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Dopamine receptors in rat striatum and nucleus 
accumbens; conformational studies using rigid 

analogues of dopamine 
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A study was made of the actions of dopamine and of some 2-arnino-1,2,3,4-tetrahydro- 
naphthalenes on dopamine-sensitive adenylate cyclase in homogenates of rat striatum and 
nucleus accumbens. The compounds were also tested for their ability to stimulate motor 
activity following bilateral injection into the nucleus accumbens of conscious rats. The most 
active compounds on adenylate cyclase from both striatum and nucleus accumbens were 
dopamine and 2-amino-6,7-dihydroxy-1,2,3,4-tetrahydronaphthalene(6,7-diOHATN). The 
5,6-dihydroxy analogue (5,6-diOHATN) was 50 times less active than 6,7-diOHATN in 
striatal homogenates and 350 times less active in homogenates of nucleus accumbens. All 
dihydroxy compounds tested were active in causing stimulation of motor activity, the most 
active compounds being 6,7- and 5,6-diOHATN. Both dimethoxy derivatives tested were 
inactive on the adenylate cyclase and as locomotor stimulants. 
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In solution dopamine exists as anti and gauche con- 
formers (Bustard & Egan, 1971 ; Rekker, Engel & 
Nys, 1972). Recently there has been considerable 
speculation as to the active conformation of dop- 
amine at its receptor site. One approach to this prob- 
lem is to study the actions of rigid dopamine ana- 
logues in which the side chain is locked in a fixed 
conformation. Thus, norsalsolinol (Fig. 1) contains 
the dopamine skeleton in a folded (corresponding to 
gauche) conformation, whereas the extended (anti) 
form of dopamine is contained in the 2-amino-l,2,3,4- 
tetrahydronaphthalene (ATN) ring system. The 
extended form of dopamine can itself exist as two 
rotameric extremes (see Cannon, 1975), which 
correspond to the two ATN compounds illustrated 
in Fig. 1. 

As a result of studies on invertebrate dopamine 
receptors it was suggested (Woodruff, 1971) that the 
active conformation of dopamine was contained in 
the molecule of 2-amino-6,7-dihydroxy 1,2,3,4 tetra- 
hydronaphthalene 6,7-diOHATN$. This (Fig. 1) 
has since been shown to bea potent dopamineagonist 
in several different systems (see discussion). Com- 
pounds containing the 5,6-dihydroxy ATN residue 
have been shown by behavioural tests to have in vivo 
doparninergic activity (McDermed, McKenzie & 
Phillips, 1975; McDermed, McKenzie & Freeman, 
1976). 

* Correspondence. 
3 ADTN used by us in previous papers. 
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FIG. 1. Conformation of dopamine and the structure of 
three analogues. The dopamine residue in its folded 
conformation (I) is contained in the molecule norsal- 
solinol (111) (6,7-dihydroxy-1,2,3,4-tetrahydroisoquin- 
oline). In its extended form (11) dopamine can 
exist as two rotameric extremes, a and /3,6,7-diOHATN 
(V) corresponds to the 8-rotamer. (IV) 5,6-di- 
OHATN. 

The dopamine-sensitive adenylate cyclase, present 
in several regions of the central nervous system 
(Brown & Makman, 1972; Kebabian, Petzold & 
Greengard, 1972; Horn, Cuello & Miller, 1974; 
Clement-Cormier, Kebabian & others, 1974) has 
been used successfully as a model system on which to 
study the actions of drugs acting on mammalian 
dopamine receptors (review by Iversen, 1975). In the 
present study we have compared the actions of 
6,7-diOHATN and the 5,6-&hydroxy analogue 
(5,6-diOHATN) on the adenylate cyclase from rat 
striatum and nucleus accumbens. 
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We have also examined the effects of both these 
dugs, following their injection into the nucleus 
accumbens, on the motor activity of conscious rats. 
In order to further delineate the structural require- 
ments for dopamine-like activity we have tested some 
additional ATN compounds on the three systems. 

M A T E R I A L S  A N D  M E T H O D S  

Adenylate cydase assay 
Male or female Wistar rats (about 300 g) were 
anaesthetized with ether and the brains were 
removed. The striata and nucleus accumbens were 
dissected according to Kebabian & others (1972) and 
Horn & others (1974) respectively. 

