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Abstract 

Receptor activation of G-proteins can be measured by agonist-stimulated [“S]GTPyS binding in the presence of excess guanoike 

diphosphate (GDP). To determine whether opioid and cannabinoid receptor-mediated G-protein activation correlate with their receptor 
densities, this study compared opioid- and cannabinoid-stimulated [3sS]guanylyi-5’-O-(y-thio)-triphosphate (GTPy S) binding with the 

corresponding B,, values of receptor binding in rat striatum. Scatchard analysis revealed that the B,,,, of cannabinoid receptor binding 

was approximately ten times higher than that of cc- or &opioid receptor bindin g. However, comparable levels of cannabinoid- and p- and 
&opioid-stimulated [35S]GTPyS binding were observed in the caudate-putamen by [%]GTPyS autoradiography in brain sections. 

Scatchard analysis of uet agonist-stimulated [‘%]CTFyS binding in membranes showed that the B,,, of cannabinoid-stimulated binding 

was only twice that of JL- or &opioid-stimulated binding. Thus. the calculated amplification factors for 1_1- and &opioid receptors are 

seven times that of cannabinoid receptors. 

Keyordsr [ ‘5S]GTPyS autoradiography: G-protein-coupled receptor 

Opioid (including p-, 6- and K-) and cannabinoid 
receptors belong to the superfamily of GTP binding regula- 
tory protein (G-protein&coupled receptors (Matsuda et al., 
1990; Evans et al., 1992; Kieffer et al., 1992; Chen et al., 
1993; Yasuda et al., 19931, which produce a biological 
response by regulation of enzyme or ion channel activity 
through the selective activation of signal-transducing G- 
proteins (Gilman, 1987; Bimbaumer et al., 1990: Childers, 
1991). Both opioid and cannabinoid receptors inhibit 
adenylyl cyclase activity (Kurose et al., 1983; Howlett, 
1985; Howlett et al., 1986; Pacheco et al., 19911 and 
increase potassium channel conductance and decrease cal- 
cium channel conductance (Aghajanian and Wang, 1986; 
North et al., 1987: Gross et al.. 1990; Mackie and Hille, 
1992; Hampson et al., 1995) via pertussis toxin-sensitive 
G-proteins of the G/G,, family. 

An assay has been developed in which agonist-stimu- 
lated [35S]guanylyl-5’-O-(y-thio)-triphosphate (GTpYS) 
binding is used to measure receptor activation of G-pro- 
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teins in isolated membranes IHilf et al., 1989; Traynor and 
Nahorski, 1995). We have recently developed an auto- 
radiographic technique based upon this method, in which 
[35S]~~pyS b’ d’ m mg is used to identify receptor-activated 
G-proteins in brain sections (Sim et al., 1995). This assay 
is based upon the fact that the inactive state of the G-pro- 
tein Q subunit has a relatively high affinity for GDP over 
GTP, while activation of receptors by agonist shifts the Q 
subunit into a higher affinity state for GTP versus GDP. 
Therefore, the [-‘jS]GTpyS assay utilizes excess GDP to 
shift the G-proteins into the inactive state and lower basal 
activity. Addition of [“5S]GTpYS and agonist decreases the 
affinity of the cy subunit for GDP and increases its affinity 
for GTP, so that the receptor-stimulated G-protein binds 
[‘SS]GTPyS. In our initial anatomical studies. we demon- 
strated that [35S]GTPyS binding in sections was dependent 
upon agonist concentration and was blocked by specific 
antagonists (e.g. naloxone + DAMGO for CL-opioid and 
WIN 552 12-2 + SR I4 17 16A for cannabinoid receptors. 
respectively) (Sim et al., 1995). A unique anatomical 
distribution of agonist-stimulated [‘%GTpyS binding was 
also identified for each receptor system. Thus, p-opioid- 
stimulated 13%]GTP@ binding was identified in regions 
including the caudate-putamen. medial thalamus, am%- 
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dal3, priaqueductal gray. locus coeruleus. parabrachial 
nucleus and nucleus tractus solitarius. and cannabinoid- 
stimulated [ 35S]GTpYS binding was high in the globus 
pallidus. caudate-putamen. hippocampus, cerebellum, cor- 
tex and subsrantia nigra (Sim et al., 1995). These distribu- 
tions of agonist-stimulated [35SlGTPyS binding corre- 
sFonded to known receptor distributions, as measured by 
receptor autoradiography (Goodman et al., 1980; Herken- 
ham and Pert, 1982; Herkenham et al., 199 I ; Jansen et al., 
1992). However, the apparent levels of [“‘S]GTPyS bind- 
ing stimulated by opioid and cannabinoid agonists were 
comparable, despite the fact that cannabinoid receptor 
density in the brain is approximately ten-fold greater than 
that of opioid receptors (Herkenham and Pert, 1982; De- 
vane et al., 1988: Hcrkenham et al., 1991; Kuster et al.. 
1993). We attributed this observation to differences in the 
efficiency of G-protein coupling between these receptor 
systems. To understand the relationship between the num- 
ber of receptors and the number of G-proteins they acti- 
vate, a quantitative assessment must be obtained of both 
parameters in the same preparation. In the present study, 
we report on the comparison between p- and &opioid, 
and cannabinoid, receptor densities in striatum measured 
by radioligand binding, versus the number of G-proteins 
activated by each receptor as measured by agonist-stimu- 
lated [‘%]GTPyS binding. 

