrations
containing 100ug/mL of penicillin and streptomycin, and of GDP, respectively. In experiments examining endomor-
5% fetal bovine serum (culture medium). hMOR-C6 cells phin-1, membranes (1Qg thalamus, Sug striatum, or 10
were grown as above in culture medium containing 1 ung amygdala) were pretreated with protease inhibitors as
mg/mL of Geneticin (G-418). Cells were harvested and previously described [20]. Nonspecific binding was deter-
membranes were prepared as previously described [15,19]mined with 20uM unlabeled GTRS. The incubation was
Rat thalamic membranes also were prepared as previouslyterminated by vacuum filtration, the filters were extracted
described [15,19]. overnight in scintillation fluid, and radioactivity was deter-

Agonist-stimulated °S]GTPyS binding was assayed as
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mined by liquid scintillation spectrophotometry at 95% ef- 3. Results
ficiency for 3°S.

3.1. Agonist efficacy
2.6. HPLC Stimulation of F°S]GTPyS binding by heroin and its
metabolites was compared with that obtained with thegfull
opioid agonist, DAMGO. In rat thalamic membranes (Fig.
1A), DAMGO stimulated °S]GTPyS binding by 104+
5% over basal levels (264 9.6 fmol/mg membrane pro-
tein). Heroin, 6-MAM, morphine, and M-6-G all produced

Analysis of morphine, heroin, and 6-MAM was con-
ducted by reverse phase HPLC by a modification of a
previous procedure [23]. Drug standards were prepared in
deionized HO at room temperature and stored frozen at

—80° until used. Prior to ass;e\%/, drugs werer;[hawe;]j at room concentration-dependent stimulation 3PF]JGTPyS bind
temperature and stored at 4° for not more than 2 hr prior to ing, with all metabolites showing over 10-fold greater po-

addition to the incubation mixture. To determine the €on- yocy than heroin. Maximal stimulation was similar for both
ditions for chromatographic analysis and to ensure the PU- morphine and M-6-G (55—-60% of DAMGO), and similar to
rity of each drug prior to assay, aliquots of drug standards \5)yes previously reported for morphine in thalamic mem-
(100 pM) were applied to the HPLC. Each drug standard pranes [15,20]. In contrast, both heroin and 6-MAM dis-
yielded a single elution peak, except for heroin which eluted played higher maximal stimulation of58]GTPYS binding

as approximately 92% heroin and 8% 6-MAM. Then ali- (75_80% of DAMGO) than morphine or M-6-G. Potency
quots of drug standards (final concentration of 100l and relative efficacy values obtained from non-linear regres-
each) were incubated at 30° with rat thalamic membranessjon analysis of the data from thalamus are shown in Table
under the same conditions as described above forja which also shows values of another fyll agonist,
[**S]GTPyS binding. In one experiment, membranes were methadone. These values confirmed that both heroin and

immersed in boiling water for 5 min before addition to the 6-MAM were significantly more efficacious than morphine
incubation mixture. After incubation, membranes were cen- or M-6-G, but less efficacious than DAMGO and metha-

trifuged at 25,00@ for 10 min at 4°, and then aliquots (100 done.

ulL) of the supernatant were applied to HPLC for analysis.  Stimulation of P°SJGTPyS binding also was examined
Separation of drugs was accomplished on a C-18 reversein membranes from transfected C6 glioma cells stably ex-
phase column (3um Microsorb C-18, Rainin Instrument pressing the humap opioid receptor (hMOR-C6 cells). In
Co.), using 0.1 M NakPQ,, pH 7.3, 35% methanol, as the these cells,JH]naloxone binding exhibited B,,,, value of
mobile phase (1 mL/min). Drugs were detected by UV 361 £ 27 fmol/mg membrane protein, andkg, value of
absorbance at 225 nm; peak elution times were: morphine,1.45+ 0.16 nM. DAMGO stimulated¥’S]GTPyS binding

