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Abstract

Several phenyl-benzazepine compounds, putatively selective dopamine D receptor agonists, have been used to study the effects of1

dopamine D receptor stimulation in rodents and nonhuman primates. However, the dopamine receptor selectivities of these compounds1

have not been established in nonhuman primates. Accordingly, the relative selectivities of six phenyl-benzazepines for dopamine D -like1

and D -like receptors were assessed in rhesus monkey and, for comparison, rat striata. The compounds tested had higher affinity for D2 1
Ž .than D receptors in both species; however, their selectivity varied by up to three orders of magnitude. GTP 100 mM reduced agonist2

binding at the high-affinity state of the dopamine D receptor, but the magnitude of the effect of GTP did not reliably predict a1

compound’s efficacy. Furthermore, a history of cocaine self-administration did not appear to influence dopamine receptor binding
characteristics in the rhesus monkeys in this study. The present results will aid the comparison of dopamine receptor binding
characteristics and behavioral effects of D dopamine receptor agonists. q 1998 Elsevier Science B.V. All rights reserved.1
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1. Introduction

Brain dopaminergic systems are implicated in a number
of disorders, including psychomotor stimulant abuse,
schizophrenia and Parkinson’s disease. These disorders
have often been studied using models developed in ro-
dents. However, comparison of the anatomy of dopaminer-

Ž .gic systems Berger et al., 1991 and the effects of
Ždopamine receptor stimulation Pifl et al., 1991; Izen-

.wasser and Katz, 1993; Vermeulen et al., 1994 have
shown differences between rodents and primates that may
have therapeutic importance. For instance, the prototypical
selective dopamine D receptor agonist SKF 383931

demonstrated higher efficacy to stimulate the production of
ŽcAMP in rat caudate than in rhesus monkey striata Ander-

.sen and Jansen, 1990; Pifl et al., 1991; Weed et al., 1997 .
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Dopaminergic drugs can also have different behavioral
effects in rodents and primates. For instance, the dopamine
D receptor agonist SKF 77434, which has partial efficacy1

Ž .in both rats and rhesus monkeys Weed et al., 1997 , was
Žshown to function as a positive reinforcer in rats Self and

.Stein, 1992 ; however SKF 77434 failed to function as a
Ž .reinforcer in rhesus monkeys Weed and Woolverton, 1995

Ž .or squirrel monkeys Grech et al., 1996 . Therefore, evalu-
ation of dopamine receptor binding characteristics using
both rodent and nonhuman primate tissues may provide
important information regarding the relationship between
receptor stimulation and behavioral effects of dopaminer-
gic compounds.

Central nervous system dopamine receptors are divided
into two groups, the ‘D -like’ group: D rD , D rD ,1 1 1a 5 1b

D and D ; and the ‘D -like’ group: D , D ,1c 1d 2 2long and short 3
ŽD or D , D and D Sibley and Monsma, 1992;4 2al and s 2b 2c

.Sugamori et al., 1994; Demchyshyn et al., 1995 . D -like1

receptors are differentiated from D -like receptors by their2

structural homology and by their ability to stimulate pro-
Žduction of cAMP Kebabian and Calne, 1979; Sunahara et

.al., 1991; Tiberi et al., 1991 . D -like receptors either2
Žinhibit or have no effect upon cAMP production Stoof

0014-2999r98r$ - see front matter q 1998 Elsevier Science B.V. All rights reserved.
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.and Kebabian, 1981 . D rD and D rD receptors are1a 1 1b 5

the best characterized of the D -like receptors, and to date1

the only D subtypes demonstrated in mammalian brain1
Ž .Sugamori et al., 1994; Demchyshyn et al., 1995 . For
convenience, the terms ‘D ’ and ‘D ’ will be used here to1 2

refer to any of the receptors in the respective groups and
not to indicate the D or D receptors specifically.1a 2a

A number of phenyl-benzazepine compounds are avail-
able that have been found to be selective for dopamine D1

receptors in rodent tissue. These compounds have been
used in a number of investigations of dopamine D recep-1

tor function, including studies of the behavioral effects of
dopamine D receptor stimulation in nonhuman primates1
ŽBergman et al., 1996; Grech et al., 1996; Weed et al.,

.1997 . However, the selectivities of these compounds for
subtypes of dopamine receptors have not been widely
studied in primate tissue. Moreover, important species
differences in the radioligand binding characteristics of
previously identified phenyl-benzazepine dopamine D re-1

ceptor agonists have been reported in primates and rodents.
For instance, SKF 38393 has been reported to have lower
selectivity for dopamine D receptors in human post-1

mortem putamen than either SKF 82958 or SKF 77434
Ž .O’Boyle and Waddington, 1987 . In contrast, studies per-
formed using rodent striata consistently report SKF 38393
as being more selective for dopamine D receptors than1

Žeither SKF 82958 or SKF 77434 Arnt et al., 1988;
.Andersen and Jansen, 1990; Neumeyer et al., 1992 . Inter-

pretation of species differences such as these is con-
founded by variation in results due to the use of different
assay systems by different laboratories. The primary goal
of the present study was to assess the radioligand binding
characteristics of a series of phenyl-benzazepine dopamine
D receptor agonists in rhesus monkey striata. An addi-1

tional goal was to compare the radioligand binding charac-
teristics of these compounds in primate and rodent striata.
Although a substantial literature exists on the radioligand
binding characteristics of these compounds in rodent tis-
sue, these results were replicated in order to compare
primate and rodent data from the same assay system.

