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The interactions between dopamine receptors and opioid recep 
tors coupled to adenylate cyclase in rat neostriatum were inves- 
tigated. CAMP efflux from neostriatal slices induced by simul- 
taneous activation of (stimulatory) D-l and (inhibitory) D-2 
dopamine receptors with 30 PM dopamine was inhibited by the 
preferential &opioid receptor agonist [r+Ala*-D-LeuS] enkepha- 
lin (DADLE) and the cc-opioid receptor agonist morphine with 
an EC, of 100 and 800 nM, respectively. On selective D-l re- 
ceptor activation (i.e., with D-2 receptors blocked by 10 e(~ 
(-)sulpiride), the EC, of DADLE was strongly reduced to 3 
nM, whereas that of morphine was unaffected. When D-l and 
D-2 receptors were activated simultaneously, the inhibitory ef- 
fects of DADLE (0.3 PC(M) and morphine (3 PM) on CAMP efflux 
were antagonized equally well by naloxone, a p-opioid receptor 
antagonist. In contrast, on selective D-l receptor activation, nal- 
oxone was about 20 times more potent in antagonizing the in- 
hibitory effect of morphine than DADLE. Moreover, the &opioid 
receptor antagonist ICI 174864 (0.75 PM) did not affect the 
inhibitory effect of morphine but antagonized that of DADLE, 
provided that D-2 receptors were blocked. The highly selective 
b-opioid receptor agonist [D-Pen*+-Pens] enkephalin (DPDPE) 
inhibited dopamine-stimulated CAMP efflux only when D-2 re- 
ceptors were blocked. Similar results were obtained when the 
agonists SKF 38393 and LY 141865 were used to activate D-l 
and D-2 receptors, respectively. 

These data indicate that blockade of D-2 receptors in the 
neostriatum elicits the coupling of bopioid receptors to dopa- 
mine-sensitive adenylate cyclase, thereby making it consider- 
ably more sensitive to inhibition by the enkephalins. 

Opioid receptors in peripheral tissues and in the CNS can be 
distinguished pharmacologically in at least 3 different types- 
viz., p(morphine), G(enkephalin), and K(benzomorphan/dynor- 
phin) receptors-but the functional implications of this receptor 
multiplicity are still largely unknown (Chang et al., 198 1; Gillan 
and Kosterlitz, 1982; Lord et al., 1977; Martin, 1984; Mulder 
et al., 1984; Paterson et al., 1983; Wood, 1982; Wiister et al., 
198 1). The neostriatum, the major target region for information 
transmitted by dopaminergic neurons arising from the substan- 
tia nigra (Dray, 1979), contains a large number of enkephali- 
nergic neurons (Cuello, 1983; Hughes et al., 1977; Yang et al., 
1977), as well as a high density of opioid receptors, particularly 
those of the 6- and p-types (Atweh and Kuhar, 1983; Wamsley, 
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1983). A variety of circumstantial evidence suggests that mod- 
ulation of dopaminergic neurotransmission plays a role in the 
action of opioids on the CNS (Chesselet et al., 198 1; Hirschhom 
et al., 1983; Iwamato and Way, 1979; Mulderet al., 1984; Wood, 
1983) and may, in fact, also be one of the functional conse- 
quences of release of endogenous opioid peptides. 

In the neostriatum, 2 pharmacologically and functionally dif- 
ferent types ofdopamine receptors have been demonstrated, i.e., 
D- 1 and D-2 (Creese et al., 1983; Kebabian and Calne, 1979; 
Seeman, 1980; Stoof and Kebabian, 198 1). Activation of D-l 
receptors results in an increase in CAMP formation, whereas 
this effect is partially antagonized by simultaneous activation 
of D-2 receptors, which apparently are coupled to adenylate 
cyclase in an inhibitory way (Stoof and Kebabian, 198 1, 1982). 
Recently, it has been reported that in neostriatal homogenates 
the increase in CAMP formation induced by D-l receptor ac- 
tivation is also partially inhibited by activation of 6-opioid re- 
ceptors (Bowen et al., 198 1; Gentleman et al., 1983). However, 
homogenization of brain tissue may result in a disruption of the 
coupling of some receptors- such as P-adrenoceptors (Kebabian 
et al., 1972), D-2 receptors (J. C. Stoof, unpublished obser- 
vations), and possibly F-opioid receptors-to adenylate cyclase. 