2.6 min; 6-MAM, 3.7 min; and heroin, 6.8 min. Drug levels by 105+ 5% above basal levels (36 2.9 fmol/mg mem-
were quantified by integration of peak areas, followed by brane protein). Agonists stimulated®$]JGTPyS binding
calculation against known quantities of drug standards with a similar relative efficacy profile as in rat thalamic
eluted from the HPLC under identical conditions. At the membranes: DAMGO = methadone > heroin =
concentration of drugs used (1QM), total recovery of ~ 6-MAM > morphine= M-6-G (Fig. 1B, Table 1). As in
opiates from incubated membranes was comparable to thathalamic membranes, heroin was over 10-fold less potent

of the opiates incubated under identical conditions with than 6-MAM, morphine, or M-6-G. Non-linear regression
boiled membranes. analysis of the data confirmed that both heroin and 6-MAM

were significantly more efficacious than morphine or
M-6-G, but less efficacious than DAMGO or methadone
(Table 1B). Therefore, differences in efficacies of these
agonists observed in the brain are maintained in hLMOR-C6
All data are reported as the meansSEM of at least cells.
three experiments that were each performed in triplicate,  Fther evidence that 6-MAM is a higher efficacy partial
except for the HPLC data which was the meanSEM of w agonist than morphine or M-6-G was provided by varying
single determinations from three experiments. Nonlinear {he concentration of GDP ifIS]GTPYS binding assays in
regression analysis was conducted by iterative fitting using rat thalamic membranes. These data (not shown) revealed
JMP (SAS for Macintosh). Statistical significance of the that all three agonists, as well as DAMGO, produced the
data was determined by analysis of variance followed by the same low level of stimulation at low concentrations (1-3
Tukey-Kramer HSD test, Dunnett’s test, or the two-tailed ;M) of GDP. However, at 10-10@M GDP, the percent
unpaired Student's-test, also performed using JMK, stimulation by 6-MAM was significantly greater than that
values were determined by the following relationshdp:= obtained with morphine and M-6-GP(< 0.05 by the
[antagonist]/(DR— 1), where DR= (ecso + antagonist)/  Tukey-Kramer HSD test), but less than that obtained with
(Ecsp — antagonist). DAMGO. This increased difference in efficacies with in-

2.7. Data analysis
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Fig. 1. Stimulation of °S]GTPyS binding by opioid agonists. Membranes from (A) rat thalamus or (B) hMOR-C6 cells were incubated with 0.05 nM
[*°S]GTPyS, 30uM GDP, and various concentrations of opioid agonist as described in “Materials and methods.” Data are the IBEAMEN = 4) of
percent maximal stimulation by 36M DAMGO.

creasing GDP concentrations is consistent with previous stimulation by 6-MAM to the level of stimulation produced
findings with full and partialw agonists [15,20]. by morphine alone.

Partial agonists can partially block the activities of high-
er-efficacy agonists. To demonstrate that morphine cang 2 Receptor specificity
competitively antagonize 6-MAM-stimulated°B]GTPyS
binding, morphine concentration—effect curves were con-  Opioid antagonist experiments confirmed that the stim-
ducted in rat thalamic membranes with 1M 6-MAM ulation of P°S]GTPyS binding by 6-MAM was mediated by
(Fig. 2). These results showed that morphine produced au receptors in rat thalamus (Fig. 3). Addition of 25 nM
significant, concentration-dependent partial blockade of the naloxone produced a parallel rightward shift in the stimu-
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ECso and E,,, values of opioid agonist-stimulated®B]GTPyS binding

Agonist ECso (NM) E hax (% Max)
(A) Rat thalamic membranes

DAMGO 229+ 18 100+ 57
Methadone 467 58 99+ 3
6-MAM 356 = 32 75+ 0.4
Heroin 7030+ 1050* 80+ 2°
Morphine 410+ 80 59+ 2°¢
M-6-G 450+ 89 57+ 2¢
(B) hMOR-C6 cell membranes

DAMGO 312+ 29 100+ 5%
Methadone 535 65 90+ 52
6-MAM 357 =98 75+ 4°
Heroin 5660+ 1950* 73+ 5P
Morphine 398+ 53 57+ 3°
M-6-G 462+ 24 55+ 2°

Data are means SEM (N = 4-7) obtained from non-linear regression
analysis of agonist concentration—effect curdes,, values with similar
letter designations were not significantly different from each otRer>(
0.05), whereas those that do not contain any similar letter designations
were significantly different from each othe? (< 0.01 inthalamic mem-
branes and® < 0.05 in hMOR-C6 membranes by the Tukey—Kramer
HSD test).