The activity of adenylate cyclase in homogenates of 
the two brain areas was estimated according to 
Kebabian & others (1972). All drugs were freshly 
dissolved in 5 m M  tartaric acid and added in a 
constant volume (10 p1) to the assay mixture. The 
reaction was started by the addition of ATP (final 
concentration 0.5 m). Incubations were for 2.5 min 
(striaturn) or 3 min (nucleus accumbens) at 30"; the 
reaction was terminated by placing the tube in a 
boiling water bath for 2.5 min. The mixture was 
centrifuged and the cyclic (c) AMP formed was 
assayed using either a muscle binding protein assay 
(Gilman, 1970) or a binding protein from adrenal 
cortex (Brown, Ekins & Albano, 1972). 

Behavioural studies 
Guide cannulae were implanted bilaterally in the 
brains of male Wistar rats (about 2 0 0 g )  under 
pentobarbitone anaesthesia (50 mg kg-l, i.p.). using 
previously described methods (Elkhawad & Wood- 
ruff, 1975). The cannulae were introduced at an angle 
of 13", to avoid the lateral venticles, and were intro- 
duced in such a way that the injection sites were 
aimed at the following coordinates (Konig & Klippel, 
1963): A 9.4; L 1.2; H -0.4. After recovery the 
animals were housed individually for at least one 
week before use. 

Injections were given using a Hamilton 5p1 
syringe, the needle of which protruded 0.5 mm below 
the tip of the guide cannula. Drugs were dissolved in 
0.9% NaCl and were injected in a volume of 1 PI or 
occasionally 2 PI. After injections the rats were trans- 
ferred individually to activity cages of the light beam 
type. Motor activity was measured for periods of 
24 h after injection. Animals had free access to food 
and water. Motor activity was expressed as interrup- 
tions of the light beam/30 min (Elkhawad & Wood- 
ruff, 1975). Rats were not reused for at least 48 h. 

Drugs 
Adeno~ine-8-[~H]-3',5'-cycIic AMP was obtained 
from the Radiochemical Centre, Amersham, and had 
a specific activity 01 26 Ci m mol-'. The other drugs 
used were: dopamine HCI; 5,6-diOHATN HCI; 
6,7-diOHATN HBr ; 2-amino-5,6-dimethoxy-l,2,3,4- 
tetrahydronaphthalene HCI (5,6-diMeOATN); 2- 
amino-6,7-dimethoxy-l,2,3,4-tetrahydronaphthalene 
HCI (6,7-diMeOATN); 2-dimethylamino-5,6-dihy- 
droxy-1,2,3,4-tetrahydronaphthalene HCI (NN-di- 
Me-5,6-diOHATN); 2-diethylamino-5,6-dihydroxy- 
1,2,3,4-tetrahydronaphthalene HI (NN-diEt-5,6-di- 
OHATN); fluphenazine HCI. 

R E S U L T S  
Adenylate cyclase 
Basal levels of cAMP production, obtained in the 
absence of dopamine, were 39.6 -+ 3.5 (s.e.m., 
n = 14) p mol/assay tube in striatal homogenates 
and 49.9 f 9.4 (n = 12) p mol/tube in homogenates 
of the nucleus accumbens. In the presence of 100 p~ 
dopamine these values increased to 754 i 2.7 p mol 
(n = 15) and 80.2 & 9.4 p mol (n = 12) respectively. 

The dose-response relations for dopamine-induced 
stimulation of cAMP production are illustrated in 
Fig. 2, from which it can be seen that dopamine was 
maximally effective at 10 PM in striatal homogenates 
and at 50 p M in homogenates of nucleus accumbens. 
The EC50 values for dopamine (concentration caus- 

Concn (pm) 

FIG. 2. Dose-response relations for the stimulation of 
adenylate cyclase by dopamine and some ATN deriva- 
tives in homogenates of (a) rat striaturn and (b) nucleus 
accumbens. Results are expressed as a percentage 
of the maximum response which was taken as that 
produced by 100 p~ dopamine. dopamine; 
0 6,7-diOHATN; A 5,6-diOHATN. Each point repre- 
sents the mean of not less than 8 observations and is 
given with s.e.m. Ordinate-Increased cAMP formation 
(% maximum). Abscissa-Agonist concentration ( p ~ ) .  