In the present study, neostriatal slices instead of homogenates 
were used as a more intact tissue preparation to explore the 
effects of selective activation of either 6- or p-opioid receptors 
on the dopamine receptor-regulated CAMP formation. Simul- 
taneous activation of D-l and D-2 receptors was effected by 
dopamine and selective activation of D-l receptors by dopa- 
mine in the presence of (-)sulpiride, a selective D-2 receptor 
antagonist (Stoof and Kebabian, 198 1, 1982). 

Materials and Methods 

Preparation and superfusion of neostriatal slices 
Male Wistar rats (200-240 gm body weight) were killed by decapitation 
and their brains rapidly removed. Two 2 mm thick coronal slices be- 
tween anterior planes A 5300 and A 9300 (Kiinig and Klippel, 1970) 
of the neostriatum were prepared and cut into smaller slices (2 x 0.3 x 
0.3 mm) using a McIlwain tissue chopper. The slices were washed twice 
with 10 ml bibs-Ringer bicarbonate-iedium containing 12 1 mM NaCl, 
1.87 mM KCl. 1.17 mM KH,PO,. 1.17 mM M&O,. 1.22 mM CaCl,. 25 
mM NaHCO,; and 10 mM $+&lucose. In addition, the medium con- 
tained 1 mM 3-isobutyl-1-methylxanthine in order to prevent break- 
down of AMP by phosphodiesterase. After washing, the slices were 
transferred to each of 24 chambers of a superfusion apparatus (0.3 ml 
volume, 20 mg of tissue/chamber) and subsequently superfused (0.1 
ml/min) with medium, kept under an atmosphere of 95% 0, and 5% 
CO,, at 37°C. After 60 min of superfusion (t = 60 min), a 20 min basal 
efflux fraction was collected. Drugs were added at t = 80 min and a 
second 20 min fraction was collected from between 100 and 120 min. 
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Figure 1. Effects of the selective b-opioid receptor agonist DADLE and the r-opioid receptor agonist morphine on CAMP efflux induced by 30 
ELM dopamine in the absence (D-l + D-2 receptor activation) or presence (D-l receptor activation) of 10 PM (-)sulpiride. Slices were superfused 
and after 60 mitt, a 20 min basal efflux fraction was collected. Drugs were added at t = 80 min, and a second 20 min fraction was collected between 
100 and 120 min. CAMP content of the first (basal) fraction amounted to 22.4 & 1 fmol/min. Data, expressed as the percentage increase in CAMP 
content of the second fraction relative to the first, represent means ? SEM of 12-l 6 observations. In each experiment, quadruplicate observations 
were made. 

Determination of drug effects 
The CAMP content of triplicate 100 ~1 aliquots of the first and the second 
fractions was estimated using a radioimmunoassay (Brooker et al., 1979). 
The limit of detection of this assay is 5.0 fmoVlO0 ~1. Since preliminary 
experiments showed that the CAMP content determined in the second 
fraction did not differ (96 + 3.8%, n = 12) from that in the first, and 
the latter varied between experiments (from 8.8 + 0.5 to 38.4 + 0.9 
fmol/min), drug effects were expressed as the percentage increase in 
CAMP content of the second fraction relative to the first. The statistical 
significance of differences was determined by the 2-tailed Student’s t 
test. 

