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

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 D,-like, dopamine receptor agonists in rats. Moreover,
D,-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 D,- and D,-like receptor processes in cocaine-seeking
behavior and support further evaluation of D,-like receptor agonists as a possible phar-

macotherapy for cocaine addiction.

Relapse of cocaine use in cocaine-depen-
dent people is often precipitated by episodes
of intense drug craving even after prolonged
abstinence. Cocaine craving has been de-
scribed subjectively as resembling the posi-
tive or “high”-like qualities of the drug
itself (1). In this sense, cocaine craving may
differ from cravings for opiates or ethanol,
which are sometimes described as a desire to
alleviate the negative, withdrawal-associat-
ed symptoms of drug dependence (I). Both
cocaine craving in humans and relapse in
animal models of cocaine-seeking behavior
are triggered by environmental stimuli as-
sociated with the drug experience (2, 3)
and by low doses of cocaine itself (3, 4).

The priming effects of such cues in ani-
mal models of cocaine-seeking behavior can
be mimicked by activation of the mesolimbic
dopamine system (5), which is a major neu-
ral substrate of cocaine reinforcement (6).
Dopamine acts at two general classes of do-
pamine receptors, termed D;-like and D,-
like, that are distinguishable by their struc-
tural homology (7), opposite modulation of
adenylate cyclase activity (8), and differen-
tial localization within the brain (9).

We tested the ability of full D;- or D,-
like dopamine receptor agonists to induce
relapse in an animal model of cocaine-seek-
ing behavior. Male Sprague-Dawley rats
were trained to press a lever to self-admin-
ister intravenous cocaine (10, 11). A daily
4-hour reinstatement procedure was fol-
lowed in which rats self-administered co-
caine for 2 hours, after which saline was
substituted for the cocaine during the final
2 hours. During the time that saline was
substituted, the rats’ “nonreinforced” lever-
press responses progressively diminished, a
behavioral phenomenon known as extinc-
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tion. After responding had diminished (11),
the rats were given intraperitoneal priming
injections of either the D,-like selective
receptor agonists 7-hydroxy-N,N-di-n-pro-
pyl-2-aminotetralin (7-OH-DPAT) (12) or
quinpirole (13), or the D;-like selective
receptor agonist SKF 82958 (14). Although
these dopamine agonists can selectively dis-
criminate the D;- from the D,-like class of
receptors, they do not adequately distin-
guish the various subtypes within each class
in vivo. The priming ability of these dopa-
mine receptor agonists was assessed by their
ability to reinstate nonreinforced lever-
pressing for saline infusions at the lever that
previously delivered cocaine infusions
(drug-paired lever) during the cocaine
phase of the test session (Fig. 1).

The D,-like agonist 7-OH-DPAT in-
duced large dose-related increases in nonre-
inforced responding at the drug-paired lever
as compared with very low levels of re-
sponding induced both by the drug vehicle
and at an inactive lever (Figs. 1 and 2A).
Quinpirole also induced selective respond-
ing at the drug-paired lever and with higher
potency but with less efficacy and dose-
dependency than responding induced by
7-OH-DPAT. These differences cannot be
explained by the relative selectivity or af-
finity of the two agonists at D, or D5 recep-
tor subtypes (12) and therefore probably
reflect different pharmacokinetic properties
of the drugs. The possibility of a generalized
rate-increasing effect of the D,-like agonists
is eliminated by the lack of significant re-
sponding at the inactive lever and by pre-
vious studies in which D,-like agonists pro-
duced decreases rather than increases in
responding when animals were treated dur-
ing cocaine self-administration tests (I5,
16). Thus, we conclude that the D,-like
agonists initiate neural processes that trig-
ger relapse in an animal model of cocaine-
seeking behavior.

In contrast to the D,-like agonists, the
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D, -like agonist SKF 82958 could not induce
prominent responding at the drug-paired
lever when tested over a wide range of
doses, and caused only slight increases in
lever-pressing (Figs. 1 and 2B). A similar
difference in the priming ability of 7-OH-
DPAT and SKF 82958 was observed after 1
day of withdrawal from cocaine. To test the
possibility that SKF 82958 was behaviorally
inactive, or even produced a generalized
suppression of behavior, we measured hori-
zontal locomotor activity (17) after injec-
tions of SKF 82958 over a 90-min period
corresponding to the time period of the
drug reinstatement test. A test dose of SKF
82958, which was without priming effects,
produced similar (if not greater) locomotor
activity as that produced by an effective
priming dose of 7-OH-DPAT (Fig. 2C).
Thus, the differential ability of the D;- and

Fig. 1. Effects of intra-
peritoneal priming injec-
tions with vehicle (saline),

D,-like agonists to induce responding at the
drug-paired lever was dissociated from their
similar ability to stimulate horizontal loco-
motor activity.