* The EC5, value of heroin was significantly different from that of all
other agonistsR < 0.01 byDunnett’s test), but thecs, values of all other
agonists were not significantly different from each other>* 0.05 by
ANOVA).

lation of [*°S]GTPyS binding by 6-MAM, with a calculated
K. value of 0.75+ 0.12 nM for naloxone. Similarly, the
naloxoneK, value for M-6-G-stimulated®’'S]GTPyS bind
ing was 1.31+ 0.17 nM (not shown). In contrast, addition
of a 1 nMconcentration of thé opioid-selective antagonist
naltrindole (which occupies 93% @freceptors and 9% of
W receptors, assumingp values of 0.15 and 20 nM, re
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Fig. 2. Competitive partial antagonism of 6-MAM-stimulatédg]|GTPyS
binding by morphine. Membranes from rat thalamus were incubated with
0.05 nM PS]GTPyS, 30uM GDP, and various concentrations of 6-MAM,

or of morphine in the presence and absence ofllD6-MAM. Data are

the meanst SEM (N = 3) of percent maximal stimulation by DAMGO.
Key: (*) P < 0.05, and (**)P < 0.01 significantly different from 1@M
6-MAM alone (by Dunnett’s test).

451

100
O No Naloxone

80| ® 25 nM Naloxone ’-
15 A 1nMNaltrindole _py=~
E 60
]
E
& 40
R

20

0 B T T T

0.01 0.1 1 10 100

6-MAM Concentration (uM)

Fig. 3. Effect of naloxone and naltrindole on the stimulatior®88[GTPyS
binding by 6-MAM. Thalamic membranes were incubated with 0.05 nM
[*°S]GTPyS, 30 uM GDP, and various concentrations of 6-MAM in the
presence and absence of 25 nM naloxone or 1 nM naltrindole. Data are the
means= SEM (N = 3) of percent stimulation by 6-MAM.

spectively [10,24]) had no effect on 6-MAM-stimulated
[*°*S]GTPyS binding (Fig. 3).

Previous studies have indicated that C6 substituted mor-
phine derivatives, such as 6-MAM and M-6-G, may act at a
subtype or isoform of the. opioid receptor that does not
have significant affinity for morphine [11,12,25]. If this
receptor subtype were contributing to the higher efficacy of
6-MAM for G-protein activation compared with morphine,
then the relative efficacy of 6-MAM for stimulation of
[*°S]GTPyS binding should correlate with levels of this
receptor. Because this subtype is found in low levels in the
thalamus, experiments were conducted in other brain re-
gions reported to express significant levels of this receptor
subtype, including the striatum and amygdala [25], in the
presence of 1 nM naltrindole to block opioid receptors.
Furthermore, because the highlyselective opioid peptide
endomorphin-1 exhibits a similar relative efficacy [20] to
that shown by 6-MAM in the present study, this agonist was
included as a control. The results of these experiments (Fig.
4) showed that the relative efficacy of 6-MAM, morphine,
and endomorphin-1 did not vary significantly among the
thalamus, striatum, and amygdala. In each region, 6-MAM
and endomorphin-1 were equally efficacious, and each of
these agonists produced greater stimulation than morphine.
The relative efficacy of 6-MAM and morphine were con-
firmed in concentration—effect curves in the striatum (data
not shown). The relativg,, ., value of 6-MAM was 71+
0.8%, whereas that of morphine was 52.8% (P < 0.005
different by Student'st-test, df = 4, N = 3), with no
significant difference in potency (278 31 vs 156+ 69
nM, respectively).

3.3. Heroin metabolism

To determine whether heroin was metabolized to
6-MAM and/or morphine during the>{S]|GTPyS binding
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100 - r — membranes, approximately 95% was recovered as 6-MAM,
O 6-MAM @ Morphine ® Endomorphin- with 5% recovered as morphine. In contrast, when heroin
804 2 a ‘ g a ;,,:T« a was incubated with the membranes, only 38% was recov-

ered as heroin, with approximately 60% recovered as
6-MAM and 2% recovered as morphine. This conversion
was not enzymatic in nature: when the membranes were
boiled for 2 min prior to incubation with the opiates, similar
percentages of each compound were detected as when in-
cubated with native thalamic membranes.

This non-enzymatic conversion of heroin to 6-MAM
affects the potency, but not the efficacy, of the drug. In Fig.