2. Materials and methods 

2. I. Mm3-iiil.~ 

Male Sprague-Dawley rats were purchased from Zivic- 
Miller (Zelienople. PA). [‘“S]GTPyS (I 150-1395 
Ci/mmol), [“H][D-Ala’,N-Me-Phe”,Gly”-ol]enkephalin 
(DAMGO) (41.55 Ci/mmol), [31-I][D-Pen’*5, PheS]en- 
kephalin (DPDPE) (34.3 Ci/mmol) and [ 3 HIWIN 552 12-2 
(37.0 Ci/mmol) were obtained from New England Nu- 
clear Corp. (Boston. MA). [D-Ala’lmethionine enkephali- 
namide (DAME), DAMGO, DPDPE, [D-Pen2.5, p-cl- 
PheJ]enkephalin (pCI-DPDPE) and trans-3,4-dichloro- 
N-(2-( I -pyrrolidinyl)cyclohexyl)-benzeneacetamide (U- 
50.488H) were obtained from Sigma Chemical Co. (St. 
Louis, MO). WIN 552 12-2 was purchased from Research 
Biochemicals International (Natick, MA). GDP and GTPys 
were purchased from Boehringer Mannheim (New York, 
NY). Reflections autoradiography film was purchased from 
New England Nuclear Corp. (Boston, MA). Ecolite scintil- 
lation fluid was obtained from ICN (Irvine, CA). All other 
reagent grade chemicals were obtained from Sigma Chemi- 
cal Co. or Fisher. 

2.2. [35ShL2TPyS autoradiography 

Male Sprague-Dawley rats (150-200 g) were killed by 
decapitation. The brains were removed and immersed in 

isopentane at -35°C. 20 pm coronal sections of the 
caudate-putamen at the level of the anterior commissure 
were cut on a cryostat at - 2o”C, and thaw-mounted onto 
gelatin coated slides. Slides were rinsed in assay buffer (50 
mM Tris-HCI. 3 mM MgCl?. 0.2 mM ECTA, 100 mM 
NaCI, pH 7.4) at 25*C, then pretreated with 2 mM GDP in 
assay buffer. Sections were incubated in E3’S]GTPyS (0.04 
nM) and 2 mM GDP, with 3 ,uM WIN 55212-2, 10 PM 
pCI-DPDPE, 1 PM U50,488H or 3 PM DAMGO in assay 
buffer at 25°C for 2 h. The incubation media for WIN 
55212-2 also contained 0.5% bovine serum albumin. Sasal 
activity was assessed in the absence of agonist, and non- 
specific binding was measured in the presence of IO PM 
unlabeled GTPyS. Slides were rinsed twice in cold Tris 
buffer (50 mM Tris-HCI buffer, pH 7.4) and once in 
deionized water, thoroughly dried and exposed to film for 
48 h. Films were digitized with a Sony XC-77 video 
camera and analyzed using the NIH IMAGE program for 
Macintosh computers. Quantification of images was ob- 
tained from densitometric analysis using “C standards and 
corrected for “S using brain paste standards as previously 
described (Christie, 199 I ). Agonist-stimulated activity was 
calculated by subtracting the optical density in basal sec- 
tions (GDP only) from that of agonist-stimulated sections 
and results are expressed as percent stimulation over basal 
activity. For each agonist. triplicate sections of brains from 
five animals were used. 