Drugs 
The following drugs were obtained commercially: [D-Al&D-kUS] en- 

kephalin (DADLE), dopamine hydrochloride, and 3-isobutyl- 1 -meth- 

Table 1. Effect of (+) and (-)sulpiride on the inhibition of 
dopamine-stimulated CAMP efflux by DADLE 

CAMP efflux (% basal efflux) induced by: 

DADLE 30 /LM dopa- 30 ELM dopa- 
cont. mine + 10~~ mine + 1OpM 
GtM) 30 PM dopamine (+)sulpiride ( -)sulpiride 

0 217 & 6 221 + 5 548 f  13 
0.03 226 t 8 217 of: 6 274 + 6* 
0.3 149 + 4* 142 f  5* 212 + 8* 

Slices were superfused and after 60 min a 20 min basal efflnx fraction was collected. 
Drugs were added at t = 80 min and a second 20 mm fraction was collected from 
t = loo-120 min. The CAMP content of the first (basal) fraction amounted to 
2 1.6 f  0.8 fmol/min. Drug effects were expressed as percentage increase in CAMP 
content of the second fraction relative to the first. Data represent means + SEM 
of 12 observations. In each experiment, quadrnplicate observations were made. 
*p < 0.01 compared to CAMP efflux in the absence of DADLE. 

ylxanthine (Sigma). SKF 38393 was a gift from Smith, Kline & French, 
LY 141865 from Eli Lilly, (-)sulpiride from Delagrange, (+)sulpiride 
from Ravizza, and ICI 174864 from Imperial Chemical Industries. 
[o-Pen+-Pens] enkephalin (DPDPE) and the CAMP antibody were 

Table 2. Effects of different opioids on dopamine-stimulated CAMP 
efflux in the absence and presence of the selective &opioid receptor 
antagonist ICI 174864 

Drugs 

CAMP efflux (% of control) 

D-l + D-2 
receptor D- 1 receptor 
activation activation 

0.03 PM DADLE 
+ 0.75 PM ICI 174864 

0.3 /AM DADLE 
+ 0.75 PM ICI 174864 

3.0 PM morphine 
+ 0.75 j&M ICI 174864 

0.3 jlM DPDPE 
+ 0.75 /.&M ICI 174864 

96 + 3 48 + 3 
103 + 4 98 + 4* 

51 *2 32 I!Z 2 
54 f  4 56 k 4* 

54 + 3 56 + 5 
48 f  2 51 * 3 

103 + 4 38 + 2 
- 59 + 6* 

Slices were superfused and after 60 min a 20 min basal efflux fraction was collected. 
Drugs were added at t = 80 min and a second 20 min fraction was collected 
between 100 and 120 min. CAMP content of the first (basal) fraction amounted 
to 16.7 f  0.6 fmol’min. Control CAMP efflw. (determined in the second fraction) 
in the presence of 30 fir.4 dopamine alone (D- 1 + D-2 receptor activation) amounted 
to 222 + 8% of basal efflux and 579 f  14% on addition of 10 FM (-)sulpiride 
(D- 1 receptor activation). ICI 174864 by itself did not at&t CAMP efflux. Data, 
given as tlte percentage of control CAMP efflux, are means + SEM of 8-12 
observations. In each experiment, quadruplicate observations were made. * p < 
0.0 1 compared to inhibition in the absence of ICI 174864. 
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Figure 2. Antagonism by naloxone of the inhibitory effects of DADLE and morphine on CAMP efflux induced by 30 PM dopamine in the absence 
(D-l + D-2 receptor activation) and presence (D-l receptor activation) of 10 PM (-)sulpiride. Slices were superfused and after 60 mitt, a 20 min 
basal efflux fraction was collected. Drugs were added at t = 80 min, and a second 20 min fraction was collected between 100 and 120 min. The 
CAMP content of the first (basal) fraction amounted to 17.3 * 0.8 fmol/min. Control CAMP efflux (determined in the second fraction) in the 
presence of dopamine alone amounted to 236 + 6% of basal efflux and to 588 + 12OYo on addition of (-)sulpiride. Data, given as the percentage 
of control CAMP efflux, are means + SEM of 8-12 observations. In each experiment, quadruplicate observations were made. 

kindly donated by Dr. V. J. Hruby (University of Arizona, Tucson) and 
Dr. G. Brooker (Georgetown University, Washington, D.C.), respec- 
tively. 