424 G. N. WOODRUFF A N D  OTHERS 

ing 50% of maximum response) were 3.5 p M for 
preparations from the striatum and 6.0 p M for those 
from the nucleus accumbens. 

6,7-diOHATN mimicked theaction of dopamine in 
homogenates from both regions of the brain. As can 
be seen from Fig. 2 and Table 1 ,  it was approximately 
equipotent with or more potent than dopamine in 
terms of the EC50 values. The maximum responses 
produced by dopamine and 6,7-diOHATN were 
identical. 

In contrast 5,6-diOHATN (compound 2, Table l), 
which corresponds to the u-rotamer of dopamine, 
was considerably less active than dopamine on the 
adenylate cyclase from both nucleus accumbens and 
striatum (Fig. 2). The EC50 values for 5,6-diOHATN 
were 2.0 x lo-* M in the striatum and 2.4 x M 

in the nucleus accumbens. 6,7-diOHATN was thus 
more than 50 times more active than 5,6-diOHATN 
in the striatum and more than 350 times more active 
in homogenates of nucleus accumbens (Table 1). 

To avoid non-specific interference with the binding 
assay we have not tested any compounds at concen- 
trations higher than 5 0 0 ~ ~ ;  for this reason it wasnot 
possible to determine the maximum response pro- 
duced by 5,6-diOHATN. 

The results obtained with the other compounds 
tested are summarised in Table 1. Both the 5,6- and 
6,7-diMeOATN compounds were inactive from 100 
to 500 p ~ .  The NN- diMe- and NN-diEt-5,6- 
diOHATN compounds (3,4 in Table 1)  were both 
active on the adenylate cyclase, although they were 
considerably less active than either 6,7-diOHATN 
or dopamine in homogenates of either striatum or 
nucleus accumbens. 

Evidence that the most active compounds were 
acting in a similar manner to dopamine was obtained 
in experiments using fluphenazine (1 PM). This 
neuroleptic was a potent antagonist of the increase 

in CAMP formation produced by ATN compounds 
in striatal homogenates (Table 2). Fluphenazine has 
previously been shown to be a potent dopamine 
antagonist on striatal dopamine-sensitive adenylate 
cyclase (Miller, Horn & Iversen, 1974a). 

Table 2. Efect offluphenazine ( I  p M )  on stimulation 
of CAMP production caused by dopamine and sorne 
derivatives of A TN in striatal homogenates. Responses 
are expressed as the % of the maximum response 
produced by 100 p~ dopamine which was tested in 
parallel in every experiment and are given with the 
s.e.m. The numbers in parentheses refer to the 
number of observations. 

Response (% maximum) 
Absence of Presence of % inhibition 

fluphenazine fluphenazine produced by 
Compoundt (1  WM) fluphenazine 

9.4 f 4.9 (8)*** 89 Dopamine 100 
1 100 WM] 82.5 & 8.5(4) 24.7 f 11.3(4)** 70 
2 (500 WM) 44.0 zk 4 (4) 1.0 f 1.0 (6)*** 98 
4 (500 wM) 48.3 f 16(4) 10.3 f 4.2 (6). 19 

*P<0.05. **P<O.Ol. ***P<0.001. t See Table 1 .  

Locomotor stimulation 
In accordance with previous reports (Elkhawad & 
Woodruff, 1975), bilateral injections of 6,7-diOHATN 
into the nucleus accumbens caused a lasting stimula- 
tion of motor activity. The duration of action of 
6,7-diOHATN (100 nmol each side) was approxim- 
ately 15 h (Fig. 3). The bilateral injection of 5,6- 
diOHATN (100 nmol on each side) was similarly 
effective in producing a powerful stimulation of 
motor activity (Fig. 3), although its duration of 
action (about 11 h) was slightly less than that of 
6,7-diOHATN. Similar injections of the same dose 
of NN-diMe-5,6-diOHATN caused a briefer (about 
7 h) hyperactivity response following a delay of about 
3 h. However, NN-diEt-5,6-diOHATN, also at the 