Striata were dissected and homogenized in 20 vol buffer 
(50 mM Tris-HCI, 3 mM MgCl,, ! mM EGTA, pH 7.4). 
The homogenate was centrifuged twice at 48000 X g at 
4°C for IO min and resuspended in assay buffer (50 mM 
Tris-HCI, 3 mM MgC12, 0.2 mM EGTA, 100 mM NaCI, 
pi-I 7.4). Protein was assayed by the method of Bradford 
(1976). For concentration-effect curves, membranes (4 pg 
protein) were incubated at 30°C for I h in assay buffer 
with various concentrations of agonist, 20 ,FLM GDP and 
0.05 nM [35~l~~py~ in a I ml total volume. Basal 
binding was assessed in the absence of agonist, and non- 
specific binding was measured in the presence of IO PM 
unlabeled GTPy S. The assay buffer for WIN 552 12-2 also 
contained 0.1 mg/ml bovine serum albumin. For 
[%IGTP~S assays for Scatchard analysis of agonist- 
stimulated L3%lGTPyS binding, membranes (IO +g) were 
incubated with 20 PM GDP. 0.05 nM [ 35 S]GTPy S and 0 
to 20 nM unlabeled GTPyS with and without 3 FM 
DAMGO, 10 PM pCI-DPDPE or 3 PM WIN 55212-2 in 
a I ml total volume. The reaction was terminated by 
filtration under vacuum through Whatman GF/B glass 
fiber filters, followed by three washes with cold Tris 
buffer. Bound radioactivity was determined by liquid scin- 
tillation spectrophotometry at 95% efficiency after extrac- 
tion overnight in Ecolite scintillation fluid. Data are re- 
ported as mean f standard error values of at least three 



experiments, which were each performed in triplicate. 
Nonlinear iterative regression analyses of agonist concen- 
tration-effect curves were performed with JMP (SAS Insti- 
tute, Cary. NC). Scatchard analysis was conducted using 
the computer curve fitting program EBDA. 

Rats were decapitated and brains (minus cerebellum) 
were homcgenized in 20 vol cold Tris buffer with a 
Polytron homogenizer. Membranes were centrifuged at 
48 000 X g for 10 min and resuspended in fresh buffer. 
Membranes were centrifuged again at 48000 X g for 10 
min, then resuspended in assay buffer (50 mM Tris-HCI. 3 
mM MgC12, 0.2 mM EGTA, pH 7.4 for opioid receptor 
binding assay or 20 mM Hepes + I mM MgCl? buffer for 
WIN 552 12-2). Protein was assayed by the method of 
Bradford (1976). For opioid binding assays. membranes 
(0.2 mg protein) were incubated in assay buffer with the 
appropriate concentrations of unlabeled agonist with either 
I nM [‘HIDAMGO or 3 nM [‘H]DPDPE in a final volume 
of 1 ml. Nonspecific binding was measured in the presence 
of 5 PM DAME. For the cannabinoid assay, membranes 
(0.06 mg protein) were incubated in 20 mM Hepes + 6 
mM MgCl?, pH 7.0 with various concentrations of unla- 
beled WIN 552 12-2 and I nM [HIWIN 55212-2 in 1 ml 
total volume. Nonspecific binding was measured in the 
presence of 1 PM WIN 55212-2 for cann,;binoid recep- 
tors. The assay was incubated for- 60 min ([3HlDAMGOJ. 
90 min ([3H]WIN 55212-2) or 180 min ([3H]DPDPE) at 
25°C. The reaction was terminated by rapid filtration under 
vacuum through Whatman GF/B &ass fiber filters fol- 

lowed by three washes with Tris buffer. Bound radioactiv- 
ity was determined by liquid scintillation spectrophotome- 
try at 45% efficiency after extraction overnight in 5 ml 
Ecoiite scintillation fhrid. Data are reported as mean + 
standard error values of at least three experiments per- 
formed in triplicate. Scatchard analysis was conducted 
using the computer curve fitting program EBDA. 

In vitro autoradiography of agonist-stimulated [j5S]- 
GTPyS binding provides a high-resolution quantitative 
localization of receptor-mediated G-protein activation in 
the brain. To directly compare the activation of G-proteins 
by I*-. 5- and K-opioid receptors with that of cannabinoid 
receptors. adjacent brain sections were incubated with 
maximally effective concentrations of DAMGO. pCl- 

DPDPE, U50,4SSH and WIN 552 12-Z. respectively. in the 
presence of [%]GTPyS (0.04 nM) and excess GDP (2 
mM). Results (Fig. 1) showed significant stimulation of 
[%]GTPyS bi n mg by the cr. 6 and cannabinoid ago- d’ 
nists. The distribution of agonist-stimulated [ “S]GTPyS 
binding in the caudate-putamen was unique for each recep- 
tor. as seen in representative sections shown in Fig. 1. 
High levels of y-opioid-stimulated [‘s S]GTPy S binding 
were identified in the patches and subcallosal region of the 
caudate-putamen in sections incubated with 3 PM 
DAMGO. The highest level of cannabinoid-stimulated 

IN 55,212~2 

Fig. 1. Representative sections at the ieve! of the caudate-putamen showin, n the distributions of agonist-stimulated [ “S]GTPyS bindinp. Seclions were 

incubated with 2 m!! GDP. then [‘“S]GTPyS (0.04 nM) with 2 mh4 GDP and 3 &+I DAMGO. 3 PM WIN 55212-2 or IO PM pCI-DPDPE. R~Q[ 

binding was assessed in the absence of agonist. 