Results 

Inhibition of dopamine-sensitive adenylate 
cyclase by opioid receptor agonists 
When neostriatal slices were exposed to 30 PM dopamine, the 
efflux of CAMP was approximately doubled. Both DADLE and 
morphine reduced the increase in CAMP efflux in a concentra- 
tion-dependent fashion, with an EC,, of about 100 and 800 nM, 
respectively. Blockade of the D-2 receptors by 10 PM (-)sul- 
piride strongly enhanced the response of the slices to 30 PM 

dopamine, which now caused an approximately 6-fold increase 
of the CAMP efflux. Also under these conditions, both morphine 
and DADLE inhibited the increase in CAMP efflux in a con- 
centration-dependent fashion. However, whereas blockade of 
D-2 receptors did not affect the EC,, of morphine, that of DADLE 
was greatly reduced (to about 3 nM) (Fig. 1). In the presence of 
10 I.~M (+)sulpiride, the CAMP efflux induced by 30 PM dopa- 
mine was not inhibited by DADLE at concentrations up to 30 
nM (Table 1). The d-opioid receptor agonist DPDPE (0.3 MM) 

inhibited dopamine-stimulated CAMP efflux in the presence, 
but not in the absence, of (-)sulpiride (Table 2). 

Effects of the P- and Sopioid receptor 
antagonists naloxone and ICI 174844 
When D- 1 and D-2 receptors were activated simultaneously by 
30 FM dopamine, the inhibitory effects of near maximally ef- 
fective concentrations of morphine (3 MM) and DADLE (0.3 PM) 

on CAMP efflux were antagonized equally well by naloxone. In 
contrast, on selective D-l receptor stimulation (i.e., with D-2 
receptors blocked), naloxone was about 20 times more potent 
in antagonizing the inhibitory effect of morphine (3 MM) than 
that of DADLE (0.03 PM) (Fig. 2). In fact, 0.1 PM naloxone 
appeared to discriminate between the effects of morphine and 
DADLE in this case (Fig. 2). The inhibitory effects of morphine 

(3 PM) were not affected by ICI 174864 at a concentration of 
0.75 PM. However, whereas the inhibitory effect of DADLE on 
CAMP efflux induced by 30 PM dopamine remained unchanged 
in the presence of ICI 174864, this drug strongly antagonized 
the inhibitory effect of DADLE when D-2 receptors were blocked 
(Table 2). The inhibitory effect of DPDPE (0.3 MM) on CAMP 
efflux induced by selective D-l receptor activation was also 
significantly antagonized by ICI 174864 (Table 2). 

Table 3. Opioid receptor-mediated inhibition of CAMP efflux 
induced by the selective D-l receptor agonist SKF 38393 and the 
effect of the selective D-2 receptor agqnist LY 141865 thereon 