We next tested whether pretreatment
with D;- or D,-like agonists could modulate
the priming effects of cocaine itself. Rats
were given subcutaneous pretreatments
with the D;- or D,-like agonists 30 min
before they received priming infusions with
low intravenous doses of cocaine (Fig. 3).
Intravenous priming infusions of cocaine
induced responding at the drug-paired lever
in a dose-dependent fashion (Fig. 3 and Fig.
4, A through D). When rats were pretreated
with the D;-like agonist SKF 82958, the
ability of cocaine to induce responding at
the drug-paired lever was completely abol-
ished (Figs. 3 and 4A). SKF 81297, another
D,-like agonist with a higher selectivity for

Vehicle

the D,-like dopamine
agonist 7-OH-DPAT (3.0
mg/kg), or the D,-like
agonist SKF 82958 (1.0
mg/kg) on reinstatement
of nonreinforced lever-
press responding in a
representative  animal
(see text for details).
Priming injections were
given after extinction
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D,- over D,-like receptors (14), also sup-
pressed cocaine priming (Fig. 4B) but at
higher doses than did SKF 82958, a result
consistent with the lower potency of SKF
81297 in vivo (14). The ability of D,-like
agonists to block cocaine-induced respond-
ing at the drug-paired lever provides further
evidence that these agonists are pharmaco-
logically active at this time point despite
their inability to prime by themselves. In
contrast to the D;-like agonists, pretreat-
ment with the D,-like agonist 7-OH-DPAT
at a dose with low priming ability when
given alone greatly enhanced the priming
ability of low intravenous doses of cocaine
(Figs. 3 and 4C). Therefore, D;- and D,-like
receptor agonists exert opposing modulato-
ry effects on cocaine priming in an animal
model of cocaine-seeking behavior.

For comparison, we also tested the prim-
ing effects of caffeine in the reinstatement
procedure. The stimulant properties of caf-
feine result from antagonism of central
adenosine receptors (18). Caffeine was sim-
ilar to the D;-like agonist in that it lacked
appreciable priming ability at doses that
stimulate locomotor activity (Fig. 2, B and
C). However, in contrast to pretreatment
with the D;-like agonist, and more similar
to pretreatment with the D,-like agonist,
pretreatment with caffeine tended to en-
hance cocaine priming (Fig. 4D). Hence,
the ability of SKF 82958 and SKF 81297 to
abolish cocaine priming is due specifically
to their D, -like agonist properties and can-
not be generalized to other locomotor stim-
ulants, such as caffeine, that have weak
inherent priming ability.

It is important to note that these D-
and D,-like receptor agonists are them-
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- 7-OH-DPAT > Quinpirole - SKF 82958 = Caffeine
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Fig. 2. (A and B) Effects of intraperitoneal (ip) priming injections with the

D,-like dopamine agonists 7-OH-DPAT (n = 10) and quinpirole (n = 10), c -
the D,-like agonist SKF 82958 (n = 9 to 11), and caffeine (n = 9) on the > 300 £
mean number (£SEM) of nonreinforced lever-press responses (solid bars, 5 250 g
drug-paired lever; open bars, inactive lever) during the final hour of the § 200 N
saline phase in the drug-reinstatement paradigm. VHCL, saline vehicle. (C) 5 150 %
Locomotor responses to an effective priming dose of 7-OH-DPAT (H, 3.0 ° g
mg/kg ip) and nonpriming doses of SKF 82958 (@, 1.0 mg/kg ip) and § 100 8
caffeine (A, 10.0 mg/kg ip) in the same animals (n = 12). O, vehicle. The left § 50 g
panel shows the time course of mean locomotor activity (photocell counts O —— 77— ——— 0
per 10 min) over a time period including the test period in the drug rein- 1020 30 40 50 60 70 80 90 © L oy, Cofteine

statement paradigm; the right panel shows the total (mean += SEM) loco- Time (min)
motor activity (photocell counts) for the 90-min period. Asterisks in (A), (B), and (C) indicate significant difference from treatment with vehicle (VHCL) (*P < 0.05,
P < 0.01).
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selves reinforcing, because each is self-ad-
ministered by animals when infused intra-
venously (16, 19). Similarly, D;- and D,-
like receptor agonists have comparable abil-
ities to substitute for cocaine in drug
discrimination tests (20). However, our

fedi el ekt

finding that D;- and D,-like receptor ago-
nists have opposite effects on cocaine prim-
ing suggests that D;- and D,-like receptors
may mediate qualitatively different aspects
of the reinforcing stimulus produced by co-
caine. Thus, although D,-like receptors may