Table I 
Effect of opioid and cannabinoid agonists on [“S]GTP/S binding: 

auloradiosraphic analysis in the caudate-putamen 

Agonist &i/g % Stimuliltion 

Bu4 330* 15 N.A. 

DAMGO 5so+ 18 59&z!% 

pCI-DPDPE 634&- 18 72*54 

WIN 55232-2 606k9 66+5% 

U50.488H 362+ 10 8+3% 

Sections were incubated with 2 mM GDP. then [“‘S]GTPyS CO.@4 nM) 
with 1 mM GDP and 3 /.J,M DAMGO, 3 FM WIN 55212-2 or 10 PM 
pCI-DPDPE. Basal binding was assessed in the presence of 2 mM GDP 
alone. Data represent mean values + S.E.M. of triplicate sections from the 
brains of five animals. N.A.. not applicable. 

[‘jS]GTPyS b in d ing was identified in the dorsal lateral 
caudate-putamen after incubation with 3 #vl WIN 55212- 
2. &opioid-stimulated [ “S]GTPyS binding in sections 
incubated with IO PM pCI-DPDPE was distributed 
throughout the caudate-putamen, particularly in the lateral 
region. Image analysis was performed by measuring the 
optical density of the caudate-putamen for each receptor 
agonist (Table 1). Since excess GDP was present, very low 
levels of basal binding were observed. The /L, S and 

cannabinoid agonists stimulated [ ‘5S]GT~S binding to 

approximately the same degree: 59% by DAMGO, 72% by 
pCI-DPDPE and 66% by WIN 55212-2, with no statisti- 
cally significant differences in stimulation among these 
three agonists. Sections were also incubated with U50,488H 
to measure [‘“S]GTPyS binding stimulated by K-opioid 
receptors (not shown). The K agonist U50.488H did not 
appreciably stimulate [ ?~]GT~s binding above basal 
(Table 1). 

- 
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Fig. 3. Effects of antagonists on basal and agonist-stimulated [“S]GTPyS 
binding. Membranes were incubated with 0.05 nM [“sS]GTPyS and 20 
PM GDP with 5 pM naloxone, IO PM ICI 184.761 or I PM SR 
I41 716A in the presence and absence of 5 KM DAMGO, 5 pM 
pCI-DPDPE or 0.5 /.LM WIN 552 12-2. respectively. Data are expressed 
as mean percent basal [3:‘S]GTPyS binding+ SEM. 

atal membranes to further quantitate maximal stimulation 
of [“S]GTbS binding by opioid and cannabinoid Jgonists 
(Fig. 2). In each case. agonist-siimulated [j5S]GTPyS 
binding was concentration-dependent and saturable. Maxi- 
mal stimulation (E,,,,,) of [%]GTP~S binding by WIN 
55212-2 was I25 f 99, with an ED,, value ef 0.02 + 0.01 
PM. The E,,, values for DAMGO and pCI-DPDPE were 
68 + 5% and 57 + 4% respectively, and were significantly 
different from that of WIN 552 12-2 ( P < 0.001). The 
ED,, vaiues for DAMGO and pCl-DPDPE were 0.56 f 
0.12 PM and 0.21 t 0.02 PM, respectively. Thus, in 
isolated striatal membranes the cannabinoid agonist stimu- 
lated approximately twice the level of 1” S]GTPy S binding 
compared to the I_L- and S-opioid agonists. 

3.2. Agonist-stimulated I”5Sh3TPyS binding in strintal 
membranes 

Concentration-effect curves of agonist-stimulated 
[3s~l~~~~ binding were also examined in isolated stri- 

Concentration Agonist (PM) 

Fig. 2. Concentration-effect curves of agonist-stimulated [“S]GTPyS 
binding in isolated &iatal membranes. Membranes were incubated with 
20 PM GDP with and without various concentrations of DAMGO, 
pCI-DPDPE, or WIN 55212-2. Da:a are expressed as mean percent basal 
fJ5S]GTPyS binding& SEM. 