The development of a radioligand binding assay to
model the functional effects of dopamine D receptor1

agonists would be beneficial to the further investigation of
dopaminergic activity, especially in primate tissue. Such
an assay would be advantageous if it could provide func-
tional information similar to a cAMP assay while being
less expensive, technically easier to perform, and more
readily accommodating of frozen tissue. The effect of
guanyl-nucleotides upon dopamine D receptor agonist1

w3 xdisplacement of H SCH 23390 has been proposed as a
model of the functional effects of dopamine D receptor1

agonists which can be performed in a radioligand binding
Ž .assay Madras, 1993 . Dopamine receptors belong to the

‘super-family’ of receptors coupled to GTP-binding pro-
Ž .teins G-proteins . Agonists generally displace antagonists

bound to G-protein-coupled receptors in a biphasic fash-

ion, and guanyl-nucleotides generally reduce the potency
Žof agonists at G-protein-coupled receptors Hess et al.,

.1986; Zahniser and Molinoff, 1978 . Conversely, guanyl-
nucleotides have little effect upon the binding of antago-
nists to G-protein-coupled receptors, because antagonists
do not preferentially bind to either the coupled or uncou-

Žpled conformation of the receptor Hess et al., 1986;
.Zahniser and Molinoff, 1978 . Therefore, another goal of

the present study was to study the effects of GTP on the
w3 xdisplacement of H SCH 23390 by D agonists to deter-1

mine if the magnitude of the GTP effect is related to the
traditional measure of intrinsic activity at dopamine D1

receptors, stimulation of cAMP production. As with radi-
oligand binding characteristics in rodents, effects of GTP
on binding of some of these dopamine D agonists to1

rodent dopamine D receptors has been previously re-1

ported; however, to our knowledge this has yet to be
studied in primate tissue. To facilitate inter-species com-
parisons, the rodent work was replicated in the same assay
system used with the rhesus tissue.

Finally, although not a primary goal of the present
study, brain tissue was available from monkeys with a
variety of experimental histories. Roughly equal-sized
groups of monkeys with histories of recent cocaine self-ad-
ministration, cocaine self-administration at least two
months prior to sacrifice, and cocaine-naıve monkeys,¨
permitted the evaluation of different drug histories on
long-term radioligand binding properties of striatal
dopamine receptors.

2. Methods

2.1. Tissue collection

Due to factors not related to this project, brain tissue
was available from a number of rhesus monkeys, Macaca
mulatta. The 12 rhesus monkeys with histories of cocaine
self-administration andror discriminative-stimulus training

Žwith psychomotor stimulants included nine males 12278,
.972, 8713, 8805, 8217, 9165, 8236, 8711, 9001 and three

Ž .females 11083, 7976, 8619 . The drug histories of the
drug-experienced monkeys divided naturally into three
groups: monkeys which had self-administered cocaine

Žwithin two months of sacrifice 972, 8217, 8713, 8805,
.8236 , monkeys which had been drug-free for at least 2

Ž .months 7976, 8711, 9165, 9001, 8619 and monkeys with
little or no history of dopaminergic drug administration
Ž .11083, 12278 . No rhesus monkeys were sacrificed solely
for use in the present study. In addition, tissue from four
female monkeys with no history of dopaminergic drug

Ž .exposure 11197, 12476, 14401, 14963 was acquired from
the Oregon Regional Primate Center. This control tissue
was included to allow for a determination of the effect of
the monkeys’ drug histories on the radioligand binding
characteristics of their dopamine receptors.
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Monkeys were sacrificed via exsanguination during deep
pentobarbital anesthesia. Brains were collected immedi-
ately after sacrifice and the caudate nucleus and putamen
were dissected from coronal sections according to the atlas

Ž .of Snider and Lee 1961 . Tissue was fast frozen on
aluminum foil over solid CO or in liquid nitrogen imme-2

diately after dissection with no additional preparation.
Rat tissue was collected from male Sprague–Dawley
Ž .rats Harlan, Indianapolis, IN immediately upon sacrifice

by decapitation. The caudate-putamen was dissected by
hand on ice and fast-frozen on aluminum foil resting on
solid CO . Additionally, frozen, dissected Sprague–Daw-2

Žley striata were purchased from Zivic-Miller Zelienople,
.PA . Once it was determined that rat striatal tissue from

either source had similar dopamine receptor binding char-
Žacteristics, data from each tissue source was pooled data

.not shown .

2.2. Tissue preparation

The assay system for radioligand binding studies was
Ž .derived from Hyttel and Arnt Hyttel and Arnt, 1987 .

Frozen rat caudate-putamen tissue or approximately equal
proportions of frozen rhesus caudate and putamen tissue
were thawed and homogenized in 100 vol of 50 mM

Žpotassium phosphate buffer dibasicqmonobasic, pH of
.7.4 and centrifuged at 25,000=g at 48C for 10 min. The

resulting pellet was suspended in fresh buffer and recen-
trifuged after which the pellet was suspended at 1.0 mgrml

w3 x Ž .for H SCH 23390 dopamine D receptor ligand dis-1
Ž .placement assays and 2.0 mgrml original wet weight in

w3 x Žfresh buffer for H spiperone dopamine D receptor lig-2
.and displacement assays.

2.3. Radioligand binding assays

Displacement assays consisted of 16 concentrations of
Ždopamine agonists or eight concentrations of dopamine

. Žw x . Žwantagonists or buffer; MgCl Final s4 mM ; GTP Fi-2
x . w3 xnal s100 mM or buffer; 0.25"0.02 nM H SCH 23390

Ž .Dupont-NEN, Boston, MA and 500 ml of tissue ho-
mogenate. The final assay volume for all tubes was brought
to 5.0 ml, with the 50 mM potassium phosphate buffer.

w3 xNonspecific binding of H SCH 23390 was defined with
100 mM cis-flupentixol. Assays were initiated by transfer
from an ice-bath to a water bath at 378C and were incu-
bated for 60 min. All assays were terminated by rapid
vacuum filtration in a 24 well Brandel cell harvester using

Ž .Whatman GFrC filters Brandel, Gaithersburg, MD . The
filters were rinsed 2= with 5.0 ml of ice-cold buffer, and
deposited into Packard Top Count deep well plates. 500 ml

Žof Microscint-20 cocktail Packard Instruments, Downers
.Grove, IL was added to each well. The filters soaked for a

minimum of 4 h to allow for sufficient tritium extraction
prior to determination of bound radioactivity using a
Packard Top Count scintillation counter.

w3 xFor displacement of H spiperone binding, the methods
w3 xwere as described above for H SCH 23390 displacement

with the following exceptions: eight concentrations of each
compound were employed, specific binding of 0.07"0.002

w3 x Ž .nM H spiperone Dupont-NEN, Boston, MA was de-
Žfined as that displaced by 100 mM S-butaclamol RBI,

.Natick, MA , and each tube contained 0.1 mM mianserin
to mask the binding of spiperone to serotonin receptors.

w3 xThe effect of GTP upon displacement of H spiperone
was not investigated.

