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cAMP-dependent protein kinase (PKA) in the nucleus accum-
bens (NAc) has been implicated in cocaine addiction because
(1) cocaine reinforcement is mediated by dopamine receptors
that modulate cAMP formation, and (2) repeated exposure to
cocaine upregulates the cAMP system in NAc neurons. This
study tested PKA involvement in cocaine self-administration
and relapse of cocaine-seeking behavior by infusing cAMP
analogs that activate or inhibit PKA into the NAc of rats. Bilat-
eral intra-NAc infusions of the PKA inhibitor R,-cAMPS re-
duced baseline cocaine self-administration, shifted the dose-
response curve for cocaine self-administration to the left, and
induced relapse of cocaine-seeking behavior after extinction
from cocaine self-administration, consistent with an enhance-
ment of cocaine effects in each paradigm. In contrast, pretreat-
ment with intra-NAc infusions of a PKA activator, S,-cAMPS or
dibutyryl cAMP, increased baseline cocaine self-administration
during the second hour of testing and shifted the dose-

response curve to the right, consistent with an antagonist-like
action. After extinction from cocaine self-administration, similar
infusions of Sp-cAMPS induced generalized responding at both
drug-paired and inactive levers. As an index of PKA activity in
vivo, NAc infusions of Rp-cAMPS reduced basal levels of
dopamine-regulated phosphoprotein-32 phosphorylation and
blocked amphetamine-induced increases in cAMP response
element-binding protein (CREB) phosphorylation. Conversely,
NAc infusions of S,-cAMPS increased phosphorylation of
CREB. Together, these results suggest that sustained upregu-
lation of the cAMP system in the NAc after repeated cocaine
exposure could underlie tolerance to cocaine reinforcement,
whereas acute inhibition of this system may contribute to drug
craving and relapse in addicted subjects.
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The mesolimbic dopaminergic projection to the nucleus accum-
bens (NAc) is thought to mediate the reinforcing effects of co-
caine through activation of dopamine receptors on NAc neurons
(Wise, 1990; Kuhar et al., 1991; Fibiger et al., 1992; Koob, 1992;
Self and Nestler, 1995). Recent evidence also suggests that re-
lapse of drug-seeking behavior can be triggered by activation of
dopamine receptors in this brain region (Stewart and Vezina,
1988; Di Ciano et al., 1996; Self et al., 1996a; Shaham et al., 1996;
Shaham and Stewart, 1996; Self, 1997). Dopamine signals are
mediated by two major classes of dopamine receptors, termed D, -
and D,-like, that are distinguishable by their structural hetero-
geneity (Sibley et al., 1993) and either activation or inhibition of
cAMP formation, respectively (Sibley et al., 1993).

Despite their opposing actions on adenylyl cyclase activity,
previous studies have found that both D,- and D,-like classes of
dopamine receptors can mediate reinforcing signals of drugs of
abuse, because both D;- and D,-like-selective dopamine agonists
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are self-administered by animals (Self and Stein, 1992a; Caine
and Koob, 1993; Weed et al., 1993; Weed and Woolverton, 1995;
Grech et al., 1996; Self et al., 1996b). In contrast, we recently
reported that D,- and D,-like receptor agonists produce opposite
modulation of relapse in an animal model of cocaine-seeking
behavior (Self et al., 1996a). Thus, although activation of D,-like
receptors strongly induces cocaine-seeking behavior, activation of
D,-like receptors fails to induce this behavior and blocks cocaine-
seeking behavior triggered by priming injections of cocaine itself.
These opposing effects on cocaine-seeking behavior suggest that
D;- and D,-like receptors regulate qualitatively different motiva-
tional aspects of cocaine action, which could involve their differ-
ential modulation of cAMP-dependent protein kinase (PKA)
activity in NAc neurons.