[35~]~~~~ binding experiments were conducted with 
agonists and antagonists alone and in combination to con- 
firm receptor specificity and examine the effects of antago- 
nists on basal [ 3”S]GTPyS binding (Fig. 3). As observed 
previously, the stimulation by the cannabinoid agonist was 
approximately two-fold greater than that of either the JL- or 
S-opioid agonists; stimulation in all three cases was signifi- 
cantly attenuated by the addition of the selective IL, S and 
cannabinoid antagonists, naloxone, ICI 174,864 and SR 
141716A, respectively. The smaller effect of the 6 antago- 
nist ICI 174,864 in reducing pCI-DPDPE-stimulated 
[+IGTPJJS binding is consistent with its relatively low 
potency (McKnight et al., 1985; Selley and Bidlack, 1992). 
None of these antagonists had any significant effect on 
basal [35S]GTpyS binding (in the absence of agonist). The 
lack of antagonist effects on basal [35S]GTbS binding 
suggests that the potential presence of endogenous agonists 
does not appreciably affect binding. Moreover, these an- 
tagonists do not have appreciable negative intrinsic activity 
on their own in brain under the conditions used in this 
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study, as has been reported for ICI 174,864 and naloxsne 
in cell culture systems (Costa et al,, 1990: Wang et al.. 
1994). 

3.4. Scatchard analyeS of recegfor binding sires and 

agonist-stirnuiated i-‘sSh3TPyS binding 

Previous reports on cannabinoid receptor binding (De- 
vane et al., 1988; Herkenham et al., 1991; Kuster et al., 
1993) have suggested that this receptor is present in brain 
at a density at least ten times greater than that of most 
other G-protein-coupled receptors. However, the results 
from Fig. 2 showed that cannabinoid-stimulated [35S]= 
GTpYS binding was only two-fold greater than that of lu. 
and 6 agonist-stimulated activity. In order to quantitatively 
explore the basis of this discrepancy, receptor binding and 
[3sS]GTpyS binding were conducted in the same mem- 
brane preparations for these three receptor types. These 
assays were conducted so that B,,, values could be 
obtained from both assays for direct comparison. For 
receptor binding, Scatchard analysis was perfomred using 
[“H]DAMGG for p sites, [‘HJDPDPE for S sites, and 
[‘H]WlN 55212-2 for cannabinoid sites. Fig. 4 shows a 
typical Scatchard plot for all three receptor types. The 
cannabinoid receptor B,,,,, value is 3.6 + 0.3 pmoi/mg, 
compared to 0.30 + 0.04 and 0.29 + 0.05 pmol/mg for ,u 
and 6 receptors, respectively. The calculated B,,, values 
from three separate ex.periments for each receptor type 
(Table 2) confirmed this finding, with the cannabinoid 
receptor B,,, value over ten times higher than that of p= 
or S-opioid receptors. 

To quantitatively assess the relative number of G-pro- 
teins activated by these receptor systems, Scatchard analy- 
sis was performed on agonist-stimulated [ 3s SlGTPy S bind- 
ing, using methods previously described (Gierschik et al.. 
1991; Traynor and Nahorski, 1995). In this method, 
[““S]G=lPy S binding was assayed in the presence of excess 
GDP and increasing concentrations of GTPyS, in the 
presence and absence of agonists. Basal [ 35S]GTP=@ bind- 

Bound (pmoleslmg) 

Fig. 4. Representative Scatchard plot of receptor binding in striatal 
membranes. Membranes were incubated with various concentrations of 
unlabeled DILIMGO. DPDPE or WIN 55212-2 in the presence of I nM 
VHIDAMGO. 3 nM [3~lDpQ~~, or i nM [‘HIWIN 55212-2, respec- 
tively. Data shown are from one experiment that was performed in 
triplicate and replicated four times with similar rcsuits. 

Table 2 
Catalytic amplification factors for opioid- and cannabinoid-stimulated 
G-protein activation 

Receptor Recepior G-protein Amplification 
&a, Bnl,, factor 
pmol/mg pmoVmg 

CL-Opioid 0.30 5.15 17 
&Opioid 0.29 6.27 22 
Cannabinoid 3.56 10.05 3 

Receptor L?,, li values were determined by receptor binding in striatai 
membranes incubated with I I&I 13H]DAMG0. 3 NM [%]DPDPE, or I 
nM [‘HIWIN 55212-2 in the presence of various concentrations of 
unlabeled agonist. G-protein B,,,_ values were determined by [3sSjGTpyS 
binding assays in which membranes were incubated with 20 pM GDP, 
0.05 nM [“SlGTPyS and O-20 nM unlabeled GWS with and without 3 
PM DAMGO, IO FM pCi-DPDPE or 3 pM WIN 55212-2, and net- 
stimulated binding was determined as described in the legend of Fig. 4. 
B values were calculated from experiments performed in triplicate that 
l\zi replicated at least four times. Amplification factors were calculated 
by dividing the G-protein B,, by receptor I%,,,,,. 