, 6, heroin was preincubated in assay buffer for 2 hr prior to
Thalamus Striatum Amygdala the assay of PS]GTPyS binding. Results showed that this
preincubation increased the potency of heroin in stimulating
[**S]GTPyS binding by approximately 4-folde¢s, value
Fig. 4. Relative maximal stimulation of§S]GTPyS binding by 6-MAM, 1.24 + 0.42 uM after preincubation compared with 50

morphine, and endomorphin-1 in various brain regions. Membranes were . . : )
incubated with 0.05 NM¥S]GTPyS, 30 uM GDP, and 30uM 6-MAM, 0.36 uM in the control;P < 0.01 different by Student’s

morphine, or endomorphin-1 in the presence of 1 nM naltrindole. Data are t-test, df= 4, N = 3)’ with no effect OrEmax values (73i
the meanst SEM (N = 3) of percent maximal stimulation by 30M 3% after preincubation compared with 75 6% in the
DAMGO. Values with similar letter designations were not significantly control),

different from each otheiR > 0.05), whereas those that do not contain any

similar letter designations were significantly different from each otRer (

0.01 by the Tukey-Kramer HSD test).

% Maximal Stimulation

Brain Region

4. Discussion

assay, these opiates were each incubated for 2 hr with The present study demonstrated that heroin and its pri-
thalamic membranes undeéP$]GTPyS binding assay con mary metabolite, 6-MAM, displayed greater efficacy for
ditions. HPLC analyses of the supernatants were then con-opioid receptor-mediated G-protein activation than mor-
ducted, and the data were expressed as a percent of the totgdhine. The relative efficacies of heroin and 6-MAM were
amount of opiates detected. Results (Fig. 5) showed thatsimilar to that previously reported for the highlyselective
only morphine was detected with the addition of morphine putative endogenous opioid peptide, endomorphin-1 [20].
to the membranes. When 6-MAM was incubated with the The finding that the relative efficacy of 6-MAM, compared

120
HPLC: Morphine 6-MAM H Heroin
o 100
2
© 80-
o)
3
S 60-
[
o 40-
|_
2
°7 204
0 e . = [l
Drug Added: Morph 6-MAM Heroin Morph 6-MAM Heroin

No Pretreatment Pre-Boiled

Fig. 5.In vitro metabolism of opiates determined by HPLC analysis. Thalamic membranes were incubated with 0.05 v 8 GDP, and 10QuM
morphine, 6-MAM, or heroin. After centrifugation of membranes, aliquots of the resulting supernatants were subjected to isocratic reverse@lzase HP
described in “Materials and methods.” Data are the mearM (N = 3) of the percent of total opiates recovered under each condition.
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100 mediated mechanism. Second, the same relative efficacy
<& 2 hr Preincubation profile for heroin and 6-MAM versus M-6-G and morphine
¢ No Preincubation was obtained in brain as in hMOR-C6 cells expressing a
s 751 ~ % pure population of cloned humanreceptors. Although C6
= cells have been reported to endogenously express opioid
S receptors under certain conditions [25,33], the untransfected
.g 50- C6 cells used in the present study did not biftd]paloxone
" (data not shown). Thus, regardless of the efficacy of heroin
® 25 metabolites ab receptors or at variants of opioid receptors
present in other tissues, the present study shows that
6-MAM is more efficacious than morphine or M-6-G at
0 , - , , both the rat and humap receptor. These findings do not,
0.01 0.1 1 10 100 1000 however, disprove the existence of a 6-MAM-selectjve

receptor isoform, as this receptor may be present at low

Fig. 6. Effect of heroin preincubation on the stimulation $iJ|GTPyS abundance or coupled to a noRzGype of G-protein and
binding. Thalamic membranes were incubated with 0.05 A@]GTPYS, therefore remains undetected in tf€S]JGTPyS binding

30 uM GDP, and various concentrations of heroin that had or had not been assay. Nonetheless, these results suggest that in interpreting
preincubated in assay buffer for 2 hr_ at 30_" prior to th(_a assay. Data are the any study comparing the effects of heroin or 6-MAM with
means: SEM (N = 3) of percent stimulation by heroin. those of morphine, the relative efficacy of these drugs at the
w receptor should be taken into consideration.

The low potency of heroin for G-protein activation sug-
gests thatn vitro degradation to 6-MAM is required for
receptor activation to be detected. This interpretation agrees
with previous observations that rapid degradation of heroin
to 6-MAM in brain membrane homogenates accounts for its
binding affinity [34], and is supported by HPLC results in
the present study. It is known that heroin is deacetylated to
6-MAM by non-enzymatic mechanisms [35-37], and this
appears to be the case in the present study, since similar
levels of 6-MAM were detected after incubation with boiled
membranes. Moreover, the finding of increased apparent
potency of heroin after preincubation in assay buffer sug-
gests that than vitro deacetylation of heroin to 6-MAM was
due, at least in part, to non-enzymatic degradation.

