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Opposite Modulation of Cocaine-Seeking 
Behavior by D,- and D,-Like Dopamine 

Receptor Agsnists 
David W. Self,* William J. Barnhart, David A. Lehman, 

Eric J. Nestler 

Activation of the mesolimbic dopamine system is known to trigger relapse in animal 
models of cocaine-seeking behavior. We found that this "priming" effect was selectively 
induced by D,-like, and not by Dl-like, dopamine receptor agonists in rats. Moreover, 
Dl-like receptor agonists prevented cocaine-seeking behavior induced by cocaine itself, 
whereas D,-like receptor agonists enhanced this behavior. These results demonstrate an 
important dissociation between Dl- and D,-like receptor processes in cocaine-seeking 
behavior and support further evaluation of Dl-like receptor agonists as a possible phar- 
macotherapy for cocaine addiction. 

Relapse  of cocaine use in  cocaine-depen- 
dent people is often precipitated hy episodes 
of intense drug craving even after prolonged 
abstinence. Cocaine craving has been de- 

u 

scribed suhjecti\,ely as resembling the  posi- 
tive or "highn-like qualities of the drug 
itself (1) .  I n  this sense, cocaine craving may 
differ from cravings for opiates or ethanol, 
which are so~netilnes described as a desire to 
alleviate the  negative, withdrawal-associat- 
ed symptoms of drug dependence (1) .  Both 
cocaine craving in  humans and relause in  - 
animal models of cocaine-seeking beha.r.ior 
are triggered by environmental stimuli as- 
sociated with the  drug experience ( 2 ,  3 )  
and by low doses of cocaine itself (3 ,  4 ) .  

T h e  ~ r i m i n o  effects of such cues in ani- " 
ma1 models of cocaine-seeking beha\,ior can 
be milnicked by activation of the ~nesol i~nhic  
dopamine system (5), which is a major m u -  
ral substrate of cocaine rei~lforceme~lt (6).  
Dovamine acts at two general classes of do- " 

pamine receptors, termed Dl-like and D,- 
like, that are distinguishable by their struc- 
tural homology (7), opposite modulation of 
adenylate cyclase activity ( B ) ,  and differen- 
tial localization within the brain (9). 

W e  tested the  ability of full D l -  or D2- 
like dopamine receptor agonists to  induce 
relapse ill a n  animal model of coca~~le-seek-  
ing behavior. Male Sprague-Dawley rats 
were trained to press a lever to self-admin- 
ister i~ltra.r.enous cocaine (10,  11).  A dally 
4-hour reinstatement procedure was fol- 
lowed in  which rats self-admi~listered co- 
caine for 2 hours, after which saline was 
suhstituted for the  cocaine during the  final 
2 hours. During the  time that saline was 
suhstituted, the  rats' "nonreinforced" lever- 
press responses progressi.r.ely diminished, a 
behavioral p h e ~ l o ~ n e n o n  known as extinc- 
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tion. After responding had dimi~lished (1 1 ), 
the  rats were given intraperitoneal priming 
injections of either the D2-like selective 
receptor agonists 7-hydroxy-lcr,N-di-11-pro- 
pyl-2-aminotetralin (7-OH-DPAT) (12) or 
qui~lpirole (13),  or the  Dl-like se1ecti.r.e 
receptor ago~list SKF 82958 (1 4) .  Although 
these dopamine agonists can selecti\,ely dis- 
criminate the Dl -  from the  D,-like class of 
receptors, they do  not adequately distin- 
guish the various subtypes within each class 
in .r.i\,o. T h e  priming ahility of these dopa- 
mine receptor agonists was assessed by their 
ability to reinstate nonreinforced lever- 
vressinp for saline illfusions at the  lever that 
previously delivered cocaine i~lfi~sions 
(drug-paired lever) during the cocaine 
phase of the  test session (Fig. I ) .  