ing was subtracted from agonist-stimulated binding to 
obtain net agonist-stimulated binding. This net stimulated 
binding was used to construct Scatchard plots to provide 
estimated B,,,,, values of agonist-activated G-proteins in 
striatal membranes. Fig. 5 shows the effect of DAlvIGO, 
pCI=DPDPE, and WIN 552 12-2 on [ 35 S]GTFy S binding as 
a function of increasing concentrations of unlabeled 
GTpyS. These data show that the binding of [35S#X’PyS 
is increased by all three agonists at low concentrations of 
GTPyS, indicating an agonist-induced increase in high 
affinity GTPyS binding. Direct Scatchard analysis of basal 
and agonist-stimulated binding (not shown) indicated that 
the effect of each agonist was to decrease the K, for 

Concentration GTprS (nl) 

Fig. 5. Displacement of [“S]GTPyS binding by GTF’yS. Membranes 
were incubated with 0.05 nM [%]cTq,S in the presence of O-20 &I 
GWS with and without 3 PM DAMGO. IO FM pCl=DPDPE or 3 FM 
WlN 55212-2. Data represent mean percent control [%lGTl-‘yS binding 
(binding in the absence of unlabeled GWS or agonist). Control 
[3sS#XPyS binding was 0.25 &0.02 pmoi/mg mem’brane protein. Inset 
Scatchard analysis of the net agonist-stimulated [“‘S]GTpyS binding 
(agonist-stimulated binding minus basal binding. measured at each COP 

centration of GTPy Sk 
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GTPyS. The high affinity K, value of basal GTPyS 
binding (determined in the absence of agonist) was 14.0 !z 
1.4 nM, whereas the K, values determined in the pres- 
ence of agonists were 4.9 I!I 0.7 nM, 6.0 III 1.2 nM and 
4.5 + 0.5 nM for DAMGO-, pCl-DPDPE-. and WIN 
55212-2-stimulated binding, respectively. Although the Ko 
values obtained in the presence of all three agOniStS were 

significmtly different from basal [35SlGTPyS binding (I’ 
< 0.005). there were no significant differences in the 
magnitude of the increase in the K, values of [3sSlGTPyS 
binding produced by any of the three agonists. In order to 
specifically determine B,,,,, values of [ 35 S]GTPy S binding 
stimulated by each agonist, Scatchard plots were con- 
structed from net agonist-stimulated [35SlGTpUS binding 
(Fig. 5, inset). The B,,, values of net agonist-stimulated 
[35S]GmS binding were 10 f 2 pmol/mg and’5 f 2 and 
6 + 2 pmol/mg for cannabinoid and p- and S-opioid 
agonists, respectively. In agreement with the data pre- 
sented in Fig. 2, these S,,,,, values (Table 2) showed that 
WIN 55212-2 stimulated approximately twice as much 
[35S]GTPyS binding as either DAMGO or pCl-DPDPE. 

In order to directly compare the efficiency of each of 
these three receptor types in striatal membranes, a catalytic 
amplification factor was obtained by dividing the B,,, of 
agonist-stimulated 135S]GTPyS binding by the B,,, of 
receptor binding (Table 2). These results showed that the 
amplification factors of both p and S receptors were 
approximately equal to each other, with twenty times 
higher B,,, values for G-protein activation than for recep- 
tor binding. However, the catalytic amplification factor for 
cannabinoid receptors was considerably less, with only a 
three-fold higher B,,,,, value for G-protein activation than 
for cannabinoid receptor binding. Thus, the relative 
amplification factors for receptor-mediated G-protein acti- 
vation were approximately 6.5-fold greater for p- and 
gopioid receptors than for cannabinoid receptors. 