The structural basis of the increased efficacy profile of
6-MAM compared with that of morphine is due to acetyla-
tion of the sixth carbon position; however, it is uncertain

Heroin Concentration (zM)

with that of other opioids, was dependent upon the concen-
tration of GDP agrees with previous®8]GTPyS binding
studies withu opioid [15,20] and several other,Gcoupled
receptors [26-28]. Thus, 6-MAM displayed typical charac-
teristics of a high efficacy partial agonist.

It is probable in the present study that both 6-MAM and
M-6-G were acting through a receptor-mediated mecha-
nism. NaloxoneK, values for the reversal of 6-MAM- and
M-6-G-stimulated $°S]GTPyS binding in rat thalamus
(0.75 to 1.3 nM) were similar to those previously reported
for reversal of the stimulation of{S]GTPyS binding by the
highly u-selective agonist DAMGO in both rat thalamus
and CHO cells expressing clongdreceptors [19,22], and
to measurements of the affinity of naloxone for binding to
clonedp opioid receptors in both the present and previous
studies [19,29]. In certain strains of mice, heroin and
6-MAM have been reported to show antinociceptive activity
that was due to activation @freceptors [30—32]. However, whether increased bulk and/or electronegativity contribute
the possibility that a small number @f opioid receptors  to this difference. It is unlikely to be due to bulk alone
present in rat thalamus [21,22] may have contributed to the because M-6-G was no more efficacious than morphine in
increased efficacy of 6-MAM was ruled out by the lack of stimulating G-protein activation. Furthermore, the 6-methyl
effect of naltrindole. It is also possible that the increased ether derivative of morphine, heterocodeine, did not show

efficacy of 6-MAM compared with morphine was due to its
actions at an alternative splice variant of tje opioid
receptor which binds 6-MAM and M-6-G with high affinity,
but to which morphine binds poorly [11,12,25]. The present
study cannot address this question conclusively; however
two lines of evidence argue against this possibility. First, the

increased efficacy compared with morphine in thescep-
tor-mediated stimulation offS]GTPyS binding (Selley D,
Wojno H, and May E, unpublished observations). Thus,
although acetylation of the sixth carbon of morphine ap-

,pears to be optimal for increasing efficacy at theeceptor,

further studies will be required to determine whether other

thalamus is a brain region that has been reported to containsubstitutions can produce similar results.

very low levels of this receptor subtype, yet the relative
efficacies of 6-MAM and morphine in striatum and amyg-
dala, which contain this receptor [25], were similar to that in
the thalamus. Moreover, the relative efficacy of the highly
u-selective opioid peptide endomorphin-1 was not signifi-
cantly different from that of 6-MAM in all three regions,
suggesting that both were acting throughuareceptor-

These efficacy differences between heroin, 6-MAM, and
morphine may be relevant to opiate actiansvivo. How-
ever, it is difficult to gaugén vivo efficacy differences from
the literature because most experimental paradigms show
full agonist effects with morphine. Although heroin has
been reported to exhibit higher efficacy than morphine in
suppressing allodynia after lumbar nerve ligation in the rat
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[2], few other studies have compared heroin or 6-MAM Hanoune J, Roques BP, Kieffer BL. Loss of morphine-induced anal-

with morphine in behavioral tests of intrinsic efficacy, such gesia, reward effect and withdrawal symptoms in mice lacking the
un-opioid receptor gene. Nature 1996;383:819-23.

as with the use Of_ |rrgve_r3|k_)le ar_]tagom_Sts to measure recep- [7] Sora I, Takahashi N, Funada M, Ujike H, Revay RS, Donovan DM,
tor reserve. Inferring intrinsic efficacy directly from potency Miner LL, Uhl GR. Opiate receptor knockout mice defingeceptor
measurements can be misleading. For example, 6-MAM roles in endogenous nociceptive responses and morphine-induced
was found previously to have a slightly lower antinocicep- analgesia. Proc Natl Acad Sci USA 1997;94:1544-9.

tive potency than morphine after i.c.v. administration in 8l Loh HtH,II<iu H;(C' thvan_i A, Y?fngtw' CT_e” YO‘IF’ Xvei 'a‘N“OIpiOi,d .
. . T _ receptor Knockout In mice: eriects on ligand-inaucea analgesia, an

mice [3H8], SUQQeShtmg_thﬁ pOSSIbIlItyhOf lower reg_eptor re d morphine lethality. Brain Res Mol Brain Res 1998;54:321-6.