In an earlier study, we reported that inactivation of inhibitory
G-proteins (G;/G,) in the NAc produces a dopamine receptor
antagonist-like effect on cocaine self-administration, suggesting
that a D,-like receptor-coupled G;/G, mechanism (possibly inhi-
bition of cCAMP formation) is an important intracellular signaling
pathway used in cocaine reinforcement (Self et al., 1994). Con-
versely, cocaine reinforcement through stimulation of D,-like
receptors in the NAc could represent a distinct dopamine recep-
tor pathway that involves stimulatory G-proteins (G,) and in-
creased intracellular cAMP formation (Caine et al., 1995; Self
and Nestler, 1995; Self et al., 1996b), possibly in a separate
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subpopulation of NAc neurons (Gerfen et al., 1990; Le Moine et
al., 1990; Meador-Woodruff et al., 1991). In either case, changes
in PKA activity in NAc neurons could play a pivotal role in
mediating the reinforcing signals produced by both D,- and
D,-like receptors.

In addition, PKA activity in the NAc has been generally im-
plicated in drug addiction, because chronic exposure to several
drugs of abuse upregulates cCAMP formation and PKA activity
specifically in this brain region (Terwilliger et al., 1991; Tjon et
al., 1994; Ortiz et al., 1995; Self et al., 1995; Schoffelmeer et al.,
1996; Unterwald et al., 1996). These findings raise the possibility
that drug-induced upregulation of PK A activity in the NAc could
contribute to motivational disturbances in drug addiction. In the
present study, we directly tested the role of PKA in the NAc both
in cocaine self-administration and in relapse of cocaine-seeking
behavior by infusing a highly selective PK A inhibitor or activator,
R,- or §,-cAMPS, respectively, directly into the NAc. R- and
S,-cCAMPS are diastereoisomers of adenosine 3',5'-(cyclic)
monophosphorothioate with enhanced lipophilicity compared
with cAMP (Braumann and Jastorf, 1985) and are completely
resistant to degradation by phosphodiesterases (Braumann et al.,
1986).

MATERIALS AND METHODS
Self-administration and reinstatement

Subjects, surgery, and apparatus. Naive, male Sprague Dawley rats initially
weighing 300-325 gm (Charles River, Kingston, NY), were trained to
press a lever for 45 mg sucrose pellets under food deprivation for at least
3 consecutive days. Animals were then fed ad libitum for at least 1 d
before surgery. Under equithesin anesthesia (1.0 ml/kg), animals were
surgically implanted with a chronic indwelling jugular catheter prepared
from SILASTIC tubing (0.02 in inner diameter, 0.037 in outer diameter;
Green Rubber, Woburn, MA) treated with tridodecylmethyl ammonium
chloride (TDMAC) heparin (Polysciences Inc., Warrington, PA), se-
cured with Mersilene surgical mesh (General Medical, New Haven, CT)
at the jugular vein. The catheter passed subcutaneously to exit the
animal’s back through 22 gauge tubing embedded in dental cement and
secured with Marlex surgical mesh (Bard Inc., Cranston, RI). The ani-
mals were then implanted with bilateral guide cannulae (Plastics One,
Roanoke, VA), in the NAc or caudate—putamen. Stereotaxic coordinates
with the top of the skull level were +1.7 mm anterior to bregma, =1.5
mm lateral, and —5.7 mm for NAc or —3.7 mm for caudate—putamen,
both ventral to dura (Paxinos and Watson, 1982). Dummy cannulae cut
to extend 1.0 mm beyond the guide cannulae were left in place through-
out the experiment. To prevent clogging, catheters were flushed daily
with 0.2 ml of heparinized (20 U/ml), bacteriostatic saline, and antibiotic
ointment was applied to the catheter exit wound on the animal’s back.
After a minimum 6 d recovery period, animals were placed in operant
test chambers (Coulbourn Instruments, Lehigh, PA), and catheters were
connected to a syringe pump system. Each infusion pump system con-
sisted of a Razel (Stamford, CT) model A infusion pump and 20 ml glass
syringe connected to a fluid swivel (Stoelting, Wood Dale, IL) with
Teflon tubing. Tygon tubing connected the swivel to the animal’s catheter—
cannula assembly and was protected by a metal spring secured to a screw
embedded in the catheter assembly. A single 25 gm lever press response
(FR 1) at the active lever delivered a 0.1 ml intravenous injection of
sterile-filtered cocaine (National Institute on Drug Abuse, Research
Triangle Park, NC) dissolved in 0.9% saline over a 10 sec injection
interval. During infusion, a cue light above the active lever was illumi-
nated, and the house light was extinguished. Each injection was followed
by an additional 5 sec “time-out” period in which the cue light was
extinguished, and lever press responses during the total time-out period
of 15 sec (TO 15 sec) were recorded but had no programmed conse-
quences. All responding at an inactive lever mounted 6 inches from the
active lever were measured but had no programmed consequences.
Self-administration procedure. Animals were allowed to acquire cocaine
self-administration (0.5 mg/kg per injection) in daily, 2 hr self-
administration test sessions 5—6 d/week during their light cycle. After a
minimum of 10 test sessions to acquire self-administration, animals
demonstrating stable self-administration baselines (totals varied <10%
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from the mean of three consecutive sessions) were assigned to various
treatment groups such that the mean baseline self-administration rates in
each group were similar (see Data analysis and Results). The animals
were then pretreated with intracranial infusions of R,-cAMPS, §-
cAMPS (Biolog, La Jolla, CA), or the PBS vehicle, pH 7.4, through 33
gauge bilateral injection cannulae (Plastics One) in 1.0 ul/side over a 3
min period, 30 min before the onset of testing. In dose—response exper-
iments, animals self-administered each dose of cocaine until baselines
were stable before testing commenced with the cAMP analogs. At least
2 d of stable baseline responding separated each test with the cAMP
analogs, and the order of dose presentation for cocaine and the cAMP
analogs was counterbalanced across animals. Animals received a maxi-
mum of 8-10 injections; the effects of the cCAMP analogs were not
diminished with repeated injections.