T h e  D,-like agonist 7-OH-DPAT in- 
duced large dose-related increases in  nonre- 
~ ~ l f o r c e d  respondi~lg a t  the  drug-paired lever 
as cornoared with very low levels of re- 
spondi1;g i~lduced both'by the  drug vehicle 
and at an  inactive lever (Figs. 1 and 2A).  
Quinpirole also induced selective respond- 
ing a t  the drug-paired lever and with higher 
votencv but with less eff~cacv and dose- 
hepend'ency than respo~lding 'induced by 
7-OH-DPAT. These differences cannot he 
explained by the  relative selectivity or af- 
finity of the two ago~lists at D2 or D j  recep- 
tor subtypes (12) and therefore probably 
reflect different pharmacokinetic properties 
of the  drugs. T h e  possibility of a generalized 
rate-i~lcreasi~lg effect of the D2-like agonists 
is eli~ninated by the  lack of significant re- 
sponding at the  inactive lever and hy pre- 
vious studies ill which D,-like agonists pro- 
duced decreases rather than increases in  
r e s ~ o n d i n e  when animals were treated dur- 'z 

ing cocaine self-administration tests (15,  
16).  Thus, we conclude that the  D2-like 
agonists initiate neural processes that trig- 
ger relapse in  an  animal model of cocaine- 
seeking behavior. 

In  contrast to the  D2-like agonists, the  
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Dl-like agonist SKF 82958 could not  induce 
prominent responding at the  drug-paired 
lever whell tested over a wide range of 
doses, and caused only slight increases ill 
lever-pressing (Figs. 1 and 2B). A silnilar 
difference in the priming ability of 7-OH- 
D P A T  and SKF 82958 was observed after 1 
day of withdrawal from cocaine. T o  test the  
possibility that SKF 82958 was beha\,iorally 
inactive, or even produced a generalized 
suppression of beha.r.ior, we ~neasured hori- 
zontal locomotor activity (17) after injec- 
tions of SKF 82958 over a 90-min period 
corresponding to the time perlod of the  
drug reinstatement test. A test dose of SKF 
82958, which was without priming effects, 
p r o d ~ ~ c e d  similar (if not greater) locomotor 
activity as that produced by a n  effective 
priming dose of 7-OH-DPAT (Fig. 2C) .  
Thus, the differential ability of the  D l -  and 

Fig. 1. Effects of intra- 
peritoneal priming injec- 

D2-like agonists to i~lduce responding a t  the  
drug-paired lever was dissociated from their 
si~llilar ahility to stimulate horizontal loco- 
motor activity. 

\Ye next tested whether pretreatment 
with D l -  or D2-like agonists could modulate 
the  priming effects of cocaine itself. Rats 
were given subcutaneous pretreatments 
with the  Dl -  or D2-like agonists 30 min 
before they received priming infusions with 
low intrave~lous doses of cocaine (Fig. 3 ) .  
Intravenous prilning infusio~ls of cocaine 
i~lduced respo~ldi~lg  at the  drug-paired lever 
ill a dose-dependent fashion (Fig. 3 and Fig. 
4, A through D).  W h e n  rats were pretreated 
with the  Dl-like ago~list SKF 82958, the  
ahility of cocaine to induce respollding at 
the  drug-paired lever was completely abol- 
 shed (Figs. 3 and 4A) .  SKF 81297, another 
Dl-like agonist with a higher selectivity for 

Vehicle 
I 

tions with vehicle jsaline), 
the D,-like dopamine i I I I I I I I I I  I I I I  I I  I i i l  I I  I I I I  I 

agonist 7-OH-DPAT (3.0 7-0H;DPAT 
mg/kg), or the D,-like 
agonist SKF 82958 (I  .0 
mg/kg) on reinstatement SKF 82958 
of nonreinforced lever- 
press responding in a 
representatiiie animal #Ilk II l I I I i  I i I I I :  II I! i l i I I  
(see text for details). 
Priming injections were 
given after extinction cOceine 7, 1 
from 2 hours of intrave- o I t 3  4 
nous cocaine self-ad- Hours 
ministration, when only Primer 
intravenous saline injec- 
\tons were ava~iabie, Hatchmarics denote 'ihe times DT eacn sell-n~us~on DT cocaine in the cocaine pnase 
and of saline in the saline phase. 

b - VHCL 0.1 0.3 1.0 3.0 10.0 
Z Dose (mglkg, ip) 2 Dose (mglkg, ip) 