Saturation studies were performed in both rat and mon-
key striata as described above for displacement assays.
However, samples were incubated with varying concentra-

w3 x w x w3 xtions of H SCH 23390 0.45–5.2 nM or H spiperone
w x0.013–1.44 nM Analysis of Scatchard transformation of

w3 xthe saturation isotherms for H SCH 23390 revealed that
ligand concentrations )2.5 nM exceeded the 95% confi-
dence intervals around the linear regression line, which is

Žconsistent with binding to a low affinity site data not
.shown . Since this site did not appear to be saturable, data

w3 xfrom concentrations of H SCH 23390)2.5 nM were
omitted. Omission of these concentrations significantly
increased the goodness-of-fit of the rectangular hyperbolic

Ž .function P-0.05 .
Determination of protein levels in tissue homogenate

samples was performed using the bicinchoninic acid
Žmethod Smith et al., 1985; kits from Pierce, Rockford,

. Ž .IL . Absorbance at 560 nm was measured on a Beckman
Ž .spectrophotometer Beckman, Palo Alto, CA .

Fig. 1. Chemical structures of substituted 1-phenyl-3-benzazepine
dopamine D receptor agonists. Unsubstituted compound is SKF 38393.1

Substitutions at the X and Y positions yield the compounds as indicated.
Ž . Ž .The R q and S y enantiomers of 6-Br APB differ at the carbon

indicated with an asterisk.
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2.4. Drugs

Ž .Dopamine HCl Sigma, St. Louis, MO , mianserin and
Ž .cis-flupentixol RBI, Natick, MA were dissolved in buffer.

ŽS-Butaclamol HCl, SKF 38393 "7,8-Dihydroxy-1-
.phenyl-2,3,4,5-tetrahydro-1H-3-benzazepine HCl, SKF

Ž77434 "3-allyl-7,8-dihydroxy-1-phenyl-2,3,4,5-tetrahy-
. Ždro-1 H-3-benzazepine HBr, SKF 82958 "3-allyl-

6-chloro-7,8-dihydroxy-1-phenyl-2,3,4,5-tetrahydro-1H-3-
. Ž . Ž . Žbenzazepine HBr, R q and S y 6-BrAPB 3-allyl-

6-bromo-7,8-dihydroxy-1-phenyl-2,3,4,5-tetrahydro-1H-3-
. Žbenzazepine HBr, SKF 81297 "6-chloro-7,8-dihydroxy-

.1-phenyl-2,3,4,5-tetrahydro-1H-3-benzazepine HBr, SCH
Ž Ž .23390 R q -7-chloro-8-hydroxy-3-methyl-1-phenyl-

.2,3,4,5-tetrahydro-1H-3-benzazepine HCl, spiperone HCl
Ž . ŽŽ .all RBI, Natick, MA , and SCH 39166 y -trans-
6,7,7a,8,9,13b-hexahydro-3-chloro-2-hydroxy-N-methyl-5-

Ž . Ž . . ŽH-benzo d naphtho- 2,1-b azepine HCl Schering-Plough,
.Kenilworth, NJ were dissolved at 1.0 mM in 10% ethanol

and ultra-pure water and diluted in buffer. Dopamine,

w3 xFig. 2. H SCH 23390 saturation experiments in rhesus and rat striata. Top panels represent data from rhesus monkey striata. Bottom panels represent data
w3 x w3 xfrom rat striata. Main graphs: Y-axis represents bound H SCH 23390 in pmolrmg protein, X-axis represents free H SCH 23390 in nM. Inset graphs are

the same data transformed into Scatchard analyses with dotted lines representing the 95% confidence intervals of the linear regression.
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S-butaclamol and cis-flupentixol were mixed fresh for
each assay. Approximately half of the assays were con-
ducted using freshly mixed dopamine D receptor agonists.1

Once it was determined that using frozen drugs had no
w3 xeffect on the displacement curves of either H ligand,

assays were conducted using frozen drug solutions.

The chemical structures of the six 1-phenyl-3-benzaze-
pine dopamine D receptor agonists used in these studies1

are described in Fig. 1. These dopamine D receptor1

agonists are all modifications of the parent compound,
ŽSKF 38393. Modifications are N-allyl substitution SKF

.77434, SKF 82958 and 6-Br APB andror 6-halogenation

w3 x w3 xFig. 3. Effects of GTP upon displacement of H SCH 23390. Left panels represent displacement of H SCH 23390 in rhesus striata. Right panels
w3 x w3 xrepresent displacement of H SCH 23390 in rat striata. Y-axis represents percent of H SCH 23390 bound. X-axis represents concentration of drug in log

molar units. Ns8 for rhesus striata, and Ns6 for rat striata. Filled symbols represent displacement in the absence of 100 mM GTP. Open symbols
represent displacement in the presence of 100 mM GTP. Data for dopamine, SKF 81297 and SCH 23390 are presented as representative of agonists with
differing D :D selectivities and a selective antagonist, respectively. Since radioligand concentrations varied by less than 15% of their overall means, data1 2

were normalized as percent of specific binding for all displacement assays.
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Table 1
w3 xEffects of 100 mM GTP on displacement of H SCH 23390 in rhesus striata

Agonists yGTP qGTP

Ž . Ž . Ž . Ž .Two-site model K high nM K low nM % High K high nM K low nM % Highi i i i

aŽ . Ž . Ž . Ž . Ž . Ž .Dopamine 31.8 16.8 to 60.3 1,960 998 to 3,850 55.1% 47.3 to 62.9 50.1 14.8 to 170 2,190 1,600 to 2,990 20.0% 9.2 to 30.8
aŽ . Ž . Ž . Ž . Ž . Ž .SKF 38393 10.6 5.29 to 21.1 300 217 to 415 32.2% 21.2 to 43.2 10.9 1.19 to 100 341 274 to 424 9.6% 0.48 to 18.8