4. Discussion 

E35SlGTF’yS autoradiography and [35S]GTPyS binding 
assays in isolated membranes are techniques that comple- 
ment each other in the study of receptor-mediated G-pro- 
tein activity. As seen in the present study, the results 
obtained by the two methods are similar in terms of the 
level Of agonist-stimulated [ %]GTPyS binding measured. 
One difference between the two techniques is the level of 
GDP which is necessary to detect agonist-stimulated 
[35SlG~S binding. The concentration of GDP required 
for [35SIGTprS autoradiography is l-2 mu, whereas in 
membranes the concentration is in the IO-30 PM range 
(Sh et al., 1995). Perhaps the most likely explanation for 
this difference is the greater level of protein in tissue 
sections (approximately 175 pg) compared to membranes 
(4-15 pg), since [35SlGTPyS binding is very sensitive to 
protein concentration (Sim et al., unpublished observa- 

tions). The results of previous [35~]~~~~ autoradiog- 
raphy studies have shown that although the distributions of 
opioid- and cannabinoid-stimulated [35S]GTPyS binding 
correlate with known receptor distributions, the relative 
levels of agonist-stimulated [‘“S)GTPyS binding do not 
necessarily reflect known receptor densities (Sim et al.. 
1995). In the present study, we have confirmed this finding 
quantitatively in sections at the level of the caudate-puta- 
men and in isolated striatal membranes. Although a ten-fold 
excess of cannabinoid over CL- and Sopioid receptors was 
measured, this receptor excess did not translate into a 
ten-fold excess of G-protein activation. In tissue sections, 
opioid and cannabinoid agonists stimulated approximately 
the same level of [3sS]GI‘~S binding. In isolated striatal 
membranes, cannabinoid-stimulated C 35 S]GT~ s binding 
was twice that of opioid-stimulated binding. For the opioid 
agonists, the levels of stimulated [%]GTP+ binding 
were approximately the same between tissue sections and 
isolated membranes; however, cannabinoid-stimulated 
[‘5S]GTp?/S bi d’ n mg in membranes was twice that of tissue 
sections. This difference resulted from the anatomical reso- 
lution of the autoradiographic technique versus membrane 
assays, since membranes were prepared from grossly dis- 
sected striata, which include a portion of the globus pal- 
lidus. The globus pallidus contains a high density of 
cannabinoid receptors (Herkenham et al., 199i; Jansen et 
al., 1992) and a very high level of cannabinoid-stimulated 
[35~]~~~~ binding (Sim et al., 1995) which clearly 
increases the levels of sttmulated [ 35 S]GTPy S binding seen 
in striatal membrane preparations in the present study. 

We have considered two possible mechanisms by which 
the observed differences in receptor efficiency may occur. 
It is possible that receptors with greater efficiency, such as 
opioid receptors, produce a greater change in the affinity 
of the G-protein for GTP versus GDP. This does not 
appear to be the case for these receptors in the striatum, 
since the calculated K, of agonist-stimulated [35S]GTPyS 
binding were similar for opioid and cannabinoid agonists. 
A second possibility is that opioid receptors catalytically 
activate more G-proteins than cannabinoid receptors. Tit: 
B ma?. values derived from [35S]GcrpYS Scatchard analysis 
of receptor-stimulated binding indicate that this is in fact 
the case. Despite a ten-fold excess of cannabinoid over 
opioid receptors, the number of G-proteins activated by 
cannabinoid receptors is only twice that of opioid recep- 
tors. These values correlate with the levels of G-protein 
activation measured in the agonist concentration-effect 
curves in membranes. 

In order to quantitate the discrepancy between receptor 
binding and receptor-mediated G-protein activation, we 
directly compared B,,, values of these two parameters to 
obtain a catalytic amplification factor (Table 2). This 
amplification factor was approximately 20 for both _u- and 
&opioid receptors, but only 3 for cannabinoid receptors. 
This factor might be interpreted as the catalytic ampliftca- 
tion for each receptor type. By this interpretation, each p 



receptor in striatum activates 17 G-proteins, while each 6 
receptor activates 22 G-proteins and each cannabinoid 
receptor activates only 3 G-proteins. However, this inter- 
pretation is only true in a relative sense. Agonist stimula- 
tion of ]‘5S]GTP?/S binding is not an absolute constant, 
but instead depends upon a large number of technical 
factors including sodium and GDP concentrations, as we!! 
as the temperature and kinetics of GTPyS binding. More- 
over, the increase in [35S]GTPyS binding observed in the 
presence of agonist is not an increase in the absolute 
number of G-proteins, but instead represents an allosteric 
change in the Gprotein structure to increase its relative 
affinity for GTP and GTPyS over its affinity for GDP. 
Since GTbS is hydrolysis resistant, those G-protein cy 
subunits which have bound [35S]GTpyS are virtually irre- 
versibly activated and are thus not available for re-activa- 
tion by the receptor. This may slightly reduce the available 
pool of G-proteins for activation by receptors and underes- 
timate actual catalytic amplification values. Another poten- 
tial inaccuracy in the calculation of amplification factors is 
the determination of the appropriate receptor B,,,,, to use 
in the calculation. Since GDP and NaCl in the [35S]GTPyS 
binding assay would shift agonist binding into low affinity 
states (Childers and Snyder, 1980; Devane et al., 1988; 
Werling et al., 19881, receptor binding assay conditions 
were chosen in the present study which promote high 
affinity agonist binding sites. Thus, receptor B,,, values 
could be determined with the same agonists used in the 
[ 35 S]Gl’py S binding assay. The use of radiolabeled antag- 
onists may be most accurate for determination of total 
receptor number, but it may overestimate the actual num- 
ber of binding sites available to agonists. For all these 
reasons, the amplification factors calculated in Table 2 are 
true only under the particular assay conditions, and are 
most useful when comparing relative amplifications be- 
tween receptors assayed under identical conditions. By this 
interpretation, each p- and &opioid receptor in suiatum 
appears to activate approximately the same number of 
G-proteins, while each cannabinoid receptor appears to 
activate a several fold lower number of G-proteins than 
either CL- or Sopioid receptors. 