Fig. 2. (A and 8) Effects of intraperitoneal (p)  priming njections w~th the 
D,-like dopamne agonists 7-OH-DPAT (n = 10) and qunproe (n = 10). 
the D,-ke agonist SKF 82958 (n = 9 to 1 I ) ,  and caffeine (n = 9) on the 
mean number (?SEM) of nonreinforced lever-press responses ( s o d  bars. 
drug-paired lever; open bars, nact~ve lever) during the f ~ n a  hour of the 
saline phase in the drug-reinstatement paradigm. VHCL, s a n e  vehicle. (C) 
Locomotor responses to an effectve priming dose of 7-OH-DPAT (m, 3.0 
mg/kg ip) and nonprmng doses of SKF 82958 (@. 1 .O mg/kg ip) and 
caffene (A. 10.0 mg/kg ip) In the same animals (n = 12). 0, vehcle. The left 
panel shows the tme course of mean locomotor actvty (photocell counts 
per 10 min) over a time perod Including the test period n the drug rein- 
statement ~aradiam: the riaht oanel shows the total (mean ? SEM) loco- 

Dl -  over D2-l~ke receptors (14) ,  also sup- 
pressed cocaine pr i~ning (Fig. 4B) but a t  
h ~ e h e r  doses than did SKF 82958. a result 'z 

consistent with the  lower potency of SKF 
81297 in vi.r70 (14).  T h e  ahility of Dl-like 
agonists to block cocaine-induced respond- 
ing at the  drug-paired lever provides further 
evidence that these agonists are oharmaco- - 
logically active a t  this time point despite 
their inahility to  prime by themselves. 111 
contrast to the  D,-like agonists, pretreat- 
ment with the  D,-like ago~list 7-OH-DPAT 
at a dose with low priming ability when 
given alone greatly enhanced the  prilning 
ability of low intravenous doses of cocaine 
(Figs. 3 and 4C) .  Therefore, D,  - and DI-like 
receptor agonists exert oppos~hg modilato- 
rv effects o n  cocaine miming in  a n  animal 
model of cocaine-seeking behavior. 

For comparison, we also tested the  prim- 
inp effects of caffeine in the  reinstatement 
procedure. T h e  stimulant properties of caf- 
feine result from antagonism of central 
adenosine receptors (18). Caffeine was s i n -  
ilar to the  Dl-like agonist ill that it lacked 
appreciable priming ability at doses that 
stimulate locomotor activity (Fig. 2, B and 
C ) .  However, ill contrast to pretreatment 
with the D,-like aeonist, and more silnilar " 
t o  pretreatment with the  D2-like agonist, 
pretreatment with caffeine tended to  en- 
hance cocaine priming (Fig. 4D).  Hence, 
the ahility of SKF 82958 and SKF 81297 to 
abolish cocaine priming is due specifically 
to their Dl-like agonist properties and can- 
not  he generalized to other loco~notor stim- 
ulants, such as caffeine, that have weak 
inherent pritning ability. 

IL  is i~ilnolcant co noLe L ~ L  L ~ C S C  TI,- 
and D,-l~ke receptor a g o i ~ ~ s t s  are them- 

SKF 82958 

** 
-d-La&& 
-0.003 0.01 0.03 0.1 0.3 1.0 3.0 

Dose (mglkg, ip) 

- 
S Caffeine 1 -  * 
m 

b 20 - .- 
0 

VHCL 3.0 10.0 
z Dose (mglkg, ip) 

Time (min) 

I= - VHCL SKF 7-OH- Cafleine 
82958 DPAT 

motor actiity cointi) for the 90-min perod: Astersks in (A), (B), and (C) indicate signficant difference from treatment with vehicle (VHCL) (*P < 0.05, 
-;*P < 0.01). 
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selves reinforcing, because each is self-ad- finding that Dl -  and D2-like receptor ago- 
ministered by animals when in f~~sed  intra- nists have opposite effects on cocaine prim- 
venously (16, 19). Similarly, Dl -  and D2- ing suggests that Dl-  and D2-like receptors 
like receptor agonists have comparable abil- may mediate qualitatively different aspects 
ities to substitute for cocaine in dr~rg of the reinforcing stimulus produced by co- 
discrimination tests (20). However, our caine. Thus, although D2-like receptors may 