Ž . Ž . Ž . ( )SKF 77434 1.21 0.46 to 3.18 79.3 60.8 to 103 21.6% 13.6 to 29.7 87.8 82.3 to 94.8
aŽ . Ž . Ž . Ž . Ž . Ž .SKF 81297 1.38 0.83 to 2.31 48.1 35.0 to 66.0 39.3% 30.2 to 48.4 1.34 0.13 to 14.0 53.9 40.4 to 71.8 11.6% 0.0 to 23.2

Ž . Ž . Ž . ( )SKF 82958 1.53 0.33 to 7.10 29.8 18.4 to 48.1 24.7% 2.9 to 46.5 62.4 49.1 to 79.4
aŽ . Ž . Ž . Ž . Ž . Ž . Ž .R q 6-BrAPB 2.45 1.10 to 5.46 72 34.7 to 149 47.9% 28.9 to 66.9 2.43 0.64 to 9.21 83.2 53.5 to 129 25.7% 10.3 to 41.0

Ž . ( ) Ž . Ž . Ž .S y 6-BrAPB 91.0 78.1 to 106.1 1.7 0.046 to 63.4 185.4 150 to 230 6.2% 0.7 to 13.1

Numbers in parentheses are 95% CIs.
Italics indicate that the K from a one-site model was the most appropriate affinity estimate.i
a Ž .Significant decrease in the percentage of high affinity binding sites P -0.05 . Ns6–8.

Table 2
w3 xEffects of 100 mM GTP on displacement of H SCH 23390 in rat striata

Agonists yGTP qGTP

Ž . Ž . Ž . Ž .Two-site model K high nM K low nM % High K high nM K low nM % Highi i i i

Ž . Ž . Ž . Ž . Ž . Ž .Dopamine 14.9 3.18 to 69.8 2,260 1,570 to 3,260 25.9% 18.4 to 33.4 55.2 5.63 to 541 3,950 2,470 to 6,300 17.2% 6.7 to 27.8
Ž . Ž . Ž . ( )SKF 38393 1.9 0.71 to 5.1 116 89.8 to 150 19.3% 13.5 to 25.1 89.6 79.6 to 101

( ) ( )SKF 77434 146 118 to 181 111 97.2 to 126
Ž . Ž . Ž . ( )SKF 81297 1.17 0.42 to 3.25 17.7 7.56 to 41.3 43.0% 17.2 to 68.7 5.2 4.4 to 6.2
Ž . Ž . Ž . Ž . Ž . Ž .SKF 82958 0.75 0.23 to 2.48 27.2 7.66 to 96.7 37.1% 20.0 to 54.6 1.63 0.51 to 5.19 47.5 5.65 to 400 44.3% 23.7 to 65.0

Ž . Ž . Ž . Ž . ( )R q 6-BrAPB 0.25 0.04 to 1.5 9.81 6.12 to 15.7 23.0% 10.1 to 35.6 10.2 8.0 to 13.1
Ž . Ž . Ž . Ž . Ž .S y 6-BrAPB 33.1 12.7 to 86.1 642 357 to 1,150 30.8% 14.4 to 47.2 333 275 to 403

Numbers in parentheses are 95% CIs.
Italics indicate that the K from a one-site model was the most appropriate affinity estimate.i

Ns6.
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Table 3
w3 xEffects of 100 mM GTP on displacment of H SCH 23390 in rhesus and rat striata: fold-shifts

Agonists Rhesus striata Rat striata

Ž . Ž . Ž . Ž .One-site model yGTP K nM qGTP K nM Fold shift q yGTP K nM qGTP K nM Fold shift qi i i i

GTPryGTP GTPryGTP
a aŽ . Ž . Ž . Ž .Dopamine 173 148 to 202 1,230 1,080 to 1,400 7.11 1,306 1,040 to 1,650 2,467 1,930 to 3,160 1.89

a aŽ . Ž . Ž . Ž .SKF 38393 113 101 to 126 265 241 to 291 2.35 62.6 54.4 to 72.0 89.6 79.6 to 101 1.43
aŽ . Ž . Ž . Ž .SKF 77434 40.3 35.5 to 45.8 87.8 82.3 to 94.8 2.18 146 118 to 181 111 97.2 to 126 0.76
a aŽ . Ž . Ž . Ž .SKF 81297 13 11.6 to 14.6 39.3 34.8 to 44.2 3.02 5.2 4.4 to 6.2 8.5 7.5 to 9.7 1.63
aŽ . Ž . Ž . Ž .SKF 82958 16.3 14.4 to 18.4 62.4 49.1 to 79.4 3.83 4.8 3.5 to 6.5 5.5 4.0 to 7.5 1.15
a aŽ . Ž . Ž . Ž . Ž .R q 6-BrAPB 14.3 12.0 to 17.1 44.1 34.7 to 56.1 3.08 5.3 4.2 to 6.6 10.2 8.0 to 13.1 1.92

a aŽ . Ž . Ž . Ž . Ž .S y 6-BrAPB 91.0 78.1 to 106.1 156.2 138.3 to 176.6 1.72 218.0 185 to 257 333 275 to 403 1.53
aŽ . Ž . Ž . Ž .SCH 23390 1.60 1.09 to 2.34 1.03 0.83 to 1.28 0.64 1.81 1.29 to 2.52 0.56 0.45 to 0.69 0.31

Ž . a Ž . Ž . Ž .SCH 39166 3.74 3.16 to 4.43 2.54 2.24 to 2.87 0.68 0.27 0.20 to 0.36 0.39 0.27 to 0.59 1.44

Table 4
DA receptor binding and selectivity of D1 agonists in rhesus and rat striata

Agonists Rhesus striata Rat striata
3 3 3 3w x w x Ž . w x Ž . w x Ž .One-site model H SCH 23390 H Spiperone K nM Selectivity H SCH 23390 K nM H Spiperone K nM Selectivityi i i