serve. However, heroin has been shown tq mo '_fy reward [q] Roy s, Liu H-C, Loh HH.u-Opioid receptor-knockout mice: the role

and aversion thresholds of electrical brain stimulation in rats of u-opioid receptor in gastrointestinal transit. Brain Res Mol Brain

with 6- to 40-fold greater potency than morphine [39], Res 1998;56:281-3.

suggesting higher receptor reserve for 6-MAM. Although [10] Corbett AD, Paterson SJ, Kosterlitz HW. Selectivity of ligands for

heroin is known to show receptor reserve for maintaining ;pgﬁgggg?gﬁgfaé”[ :eerrznr?’ SeSL}ﬁrg'eTaf;’;’?,'j Oéfsxffgmemal phar-

self-administration in rats [40]* it has not been d'reCtly [11] Rossi CG, Leventhal L, Pan YX, Cole J, Su W, Bodnar RJ, Pasternak

compared with morphine. Thu# vivo potencies depend GW. Antisense mapping of MOR-1 in rats: distinguishing between
upon a variety of factors in addition to intrinsic efficacy, morphine and morphinegsglucuronide antinociception. J Pharma-

including differences in receptor affinity and possible phar- col Exp Ther 1997,281:109-14.

macokinetic differences related to species and route of ad-[12} Schuller AGP, King MA, Zhang J, Bolan E, Pan ¥-X, Morgan DJ,

.. . . . N . Chang A, Czick ME, Unterwald EM, Pasternak GW, Pintar JE.
ministration, and differences in the sensitivities of different Retention of heroin and morphing&lucuronide analgesia in a new

behavioral endpoints to opiates. Nonetheless, the present line of mice lacking exon 1 of MOR-1. Nat Neurosci 1999;2:151—6.
results indicate that heroin and 6-MAM display greater [13] Traynor JR, Nahorski SR. Modulation by-opioid agonists of
efficacy than morphine at the level gf opioid receptor- guanosine-50-(3-[**S]thio)triphosphate binding to membranes from
mediated G-protein activation. Considering that 6-MAM is human neuroblastoma SH-SY5Y cells. Mol Pharmacol 1995;47:848-54.

. . . . .. [14] Emmerson PJ, Clark MJ, Mansour A, Akil H, Woods JH, Medzi-
rapidly concentrated in the brain and cerebrospinal fluid hradsky F. Characterization of opioid agonist efficacy in a C6 glioma

following heroin administration in humans [41], the find- cell line expressing thew. opioid receptor. J Pharmacol Exp Ther
ings of increased receptor signaling efficacy of 6-MAM 1996;278:1121-7.

suggest that heroin may possess higher intrinsic efficacy[15] Selley DE, Sim LJ, Xiao R, Liu Q, Childers Si. Opioid receptor-
than morphine with regard to analgesia and/or behavioral stimulated guanosine-8-(ry-thio)-triphosphate binding in rat thala-

inf in h h it is al ible th mus, and cultured cell lines: signal transduction mechanisms under-
reinforcement in humans. Furthermore, it is also possible that lying agonist efficacy. Mol Pharmacol 1997;51:87-96.

6-MAM possesses a different intrinsic efficacy than morphine [16] Asano T, Ross EM. Catecholamine-stimulated guanosin@--
at 6 or k opioid receptors, which could also contribute to any thiotriphosphate) binding to the stimulatory GTP-binding protein of
differences in the behavioral effects of these two opiates. This adenylyl cyclase: kinetic analysis in reconstituted phospholipid ves-

T : : : icles. Biochemistry 1984;23:5467—-71.
ossibility will be addressed in future studies. ¢ ' . . .
P ty [17] Kurose H, Katada T, Haga T, Haga K, Ichiyama A, Ui M. Functional

interaction of purified muscarinic receptors with purified inhibitory
guanine nucleotide regulatory proteins reconstituted in phospholipid
vesicles. J Biol Chem 1986;261:6423-8.

. [18] Hilf G, Gierschik P, Jakobs KH. Muscarinic acetylcholine receptor-
This work was Squorted by USPHS Grants DA-10770 stimulated binding of guanosine’-®-(3-thiotriphosphate) to gua-

(D.E.S.), DA-02904 (S.R.C.), and DA-00247 (T.J.M.) from nine-nucleotide-binding proteins in cardiac membranes. Eur J Bio-
the National Institute on Drug Abuse. chem 1989;186:725-31.
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opioid agonist intrinsic efficacy: receptor-stimulatetPJ|GTPyS
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