Fig. 3. Effects of subcu- 
taneous metreatments 

Vehicle 
I Cocaine 

wth the drug vehcle, the tm , , , , , , , ,  , , , , , , , , , , , , , , , , , , , , 
D,-l~ke dopam~ne ago- 
n~st 7-OH-DPAT (0 3 

t I I  - 
7-OH-DPAT 

mg/kg), or the D,-ke I Coca~ne 

agonst SKF 82958 (1 .0 + I I I I ~ I ~ I I I I I I I  I I I + ~ ( ! I I I I I I I ~ I  i I *I I ! IIIII: ; MMFH 
mg/kg) on the a b t y  of a SKF 82958 
low ntravenous prming I Cocaine 
dose of cocaine (2.0 mg/ i kg) to reinstate nonrein- 

f 
forced lever-~ress re- 
sponding n a represen- 
tative anma (see text for - 7, 1- Saline 

i details). Pr~ming injec- 0 2 3 

I 
4 

t~ons of cocaine were Hours 
given 30 min after pre- Pretreatment 
treatment with the dopa- Primer 
mine receptor agon~sts 
during the saline phase of the re~nstatement paradigm. Hatchmarks denote the times of each self-nfusion 
of cocaine n the cocaine phase and of s a n e  in the saline phase. 

SKF 82958 vs. cocaine - SKF 81297 vs. cocaine 

* * 
to 1 i 1 

0 g 10 
+ 
.- 
E 
0 0 

Z 0 0.5 1.0 2.0 Z VHCL 0.3 1.0 3.0 

Cocaine priming dose (mglkg, iv) SKF 81297 dose (mglkg, sc) 

A 7-OH-DPAT vs. cocaine = Caffeine vs. cocaine 

L ' Pftmt VHCL 7-OH-DPAT 7-OH-DPAT Primt VHCL Caffeine Caffeine 

Primer Cocaine Saline Coca~ne Primer Cocaine Saline Cocaine 

Fig. 4. (A) Effects of subcutaneous pretreatment with the Dl-ike dopamine agonist SKF 82958 (e, 0.3 
mg/kg; W, 1.0 mg/kg) or vehicle (0) on the priming effects of intravenous (iv) doses of cocaine (n = 11). 
Double asterisks indicate that vehicle pretreatment differs significantly from treatment with SKF 82958 at 
1.0 mg/kg (P < 0.01): asterisk indicates that vehicle differs significantly from SKF 82958 at 0.3 and 1 .0 
mg/kg (P = 0.05). (B) Effects of subcutaneous (sc) pretreatment with the highly selectve Dl-like dopa- 
mine agonist SKF 81297 (n = 8 to 10) on the priming effects of iv cocane (2.0 mg/kg). S o d  bars, 
drug-paired lever; open bars, inactive lever. Asterisk indicates SKF 81 297 treatment differs significantly 
from vehicle pretreatment (P < 0.05). (C) Effects of pretreatment (prtmt) with the D,ke  dopamine 
agonist 7-OH-DPAT (0.3 mg/kg, sc; n = 11) on the prming effects of a low-threshold dose of v cocaine 
(0 5 mg/kg). Solid bars, drug-paired lever; open bars. inactive lever. Double asterisk indicates signf~cant 
dfference from VHCL-coca~ne (P < 0.01); asterisk indicates signf~cant difference from 7-OH-DPAT- 
saline (P < 0.05). (D) Effects of pretreatment with caffene (1 0.0 mg/kg, sc; n = 9) on the primng effects 
of I V  cocalne (2.0 mg/kg). Sold bars, drug-palred lever: open bars, nact~ve lever. Asterisk indcates 
signifcant difference from caffeine-salne (P < 0.05). 

tnediate the incentive to seek further co- 
caine reinforcement. D, -like receotors lack 

I 

this capacity and could even tnediate a 
reduction in drive to seek further cocaine 
reinforcement. To  study this possibility 
Inore directly, we tested the effect of pre- 
treatment with the Dl-like agonist SKF 
82958 on  cocaine self-administration. Pre- 
treattnent with SKF 82958 cotnpletely sup- 
pressed the initiation of cocaine self-admill- 
istration for the first half of a 2-hour test 
session (21). Moreover, there was no toler- 
ance to this suppression during chronic in- 
tertnittent treatment with SKF 82958 for 2 
weeks (21 ). In contrast, nretreatlnent with , 

D2-like agonists failed to suppress the initi- 
ation of cocaine self-administration, al- 
though these drugs have been shown to 
decrease the rate of cocaine self-administra- 
tion, presumably t h r o ~ ~ g h  an additive inter- 
action with cocaine-reinforcement mecha- 
nistns (15, 16). 