Ž .K nM D1 vs D2 D1 vs D2i

aŽ . Ž . Ž . Ž .Dopamine 173 148 to 202 134 118 to 152 0.77 1,306 1,040 to 1,650 337 243 to 466 0.26
a aŽ . Ž . Ž . Ž .SKF 38393 113 101 to 126 66,100 55,800 to 78,400 585 62.6 54.4 to 72.0 150,000 46,100 to 257,000 2,400
a aŽ . Ž . Ž . Ž .SKF 77434 40.3 35.5 to 45.8 557 450 to 691 13.8 146 118 to 181 245 185 to 324 1.68

a aŽ . Ž . Ž . Ž .SKF 81297 13 11.6 to 14.6 14,400 12,500 to 16,500 1,100 5.2 4.4 to 6.2 4,940 3,380 to 7,220 950
a aŽ . Ž . Ž . Ž .SKF 82958 16.3 14.4 to 18.4 310 254 to 380 19.0 4.8 3.5 to 6.5 144 101 to 204 30.0
a aŽ . Ž . Ž . Ž . Ž .R q 6-BrAPB 14.3 12.0 to 17.1 152 125 to 184 10.6 5.3 4.2 to 6.6 298 209 to 426 56.2
a aŽ . Ž . Ž . Ž . Ž .S y 6-BrAPB 91.0 78.1 to 106.1 667 516 to 863 7.33 218.0 185 to 257 303 227 to 404 1.39

a aŽ . Ž . Ž . Ž .SCH 23390 1.95 1.54 to 2.47 2,820 2,190 to 3,630 1,450 1.81 1.29 to 2.52 3,410 2,700 to 4,310 1,880
Ž . Ž . a Ž . Ž . aSCH 39166 3.74 3.16 to 4.43 1220 1,010 to 1,470 330 0.27 0.20 to 0.36 2,970 2,640 to 3,330 11,000
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Ž Ž . Ž .Cl: SKF 81297 and SKF 82958; Br: R q and S y
.6-BrAPB .

2.5. Data analysis

Radioligand binding data was initially reduced and
Žanalyzed using iterative curve fitting Prism, Graphpad,

.San Diego, CA . Scatchard transformations of saturation
data were used to aid the evaluation the number of binding
sites displayed by saturation data. To compare the good-
ness-of-fit of one-site models to two-site models, one-site
and two-site models with all Hill coefficients fixed to y1
were fit to displacement data. The one-site model was
assumed unless the mean square error was significantly

Žreduced by using a two-site model P-0.05 using a
.univariate F-test . K values and their 95% confidencei

intervals were calculated for each compound using Kd

values derived from saturation studies of the radioligand
Ž .and the method of Cheng and Prusoff 1973 . Most of the

w3 xcompounds displaced H SCH 23390 binding in a bipha-
sic manner, and the assay conditions included 16 concen-
trations in order to examine the characteristics of each site
in the presence of GTP. As the effects of GTP on the

w3 xdisplacement of H spiperone binding were not studied,
w3 xH spiperone binding was examined using eight concen-
trations in order to provide a single estimate of K .i
Therefore, comparisons of ligand selectivity for D and D1 2

dopamine receptors were made using the K value fori
w3 xmonophasic displacement of H SCH 23390 and the K i

w3 xvalue for monophasic displacement of H spiperone.
w3 xThe K values for monophasic displacement of H SCHi

23390 in the presence and absence of GTP were used to
calculate the ‘fold-shift’ induced by GTP. The K in thei

presence of GTP was divided by the K in the absence ofi

GTP and the resulting number was reported as the fold-
shift. A fold-shift greater than one represents a rightward
shift in the displacement curve induced by the presence of
GTP. A fold-shift less than one represents a leftward shift
in the displacement curve induced by the presence of GTP.
The fold-shift measure has been reported as being a useful

Ž .measure of the effect of GTP Madras, 1993 . The effects
w3 xof 100 mM GTP upon the displacement of H SCH 23390

are reported in terms of one-site and two-site models as
described above. Comparisons of the rank orders of the
fold-shifts in rhesus and rat striata were done using Pear-

Žson’s Rho procedure GB-STAT, Dynamic Microsystems,
.Silver Spring, MD . Similar comparisons were made be-

tween fold-shift and efficacy to stimulate cAMP produc-
Ž .tion in both species data from Weed et al., 1997 . The null

hypothesis of Pearson’s Rho is that rank orders differ.
The specific binding determined in the displacement

assays was used to calculate the B of tissue samplesmax

using the K from the saturation experiments and thed
w3 xmeasured concentration of H ligand from each assay.

The monkeys were divided into groups according to their
drug history and the average B and its 95% confidencemax

interval were calculated for each group. The three group-
ings were: little or no exposure to dopaminergic drugs
Ž .control , drug-free for more than two months prior to
sacrifice and drug-free for less than two months prior to
sacrifice.

3. Results

[3 ]3.1. Analysis of H SCH 23390 radioligand binding
characteristics in rhesus and rat striata

w3 xResults of four saturation experiments using H SCH
23390 in rhesus monkey and rat striata are presented in
Fig. 2. Two of the rhesus monkeys had no history of
dopaminergic drug administration and two monkeys had
histories of cocaine self-administration. Based on overlap-
ping 95% confidence intervals, no differences due to drug
history were seen between these two groups of monkeys
and the data were pooled for further analysis. The affinity

w3 x Ž .of H SCH 23390 was 1.02 nM 95% CI: 0.65 to 1.36 for
Ž .rhesus striata and 0.26 nM 0.21 to 0.30 for rat striata.

Ž .The B was 1.35 pmolrmg protein 0.89 to 1.80 formax
Ž .rhesus striata and 1.56 pmolrmg protein 1.47 to 1.65 for

rat striata.
Specific binding values from the displacement assays

allowed for additional estimations of B for both species.max

These estimates were calculated using the K from thed

saturation studies, the specific binding values, and the
w3 xmeasured concentration of H ligand from displacement

Ž .assays. Group means Ns3 per group for the B ofmax
w3 xH SCH 23390 in control monkeys, the -2 months
drug-free group, and the )2 months drug-free group were

Ž . Ž .1.57 95% CI: 1.33 to 1.80 , 1.74 1.33 to 2.15 and 1.54
Ž .1.34 to 1.73 pmolrmg protein, respectively. Given that
drug history did not affect B , the B estimates ofmax max

w3 xboth the H SCH 23390 saturation and displacement as-
says for all animals were combined to yield an overall

Žestimate of 1.63 pmolrmg protein 95% CI: 1.32 to 1.94;
.Ns13 .