The biochemical basis of this disparity is not clear. The 
simplest explanation is that the different receptors have 
different intrinsic abilities to catalytically activate G-pro- 
teins (i.e. the observed differences are a property of the 
receptors themselves). In addition, different receptors may 
couple to different types of G-protein subunits. There are 
currently more than 20 ty~s of (Y subunits, of which G,. 
Gi, G,, G, and G,/G,, are found in the striatum (Worley 
et al., 2986; Asano et al., 1990; Hinton et a!., 1990; Aronin 
and DiFiglia, 1992; Mailleux et al., 1992). Opioid and 
cannabicoid receptors may couple with one or more of 
three subtypes of Gi (Gi, rI GiQZ, Gin3) and/or two of G, 
(G,,i and Goa (Jones and Reed, 1987; Hsu et al., 1990). 
The relative affinities of different cy subtypes for GDP and 
GTPyS may vary, which may affect efftciencies of recep- 

tor-G-protein activation in [ 35~]~~~S binding assays. 
However. this seems an unlikely explanation for the results 
obtained in this study for two reasons. First, the same 
optimal GDP concentrations were required for stimulation 
by either cannabinoid or p- and Sopioid receptors (not 
shown). Secondly, a!! three receptor agonists produced the 
same high affinity K, for [35S@mS binding, under 
conditions where the range of GDP : GTP~JS concentration 
ratios were consistent among the different receptor types 
studied. A more likely explanation for differences in eff!- 
ciency of coupling is that the rate of catalytic activation of 
G-proteins may depend upon the receptor-G-protein com- 
bination. For example, in purified systems the catalytic 
rate of dopamine D, activation of Giaz was twice that of 
other G-protein subtypes (Senogles et al., 1990). Similarly. 
in the striatum, the relative levels of G,/G, subtypes and 
their anatomical distribution may dictate receptor eff- 
ciency. Moreover, individual subtypes of G-protein Q 
subunits have different guanine nucleotide binding and 
release kinetics (Carty et al., 1990; Offermanns and Schultz, 
1994!, which may affect the catalytic rate at which they 
can be activated by receptors. 

Investigation of receptor efiiciency has also been con- 
ducted using padrenoceptors. Previous studies have 
shown that &-adrenoceptors stimulate adenylyl cyc!ase 
activity to a higher degree than &adrenoceptors in car- 
diac membranes, despite a greater than 2 : 1 ratio of /3,- to 
P,-adrenoceptors (Kaumaan and Lemoine, 1987). More 
recent investigations in transfected cells indicate that this 
difference in efficiency may be inherent to the receptors. 
since the P,-adrenoceptor was always less ‘efficacious’ 
than the &-adrenoceptor for stimulation of denylyl cy- 
rlase under a variety of conditions (Levy et al., 1993; 
Bimbaumer et al.. 1994). T!rus, different receptor efficien- 
cies can be observed within the same cell. 

The physiological significance of these differences in 
amplification between different receptor systems is not 
known. Differences in drug effects have often been at- 
tributed to the anatomical disttibutioa of the receptors. 
This is clearly the case for some effects. such as cardio- 
vascular and respiratory risk of opioid versus cannabinoid 
administration. since opioid receptors are localized in many 
brain stem autonomic centers, whereas there are virtuahY 
no cannabinoid receptors in these regions. However, tie 
powerful psychological and analgesic, as well as addictive 
effects of opiates could also be a result of a higher level of 
catalytic amplification of the receptor-mediated response, 
resu!ting in more profound behavioral and physiological 
effects of opioids than cannabinoids. 
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