CAMP efflux (% of control) 
in the presence oE 

Drugs 

10 jLM SW 

10 ELM SW 38393 + 3.0 
38393 11M LY 141865 

0.03 DADLE PM 52 t- 6 98 f 4 
+ 0.1 PM naloxone 56 f 4 - 

0.3 jiM DADLE 41*4 54 + 4 
+ 0.1 naloxone j.6~ 48 + 3 106 k 5* 

3.0 PM morphine 62 + 2 56 + 5 
+ 0.1 naloxone PM 97 k 6* 94 + 3* 

0.3 PM DPDPE 48 + 3 103 + 7 
+ 0.1 naloxone Jim 46 k 5 - 

Slices were superfused and after 60 min a 20 min basal efflux fraction was collected. 
Drugs were added at t = 80 min and a second 20 min fraction was collected 
between 100 and 120 min. CAMP content of the first (basal) fraction amounted 
to 28.4 + 0.8 fmol/min. Control CAMP efflux (determined in the second fraction) 
in the presence of SKP 38393 alone (D-l receptor activation) amounted to 381 
f 11% of basal efflux and 208 + 7% in the presence of both SKP 38393 and LY 
141865 (D- 1 + D-2 receptor activation). Naloxone by itself did not affect CAMP 
efflux. Data given as the percentage of control CAMP et&x are means f SEM of 
8 observations. *p < 0.01 as compared to inhibition in the absence of naloxone. 
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Opioid receptor-mediated inhibition of CAMP eflux 
induced by the selective D- 1 receptor agonist 
SKF 38393 and the eflect of the selective 
D-2 receptor agonist LY 141865 
Neostriatal slices exposed to 10 PM SKF 38393 exhibited an 
almost 4-fold enhancement of CAMP efflux. The increase in 
CAMP efflux was strongly inhibited by 0.03 and 0.3 PM DADLE, 
and this effect was not affected by 0.1 MM naloxone. In the 
presence of 3 PM LY 141865, SKF 38393 caused a more than 
2-fold enhancement of CAMP efflux. In this case, the inhibitory 
effect of DADLE (0.3 FM) on the stimulated CAMP efflux was 
fully antagonized by 0.1 PM naloxone. The inhibitory effect of 
morphine (3 PM) was antagonized by naloxone, independent of 
whether D-2 receptors were activated by LY 141865 or not. 
Finally, DPDPE (0.3 PM) inhibited SKF 38393-induced CAMP 
efflux in the absence, but not in the presence, of LY 141865 
(Table 3). 

Discussion 
The present study reveals that the involvement of different opioid 
receptor subtypes in the inhibitory effect of opioids on dopa- 
mine-sensitive adenylate cyclase in rat neostriatum is regulated 
by the activation of D-2 receptors. When D- 1 and D-2 receptors 
were activated simultaneously by dopamine (Stoof and Keba- 
bian, 198 l), CAMP efflux was inhibited by the opioid receptor 
agonists DADLE and morphine, which display selectivity for 
6- and p-opioid receptors, respectively (Martin, 1984; Paterson 
et al., 1983; Wi.ister et al., 198 1). On selective activation of D- 
1 receptors, i.e., with D-2 receptors blocked by (-)sulpiride 
(Stoof and Kebabian, 198 I), the EC,, of morphine (about 800 
nM) was not affected, while that of DADLE was stongly reduced 
(Erom about 100 to 3 nM). In order to exclude the possibility that 
this effect of (-)sulpiride might not be related to D-2 receptor 
blockade, its inactive enantiomer, (+)sulpiride, was also used. 
In this case, the CAMP efflux induced by dopamine was not 
inhibited by DADLE in concentrations up to 30 nM. Thus, it 
appears that blockade of D-2 receptors strongly enhances the 
potency of DADLE in inhibiting D- 1 receptor-stimulated CAMP 
formation. To examine whether the shift in EC,, of DADLE 
reflects an interaction of DADLE with different opioid receptor 
subtypes, the antagonists naloxone and ICI 174864 were em- 
ployed, which have selectivity for p- and &opioid receptors, 
respectively (Cotton et al., 1984; Himing et al., 1985). It was 
observed that naloxone antagonized the inhibitory effect of 
DADLE and that of morphine equally well when D- 1 and D-2 
receptors were activated simultaneously, while with D-2 recep- 
tors blocked, naloxone was about 20 times more potent in an- 
tagonizing the inhibitory effect of morphine than that of 
DADLE. ICI 174864 did not affect the inhibitory effects of 
morphine on simultaneous D-l and D-2 or selective D-l re- 
ceptor activation, whereas in the concentration used (0.75 PM), 

it strongly antagonized the inhibition caused by DADLE, pro- 
vided that D-2 receptors were blocked. The inhibitory effects 
of morphine and DADLE on CAMP efflux and the antagonistic 
potency of naloxone were similar when the (partial) agonists 
SKF 38393 and LY 14 1865 were used, which selectively activate 
D- 1 and D-2 receptors, respectively (Stoof and Kebabian, 198 1, 
1982). 