Specific binding accounted for 90–95% of total binding
w3 xof H SCH 23390. Fig. 3 presents the effects of 100 mM

w3 xGTP on H SCH 23390 for representative displacement
curves of dopamine, SKF 81297 and SCH 23390 from

Ž .rhesus and rat striata. In rhesus striata Table 1 , a two-site
w3 xmodel of the displacement of H SCH 23390 by dopamine

D receptor agonists produced a significantly better fit than1

a one-site model in both the presence and absence of GTP
Ž .with three exceptions: S y 6-BrAPB in the absence of

GTP and SKF 77434 and SKF 82958 in the presence of
w3 xGTP. The percentage of H SCH 23390 binding at the

higher-affinity site was reduced by coincubation with GTP
Ž .P-0.05, based upon 95% CI’s for all agonists to which
a two-site model produced a significantly better fit than a
one-site model. In general, the presence of GTP reduced
the percentage of higher-affinity sites without affecting the
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K for either site in rhesus striata. Inclusion of GTPi

produced a small but significant decrease in the K of thei
w3 xlower affinity site for SKF 82958-displaceable H SCH

23390 binding.
w3 xIn rat striata displacement of H SCH 23390 binding in

the absence of GTP was best described by a two-site
Ž .model for six of the seven compounds tested Table 2 . In

w3 xcontrast, displacement of H SCH 23390 by SKF 77434
was best fit to a one-site model. However, in the presence

w3 xof GTP the displacement of H SCH 23390 was best fit to
Ža two site model for only two of seven agonists dopamine

.and SKF 82958 . The percentage of receptors in the high-
affinity state was not significantly affected in the presence
of GTP for dopamine or SKF 89258. The conversion of a
two-site model to a one-site model by the presence of GTP
for the compounds other than dopamine or SKF 82958 is
consistent with a nearly complete loss of one of the

Ž .binding sites in the presence of GTP Table 2 . For four of
the five compounds, the K of the single site in thei

presence of GTP was not significantly different from the
K of the low-affinity site in the absence of GTP, suggest-i

ing that the site that was lost was the high affinity site.

w3 xFig. 4. H spiperone saturation experiments in rhesus and rat striata. Top panels represent data from rhesus monkey striata. Bottom panels represent data
w3 x w3 xfrom rat striata. Main graphs: Y-axis represents bound H spiperone in pmolrmg protein, X-axis represents free H spiperone in nM. Inset graphs are the

same data transformed into Scatchard analyses with dotted lines representing the 95% confidence intervals of the linear regression.
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One measure of the effect of GTP upon displacement of
w3 xH SCH 23390 is to calculate a ratio of the K with andi

without GTP. The higher the ‘fold-shift’ ratio, the larger
the effect of the GTP. Should the K be doubled in thei

presence of GTP this would be shown as a ‘fold-shift’ of 2
Ž .or a two-fold shift in the K . In rhesus monkey striata,i

dopamine had the largest fold-shift of 7.11, and the antag-

Ž .onist SCH 23390 had the smallest 0.64 Table 3 . In rat
Ž .striata R q 6-BrAPB had the highest fold shift of 1.92

Ž .and SCH 23390 had the lowest of 0.31 Table 3 . Rank
order comparisons between the fold-shift induced by GTP
in rat and rhesus striata indicated that these orders differed

Ž .between the species Rhos0.43, P)0.05 . Comparisons
between the fold-shifts and efficacy to stimulate cAMP

w3 x w3 x w3 x w3 xFig. 5. Displacement of H SCH 23390 and H spiperone. Left panels represent displacement of H SCH 23390 and H spiperone in rhesus striata.
w3 x w3 x w3 xRight panels represent displacement of H SCH 23390 and H spiperone in rat striata. Y-axis represents percent of H ligand bound. X-axis represents

w3 xconcentration of drug in log molar units. Ns8 for rhesus striata, and Ns6 for rat striata. Filled symbols represent displacement of H SCH 23390. Open
w3 xsymbols represent displacement of H spiperone. Data for dopamine, SKF 81297 and SCH 23390 are presented as representative of agonists with differing

D :D selectivities and a selective antagonist, respectively.1 2
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indicated that these rank orders were the same in rhesus
Ž .tissue Rhos0.89; P-0.01 but differed in rat tissue

Ž .Rhos0.29, P)0.05 .

[3 ]3.2. Analysis of H spiperone radioligand binding
characteristics in rhesus and rat striata

Results of four saturation experiments using
w3 xH spiperone in rhesus monkey and rat striata are pre-

w3 xsented in Fig. 4. As with H SCH 23390, no differences in
the K values were seen between the control and drugd

experienced monkeys, and the data were pooled for further
w3 x Žanalysis. The K of H spiperone was 0.24 nM 95% CI:d

. Ž .0.18 to 0.3 in rhesus striata and 0.15 nM 0.12 to 0.18 in
Ž .rat striata. The B was 0.91 0.83 to 0.99 pmolrmgmax
Ž .protein in rhesus striata and 0.60 0.56 to 0.65 pmolrpro-

tein in rat striata, suggesting somewhat higher densities of
dopamine D receptors in rhesus monkeys than rats.2

w3 xUsing specific binding values from H spiperone dis-
placement assays, no significant differences were seen in

w3 xthe B of H spiperone between control monkeys andmax
Ž .monkeys with drug histories. Group means Ns3 for the

w3 xB of H spiperone in control monkeys, the -2 monthsmax

drug-free group, and the )2 months drug-free group were
Ž . Ž .1.59 95% CI: 1.36 to 1.82 , 1.46 1.26 to 1.66 and 1.63

Ž .1.31 to 1.95 pmolrmg protein, respectively. Given that
drug history did not affect B , the B estimates ofmax max

w3 xboth the H spiperone saturation and displacement assays
for all animals were combined to yield an overall estimate

Ž .of 1.38 pmolrmg protein 95% CI: 1.06 to 1.70
w3 xAs with H SCH 23390, specific binding accounted for

w3 xapproximately 90–95% of total H spiperone binding. The
w3 xone-site K values from the displacement of H spiperonei

were compared to the one-site K values from the dis-i
w3 xplacement of H SCH 23390 and presented in terms of

Ž .D :D selectivity Table 4 . Fig. 5 presents representative1 2
w3 x w3 xH SCH 23390 and H spiperone displacement curves in
the presence of dopamine, SKF 81297 and SCH 23390 for
rhesus and rat striata. All of the dopamine D receptor1

agonists and antagonists examined in the present study
displayed higher affinities for the dopamine D receptor1

than the dopamine D receptor. However, SKF 81297 and2

SKF 38393 were the only agonists to display D :D selec-1 2

tivities greater than 100-fold in either species.