Table 1. The potencies of some ATN derivatives in stimulating adenylate 
cyclase in rat striatum and nucleus accumbens. Potencies are expressed as EC50 R i  QfyL / 

values (concentration producing 50% of maximum response which is taken as 
that produced by 100 p~ dopamine). Each value is from dose response curves and R 2  

is the mean of 4-6 observations. I = inactive from 100 to 500 p ~ .  - = not tested. R3 

Comp. R, R2 R, R4 RS EC50 (M) Striatum E c 5 0 ( ~ )  N. accumbens 
1 HO HO H H H 3.5 x 10-8 6.5 X lo-' 
2 H HO HO H H 2.0 x 10-4 2.4 x 10-4 
3 H HO HO CH. CH. 6.0 x 1 0 - 4  4.0 x 10-4 ~~ 

4 H HO HO CH~CH, CH~CH, 2.6 x 10-4 
5 CH,O CH,O H H H I 
6 H CH,O CHaO H H I 

1.1 x 10-4 
- 
I 

1 = 6,7-diOHATN; 2 = 5,6-diOHATN; 3 = NN-diMe- 5,6-diOHATN; 4 = NN-diEt-5,6-diOHATN; 
5 = 6,7-diMeOATN; 6 = 5,6-diMeATN 
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FIG. 3. Stimulation of motor activity produced by the 
bilateral injection of some ATN derivatives into the 

same dose level, produced locomotor stimulation 
lasting for about 8-10 h (Fig. 3) and was thus only 
slightly less active than 5,6-diOHATN. 5,6-diMe- 
OATN (100 nmol on each side) caused no significant 
Stimulation of motor activity. We have previously 
shown (Elkhawad & Woodruff, 1975) that 6,7- 
diMeOATN is similarly devoid of locomotor stimul- 
ant action following injections in to the nucleus 
accumbens. 

DISCUSSION 
Previous work on dopamine receptors has shown 
that for maximum dopamine-like activity phen- 
ethylamine derivatives must have phenolic hydroxyl 
groups in the 3 and 4 positions of the benzene ring, 
together with a terminal nitrogen either unsubstituted 
or containing a single methyl group (Goldberg, 
Sonneville & McNay, 1968; Woodruff & Walker, 
1969; Woodruff, 1971; Goldberg, 1972; Miller, 
Horn & others 1974b). The results that we obtained 
in the present study, using some ATN derivatives, 
are broadly in line with this earlier work. The only 
active compounds were those containing two free 
hydroxyl groups. Furthermore the introduction of 
two methyl groups onto the nitrogen led to a reduc- 
tion of activity as measured on the adenylate cyclase 
system. However, NN-diEt-5,6-diOHATN was not 
less active than the NN-diMe- analogue on the 
adenylate cyclase. It might be that with the introduc- 
tion of larger groups on to the nitrogen additional 
binding with regions adjacent to the receptor 
becomes a possibility. In this context it is note- 
worthy that ergometrine, a compound only distantly 
related to dopamine, is nevertheless capable of 
stimulating mammalian dopamine receptors 
(Munday, Poat & Woodruff, 1976; Woodruff, 
McCarthy & Walker, 1976). 

It has been suggested that there might be two types 
of dopamine receptor (Cools & van Rossum, 1976), 
capable of accepting the two rotameric extremes of 
dopamine (Cannon, 1975). The results reported in 
the present paper provide no support for this hypo- 
thesis in terms of the dopamine receptors associated 
with adenylate cyclase in the nucleus accumbens or 
striatum. The close similarity between the relative 
potencies obtained in homogenates of the two areas 

nucleus accumbens of conscious rats. Each compound 
was injected at a dose level of 100 nmol on each side. 
Each point is the mean of 4-6 observations and is 
given with the s.e.m. 