Together our findings strongly suggest that the opioid recep- 
tors mediating an inhibition of the CAMP efflux caused by si- 
multaneous D-l and D-2 receptor activation display exclusively 
p-opioid receptor selectivity. On the other hand, when D-2 re- 
ceptors are blocked, the inhibitory effects of morphine and 
DADLE on the dopamine-induced efflux of CAMP appear to 
involve p- and &opioid receptors, respectively. This conclusion 
is further strengthened by the observation that the highly selec- 
tive &opioid receptor agonist DPDPE (Mosberg et al., 1983), 

which in contrast to DADLE has a very low affinity for b-opioid 
receptors (Akiyama et al., 1985; Himing et al., 1985), inhibited 
the dopamine-induced CAMP efflux only when D-2 receptors 
were blocked or when CAMP efflux was induced by SKF 38393 
alone. 

With regard to the molecular mechanisms underlying the phe- 
nomena described here, it is very likely that the modulatory 
receptor-mediated interactions occur at the level of adenylate 
cyclase, since it has been shown that on activation both opioid 
receptors (Abood et al., 1985; Cooper et al., 1982; Frey and 
Kebabian, 1984; Gentleman et al., 1983; Kurose et al., 1983; 
Law et al., 198 1; West and Miller, 1983) and dopamine receptors 
(Cote et al., 1982; Creese et al., 1983; Kuno et al., 1983; Rodbell, 
1980) may be coupled to the enzyme through guanine nucleotide 
regulatory proteins. It has been suggested that the opioid binding 
sites-designated as II-, 6-, and K-opioid receptors-correspond 
to seperate biochemical entities (Cho et al., 1983; Zajac and 
Roques, 1985) with different primary structures (Howard et al., 
1985). Moreover, in view of the distinct (autoradiographic) lo- 
calizations of p- and d-opioid receptor binding sites in the neo- 
striatum, with p-binding sites localized in patches (striosomes) 
and b-binding sites more homogeneously distributed (Herken- 
ham and Pert, 198 1; see also Graybiel et al., 198 l), the func- 
tional CL- and 6-opioid receptors investigated here may reside on 
different cells. Therefore, a possible explanation of our findings 
is that in cells containing both D-2 receptors and &opioid re- 
ceptors, the receptors compete for the same inhibitory guanine 
regulatory proteins, whereas in other cells, containing M-opioid 
receptors, D-2 receptors are lacking. On the other hand, it has 
been suggested that CL- and &opioid binding sites in striatal 
patches may be allosterically coupled and constitute an opioid 
receptor complex (Bowen et al., 1981; Rothman et al., 1985). 
If this latter hypothesis holds true for the F- and &opioid re- 
ceptors negatively coupled to dopamine-sensitive adenylate cy- 
clase, our data indicate that the pharmacological profile of such 
an opioid receptor complex might be regulated by activation of 
D-2 receptors. 

Although the functional implications of CAMP formation in- 
duced by D-l receptor activation and the inhibitory effects of 
opioids thereon remain enigmatic, the discovery that D-2 re- 
ceptor blockade results in the appearance of (previously silent) 
functionally active &opioid receptors, coupled to adenylate cy- 
clase, is highly intriguing. In addition to the dense dopaminergic 
innervation, the neostriatum contains high levels ofenkephalins 
(Cuello, 1983; Hughes et al., 1977; Yang et al., 1977). Like their 
metabolically stable congener DADLE, the endogenous enkeph- 
alins display a considerably higher affinity for 6- than for p- 
opioid receptors (Paterson et al., 1983). Therefore, blockade of 
D-2 receptors would result in a substantially enhanced sensi- 
tivity of D- 1 receptor-stimulated adenylate cyclase to inhibition 
by enkephalins. It is tempting to speculate that this previously 
unknown consequence of D-2 receptor blockade is important 
for the antipsychotic action of neuroleptic drugs, which are 
thought to block primarily D-2 receptors in the CNS (Seeman, 
1980; Snyder, 1984). Other studies have shown that neuroleptic 
treatment enhances enkephalin biosynthesis in the neostriatum 
(Hong et al., 1979) and induces behavioral supersensitivity to 
opioids (Stinus et al., 1985), also suggesting the involvement of 
endogenous opioids in the action of antipsychotic drugs. 
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