4. Discussion

The primary goal of the present study was to assess the
radioligand binding characteristics of dopamine D recep-1

tor agonists in rhesus monkey striata. The dopamine D1

receptor agonists studied here all had greater affinity for
D than for D sites; however dopamine D :D receptor1 2 1 2

selectivities ranged widely. The rank order for dopamine
D :D receptor selectivity in rhesus striata was: SKF1 2

81297 ) SKF 38393 )) SKF 82958 ) SKF 77434 )

Ž . Ž .R q 6-BrAPB)S y 6-BrAPB)dopamine. The rank
order for dopamine D :D receptor selectivity in rat striata1 2

Ž .was: SKF 38393)SKF 81297))R q 6-BrAPB)SKF
Ž .82958))SKF 77434GS y 6-BrAPB)dopamine. Al-

though there were some species differences that led to a
Žchange in the precise rank order of D :D selectivity, e.g.,1 2

Ž .R q 6-BrAPB displayed 10.6-fold selectivity in rhesus
.striata and 56.2-fold D :D selectivity in rat striata the1 2

same agonists that were highly selective in rhesus striata
Žwere highly selective in rat striata i.e., SKF 81297 and

.SKF 38393 .
For both species, binding of dopamine D receptor1

agonists to the dopamine D receptor occurred at two sites.1

This is consistent with previous reports in primates and
Ž . Žrodents: macaques Madras et al., 1988 , humans Gilmore

. Žet al., 1995 , and rats Hess et al., 1986; Zahniser and
.Molinoff, 1978 . Similarly, the K values of SKF 38393i

tested in the present study in rhesus monkeys agreed
reasonably well with previous reports from cynomolgus
monkeys: 10.6 high, 300 nM low affinity here; 1.8 high,

Ž .184 nM low affinity Madras et al., 1988 . Furthermore,
w3 xdisplacement of H SCH 23390 in rat striata by agonists

such as SKF 81297 produced K values similar to thosei

reported elsewhere: 1.2 high, 17.7 low, present study; 1.4
Ž .high, 23 low Andersen and Jansen, 1990 . However,

binding at two sites for SKF 82958 in the present study is
in contrast to its apparent one-site binding reported in

Ž .human striata Gilmore et al., 1995 . The use of 16 agonist
concentrations in the present study allowed for higher
resolution of two-site binding for compounds that have
relatively similar affinities for the two sites, such as SKF
82958.

The dopamine D :D receptor binding characteristics1 2

reported here are necessary to evaluate the receptor mecha-
nisms underlying the behavioral effects of these com-
pounds. Unfortunately, binding affinities are not sufficient
to predict functional or behavioral effects. For instance,
although SKF 38393 and SKF 81297 are similarly in their
high D :D selectivity, SKF 38393 is a low-efficacy1 2

dopamine D receptor agonist while SKF 81297 is a high1
wefficacy agonist in rhesus striata stimulation of cAMP

Ž .xproduction Weed et al., 1997 . Furthermore, SKF 81297
functioned as a positive reinforcer in rhesus monkeys
while, under the same conditions, SKF 38393 did not
Ž .Weed and Woolverton, 1995 . The shift in dopamine D1

w3 xreceptor agonist displacement of H SCH 23390 induced
by GTP was evaluated as a predictor of the functional or
behavioral effects of dopamine D receptor agonists that1

might supplement the D :D selectivity data. This model1 2

would have an advantage over cAMP assays in that it
could be performed in a radioligand binding assay. The
presence of 100 mM GTP reduced the amount of high-af-
finity dopamine D receptor agonist binding in both1

species. The rank order for fold-shift induced by GTP
Ž .rhesus striata was: dopamine)SKF 82958)R q 6-

Ž .BrAPB)SKF 81297)SKF 38393)SKF 77434)S y
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6-BrAPB. Recently, the ability of each of these com-
pounds to stimulate the production of cAMP was analyzed

Ž .in both rat and rhesus monkey striata Weed et al., 1997 .
The rank order of efficacy to stimulate the production of
cAMP in rhesus striata was: dopamine)SKF 81297)

Ž .SKF 82958)R q 6-BrAPB)SKF 38393)SKF 77434
Ž .)S y 6-BrAPB. Although the precise rank orders for

GTP fold-shifts and efficacy were not identical, statistical
Ž .analysis Spearman’s Rho indicated they were not signifi-

cantly different.
By comparison, the rank order of efficacy to stimulate

the production of cAMP in rat striata was: SKF 81297)
Ž .dopamine)SKF 82958)SKF 38393)R q 6-BrAPB

Ž .)SKF 77434)S y 6-BrAPB. The rank order for fold-
Ž .shift induced by GTP in rat striata was: R q 6-BrAPB)

Ž .dopamine)SKF 81297)S y 6-BrAPB)SKF 38393
)SKF 82958)SKF 77434. The difference in the two
rank orders was statistically significant. The rank ordering
of the fold-shift measure in rats does not appear to corre-
spond to these or any published values for the stimulation
of the production of cAMP. Therefore, this particular assay
may not useful as a predictor of functional effects of
dopamine D receptor agonists. However, other binding1

assays involving guanyl nucleotides that may predict func-
tional effects of dopamine agonists have been reported.
Another assay that appears promising as a predictor of the
functional effects of agonists at G-protein coupled recep-
tors, such as dopamine receptors, uses binding of the

Žactivated G-protein GTP-gamma S Chabert et al., 1994;
.Gardner et al., 1996 . Additionally, the stable GTP analog