Of coLlrse the priming effects of cocaine 
or cocaine-associated cues co~lld also be 
blocked by dopatnine receptor antagonists, 
but these agents can exacerbate cocaine 
withdrawal symptoms such as allergy, anhe- 
donia, and depression (22). Indeed, aversive 
effects have been reported for Dl -  and D2- 
like dopalnine receptor antagonists in ani- 
mals and humans (23), and their usefulness 
in treating addiction has been limited (22). 
More recently, the search for an effective 
pharmacothe;apy for cocaine addiction has 
focused on dopaminergic agents with direct 
or indirect agonist activity at dopamine re- 
ceptors as a replacement strategy (24). 
However, our res~rlts with the D2-like ago- 
nists 7-OH-DPAT and quinpirole, together 
with a previous report concerning the D2- 
like agonist brornocriptine (25), suggest 
that agonist activity at D2-like receptors 
actually triggers relapse of cocaine-seeking 
behavior, at least in anitnals. Furthermore, 
in two hutnan studies, bro~nocriptine failed 
to block subiective measures of cocaine- 
induced cocaine craving (4). Our results 
suggest that Dl-like receptor agonists may 
offer a better strategy for replacement phar- 
lnacotherapy during abstinence from co- 
caine. Such agents lack the inherent prim- 
ing ability of D2-like receptor agonists and 
block the oriminr effects of cocaine itself in 

u 

anitnals. Although prelitninary, these re- 
sults suggest that further research is needed 
to detertnine whether Dl-like receptor ago- 
nists could prevent episodes of intense drug 
craving in humans and thereby prevent re- 
lapse to cocaine use. 
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tained at discrete cellular locations through 
their interaction with targeting proteins (1). 
Enzymes may be positioned in close proxim
ity to specific substrates, which then can be 
efficiently modified in response to the appro
priate signals. Evidence supporting this mod
el has shown that protein tyrosine kinases 
and phosphatases couple to downstream cy
toplasmic enzymes through adapter proteins 
that contain SH2 and SH3 domains (2). 
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protein Sterile-5 (STE5) provides a frame
work to order successive members of a yeast 
mitogen-activated protein kinase cascade, 
thereby permitting sequential activation of 
each enzyme in the pheromone mating re
sponse (3). In neurons, PKA and CaN are 
both localized to postsynaptic densities 
(PSDs) by association with AKAP79, which 
positions both enzymes close to key neuronal 
substrates (4). Because other neuronal sig
naling enzymes are present at the PSD (5), 
we investigated their potential to associate 
with the anchoring protein AKAP79. 

PKC, a family of serine-threonine ki
nases, is tethered to the PSD through asso
ciation with binding proteins (6). We used 
a solid-phase binding assay (overlays) with 
PKC as a probe (7) on bovine brain extracts 
(8) to detect several PKC-binding proteins, 
including a protein that migrated with the 
same mobility as a prominent RH-binding 
protein of 75 kD (9). This band corresponds 
to AKAP75, the bovine homolog of 
AKAP79 (10), indicating that the anchor
ing protein could bind both RII and PKC. 
Indeed, recombinant AKAP79 bound to 

Coordination of Three Signaling Enzymes by 
AKAP79, a Mammalian Scaffold Protein 
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Multivalent binding proteins, such as the yeast scaffold protein Sterile-5, coordinate the 
location of kinases by serving as platforms for the assembly of signaling units. Similarly, 
in mammalian cells the cyclic adenosine 3',5'-monophosphate-dependent protein ki
nase (PKA) and phosphatase 2B [calcineurin (CaN)] are complexed by an A kinase 
anchoring protein, AKAP79. Deletion analysis and binding studies demonstrate that a third 
enzyme, protein kinase C (PKC), binds AKAP79 at a site distinct from those bound by PKA 
or CaN. The subcellular distributions of PKC and AKAP79 were similar in neurons. Thus, 
AKAP79 appears to function as a scaffold protein for three multifunctional enzymes. 
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