A 0 6,7-diOHATN; 0 0.9% NaCl control. €3 0 
5,6-diOHATN; 5,6-diMeOATN. C NN-dlEt-5,6- 
diOHATN. D NN-diMe-5,6-diOHATN. Ordinate- 
Activity (interruptions per 30 min). 
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rather suggests that the receptors are similar in these 
two regions of the brain. Our results do not, of 
course, preclude the possible existence of additional 
dopamine receptors, the effects of which are mediated 
by a mechanism not involving CAMP. 

As mentioned in the introduction, dopamine can 
exist in different conformations. It is unlikely that 
dopamine is active in the folded conformation since 
compounds like salsolinol and norsalsolinol, which 
both contain the dopamine skeleton fixed in a folded 
conformation, are weak agonists on dopamine 
receptors (Woodruff, 1971 ; Iversen, 1975). In the 
extended conformation rotation about the phenyl- 
carbon bond leads to the possibility of 2 rotameric 
extremes. Our results indicate that, in terms of the 
dopamine receptor involved in the stimulation of 
adenylate cyclase, it is the 8-rotamer, which corre- 
sponds to 6,7-diOHATN (Fig. l), that is of major 
importance rather than the cr-rotamer, the skeleton 
of which is in 5,6-diOHATN. Thus whereas 6,7- 
diOHATN was equipotent with dopamine in stimul- 
ating the adenylate cyclase from the striatum and 
more active than dopamine in homogenates of the 
nucleus accumbens, 5,6-diOHATN was respectively 
57 and 40 times less active than dopamine on the 
adenylate cyclases from the striatum and nucleus 
accumbens. It is of interest that Phillipson & Horn 
(1976) have shown that 6,7-diOHATN is more active 
than dopamine in stimulating the adenylate cyclase 
obtained from the rat substantia nigra. 

The high potency of 6,7-diOHATN on all dop- 
amine receptors examined would suggest that the 
j3-rotamer of dopamine is of major importance at 
most peripheral and central dopamine receptors, 
together with those in invertebrates. In addition to 
its action on the adenylate cyclase system, 6,7- 
diOHATN is approximately equipotent with dop- 
amine on dopamine receptors mediating hypotension 
in guinea-pigs (Woodruff, Elkhawad & Pinder, 
1974a), renal vasodilation in dogs (Crumly, Pinder & 
others, 1976) hyperpolarization of cockroach salivary 
gland cells (House & Ginsborg, 1976), depression of 
firing of neurons in the rat caudate nucleus or 

nucleus accumbens (Woodruff & others, 1976) and in 
causing excitation or inhibition of specific snail 
neurons, the receptors of which closely resemble 
those of the striatal adenylate cyclase system (Mun- 
day & others, 1976). It also has powerful behavioural 
actions consistent with a direct activation of dop- 
arnine receptors. Thus following intracerebroventri. 
cular injection it causes strong turning towards the 
innervated side in rats with unilateral lesions of the 
nigrostriatal tract (Woodruff, Elkhawad & others, 
1974a) and it causes a strong and long lasting 
stimulation of motor activity following injection into 
the nucleus accumbens of conscious rats (Elkhawad 
& Woodruff, 1975; Costall, Naylor & others, 1977; 
present investigation). 

Notwithstanding its low activity on adenylate 
cyclase from either the striatum or the nucleus 
accumbens, 5,6-diOHATN was nevertheless a potent 
stimulant of locomotor activity, although its duration 
of action was less than that of 6,7-diOHATN. Costdl 
&others (1977) have recently reported 5,6-diOHAm 
to be more potent than 6,7-diOHATN as a loco- 
motor stimulant during the 6 h immediately follow- 
ing bilateral injection into the nucleus accumbens. 
In the results described in this paper we have shown 
that, in common with their activities on the adenylate 
cyclase, NN-diMe-5,ddiOHATN was less active 
than 5,6-diOHATN as a locomotor stimulant, 
whereas the NN-diEt-analogue was more active than 
NN-diMe-5,6-diOHATN. However, it should be 
emphasized that behavioural measures of this type 
have their limitations in attempts to elucidate 
receptor mechanisms. It is possible, for example, that 
at least a component of the locomotor stimulant 
action of some of the ATN compounds is produced 
following conversion to an active metabolite or by a 
mechanism not involving direct stimulation of 
dopamine receptors. 
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