Ž .Gpp NH p was reported to produce rightward shifts in the
displacement of SCH 23390 by dopamine D receptor1

agonists in a manner related to the efficacy of the dopamine
Ž .D receptor agonist Madras, 1993 . That study used sub-1

stantially different assay conditions in addition to a differ-
ent guanyl nucleotide, and this may have contributed to the
differences between their findings and those of the present
study.

w3 xThe K of H SCH 23390 in rhesus striata was slightlyd

higher than has been reported in a related monkey, the
Ž .cynomolgus monkey Madras et al., 1988 . Interestingly,

based on 95% confidence intervals, the dissociation con-
w3 xstant for H SCH 23390 was significantly higher in the

rhesus monkey than in the rat, as found in the present
Žstudy and as previously reported Hyttel and Arnt, 1987;

. w3 xAndersen and Jansen, 1990 . Similarly, the K of Hd

spiperone was somewhat higher in rhesus monkeys than in
Ž .cynomolgus monkeys Madras et al., 1988 and

w3 xH spiperone displayed sub-nanomolar dissociation con-
stants in rhesus monkey striata that were slightly but
significantly lower than those seen in rats both herein and

Žpreviously Hyttel and Arnt, 1987; Andersen and Jansen,
.1990 . Since, as noted, variation in assay conditions make

direct comparisons across experiments difficult, the con-
servative conclusion is that rhesus and cynomolgus mon-
keys are similar in D and D binding. Although these1 2

differences in K may represent an actual affinity differ-d

ence between dopamine receptors in rhesus and rat, the
differences are small and K estimates from the displace-d

ment studies suggest that affinities are similar across
species. It seems unlikely that these represent real species
differences in D and D affinity.1 2

For the same reasons, absolute B values are difficultmax

to compare across studies. Slightly higher densities of
dopamine D and D receptors in rhesus striata were found1 2

Žin the present study 1.2 times higher dopamine D than1
.D receptor density . Although this difference was not2

statistically significant, it was consistent with the some-
what higher density of dopamine D receptors reported for1

Žcynomolgus monkeys 1.4 times higher dopamine D than1
.D receptor density; Madras et al., 1988 . However, these2

Ž .results are in contrast to those of Farfel et al. 1992
reporting that dopamine D receptor density that was 32

times higher than that of dopamine D receptors in control1

rhesus monkeys. Estimates using rodent striata usually
indicate a two to three-fold higher density of dopamine D1

receptors than D receptors. For instance, the present study2

found 2.6 times higher density of D than D , and Hyttel1 2
Ž .and Arnt 1987 found 2.8 times more D than D . Al-1 2

though the primate literature is somewhat discordant, a
conservative interpretation is that macaque striata does not
display the overabundance of dopamine D receptors rela-1

tive to D receptors seen in rodent striata.2

A few studies have addressed the effects of cocaine
history on dopamine receptor density in rhesus monkeys.
Decreases in dopamine D and D receptor density have1 2

been demonstrated in rhesus monkeys with at least 18-
Žmonth histories of i.v. cocaine self-administration Moore

.et al., 1998a,b . In the Moore et al. studies, autoradio-
graphic binding procedures were begun after the last co-
caine self-administration session; therefore, these changes
represent receptor adaptations during chronic cocaine ex-

Ž .posure. Farfel et al. 1992 reported a reduction in
dopamine D but not D receptor density two weeks after1 2

the last dose of a two-week treatment with 12–16 mgrkg
per day non-contingent cocaine in rhesus monkeys. There-
fore, cocaine administration in macaques can produce re-
ductions in dopamine D receptors lasting at least two1

weeks after exposure to cocaine. In the present study
neither group of monkeys with histories of cocaine self-ad-

Žministration -2 months or )2 months between cocaine
.administration and sacrifice differed from control for ei-

ther dopamine D or D receptor density. The results from1 2

the present study are consistent with recovery of any
cocaine-induced dopamine receptor changes within months
of the last cocaine exposure. Typically, the costs of procur-
ing and training monkeys used in behavioral studies limits
the use of experimentally naıve animals. Often, naıve¨ ¨
animals are included with animals that have a significant
pharmacological history. The similarity of dopamine recep-
tor K and B values between naıve and cocaine-experi-¨i max

enced animals suggests that the animals typically used in
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self-administration studies do not have grossly abnormal
dopamine receptors as a consequence of their cocaine
exposure. However, there has been a report of decreases in
dopamine D receptor density lasting at least 8 months2

following chronic self-administration of cocaine in rhesus
Ž .monkeys Nader et al., 1997 . Additional and more con-

trolled investigations of the long-term effects of cocaine
self-administration in primates will be needed to clarify
this issue.

The present study provides documentation of the
dopamine D rD receptor selectivities in primate tissue of1 2

a series of putatively dopamine D receptor selective ago-1

nists. These agonists are being used more and more fre-
quently to investigate the behavioral effects of dopamine
D receptor stimulation in both rodents and primates. The1

results of the present study provide important information
necessary to determine which receptors mediate the behav-
ioral effects of these compounds. For highly selective
ligands, such as the agonists SKF 38393 and SKF 81297,
or the antagonists SCH 23390 and SCH 39166, binding
selectivities suggest that dopamine D receptors mediate1

their effects. However, as discussed above, the receptor
binding selectivities are necessary but not sufficient infor-
mation to predict which receptors mediate the effects of
dopamine agonists with lower D rD selectivities. Al-1 2

though the intrinsic efficacy at dopamine D receptors has1

been studied, the intrinsic efficacy at dopamine D recep-2

tors is needed to determine receptor mechanisms of com-
pounds with low dopamine D rD receptor binding selec-1 2

Ž .tivities, such as SKF 82958 or R q 6-Br APB. It is
possible that these compounds have little activity at
dopamine D receptors and therefore are functionally se-2

lective dopamine D receptor agonists; however it is also1

possible that they function as mixed dopamine D rD1 2

receptor agonists. Nonetheless, the present results will be
useful for further comparison of dopamine receptor bind-
ing characteristics and behavioral effects of phenyl-be-
nzazepine dopamine D -like receptor agonists.1
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