Fig. 3. Effects of subcu- Vehicle

taneous pretreatments Cocaine
with the drug vehicle, the et ettt ; et ; l i "
D,-like dopamine ago-

nist 7-OH-DPAT (0.3 7-OH-DPAT
mg/kg), or the D,-like l Coclame
agonist SKF 82958 (1.0

mg/kg) on the ability of a SKF 82958
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kg) to reinstate nonrein- e T '
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tions of cocaine were Hours
given 30 min after pre-

treatment with the dopa-
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during the saline phase of the reinstatement paradigm. Hatchmarks denote the times of each self-infusion
of cocaine in the cocaine phase and of saline in the saline phase.
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Fig. 4. (A) Effects of subcutaneous pretreatment with the D, -like dopamine agonist SKF 82958 (@, 0.3
mg/kg; M, 1.0 mg/kg) or vehicle (O) 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 selective D,-like dopa-
mine agonist SKF 81297 (n = 8 to 10) on the priming effects of iv cocaine (2.0 mg/kg). Solid bars,
drug-paired lever; open bars, inactive lever. Asterisk indicates SKF 81297 treatment differs significantly
from vehicle pretreatment (P < 0.05). (C) Effects of pretreatment (prtmt) with the D,-like dopamine
agonist 7-OH-DPAT (0.3 mg/kg, sc; n = 11) on the priming effects of a low-threshold dose of iv cocaine
(0.5 mg/kg). Solid bars, drug-paired lever; open bars, inactive lever. Double asterisk indicates significant
difference from VHCL-cocaine (P < 0.01); asterisk indicates significant difference from 7-OH-DPAT-
saline (P < 0.05). (D) Effects of pretreatment with caffeine (10.0 mg/kg, sc; n = 9) on the priming effects
of iv cocaine (2.0 mg/kg). Solid bars, drug-paired lever; open bars, inactive lever. Asterisk indicates
significant difference from caffeine-saline (P < 0.05).
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mediate the incentive to seek further co- "
caine reinforcement, D;-like receptors lack
this capacity and could even mediate a
reduction in drive to seek further cocaine
reinforcement. To study this possibility
more directly, we tested the effect of pre-
treatment with the D,-like agonist SKF
82958 on cocaine self-administration. Pre-
treatment with SKF 82958 completely sup-
pressed the initiation of cocaine self-admin-
istration for the first half of a 2-hour test
session (21). Moreover, there was no toler-
ance to this suppression during chronic in-
termittent treatment with SKF 82958 for 2
weeks (21). In contrast, pretreatment with
D,-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 through an additive inter-
action with cocaine-reinforcement mecha-
nisms (15, 16).

Of course the priming effects of cocaine
or cocaine-associated cues could also be
blocked by dopamine receptor antagonists,
but these agents can exacerbate cocaine
withdrawal symptoms such as anergy, anhe-
donia, and depression (22). Indeed, aversive
effects have been reported for D;- and D,-
like dopamine 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
pharmacotherapy 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 results with the D,-like ago-
nists 7-OH-DPAT and quinpirole, together
with a previous report concerning the D,-
like agonist bromocriptine (25), suggest
that agonist activity at D,-like receptors
actually triggers relapse of cocaine-seeking
behavior, at least in animals. Furthermore,
in two human studies, bromocriptine failed
to block subjective measures of cocaine-
induced cocaine craving (4). Our results
suggest that D;-like receptor agonists may
offer a better strategy for replacement phar-
macotherapy during abstinence from co-
caine. Such agents lack the inherent prim-
ing ability of D,-like receptor agonists and
block the priming effects of cocaine itself in
animals. Although preliminary, these re-
sults suggest that further research is needed
to determine whether D;-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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Coordination of Three Signaling Enzymes by
AKAP79, a Mammalian Scaffold Protein

Theresa M. Klauck,* Maree C. Faux,” Kirstin Labudda,
Lorene K. Langeberg, Susan Jaken, John D. Scottf

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.

Control of multiple cellular events by pro-
tein phosphorylation requires many levels of
regulation in order to generate specific cel-
lular responses. One regulatory mechanism is
that kinases and phosphatases are main-
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).
Serine-threonine kinases and phosphatases
are also maintained by scaffold proteins or
anchoring proteins. In yeast, the scaffold
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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 RII-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
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