Food reinforcement procedure. In food reinforcement experiments,
NAc-implanted, drug-naive animals were trained in 2 hr test sessions to
press a lever for 45 mg sucrose pellets while maintained at 85% original
body weight. Food reinforcement was delivered under an FR 1/TO 2 min
schedule, where each food pellet delivery was followed by a 2 min
time-out period when the house and cue lights were off and responding
was not reinforced. As in self-administration experiments, animals were
pretreated with NAc infusions of R,-cAMPS, S ,-cAMPS, or vehicle 30
min before the onset of testing and at least two sessions of stable
responding at the food-paired lever (reinforcement and time-out re-
sponding each varied <10% from the mean of two consecutive sessions).

Reinstatement procedure. A within-session, daily 4 hr reinstatement
paradigm was used in which animals self-administered cocaine (0.5
mg/kg per injection, i.v.) for 2 hr, followed by saline substitution for
cocaine during the final 2 hr. Low baseline responding during extinction
was demonstrated after three consecutive tests with less than five re-
sponses at either the drug-paired or inactive lever during the final hour
of the saline phase. After demonstration of this criteria, the animals were
given intracranial infusions of R -cAMPS, §,-cAMPS, or vehicle 30 min
into the saline phase of the next test session, and the number of nonre-
inforced responses was measured during the final hour of the saline
phase. The order of dose presentation was counterbalanced for each
cAMP analog across animals.

In a variation of the previous experiment, the effects of pretreatment
with R,-cAMPS, §,-cAMPS, or vehicle on cocaine-induced reinstate-
ment were studied by infusing the lower 40 nmol/side dose of each
cAMP analog into the NAc 30 min into the saline phase of the test
session, which was also 30 min before intravenous priming injections of
cocaine (0.5 and 2.0 mg/kg). The number of nonreinforced responses was
again measured during the final hour of the saline phase, immediately
after the cocaine injection.

Histology. At the end of self-administration experiments, animals were
injected with chloral hydrate (5 ml/kg, i.p., 80 mg/ml) and perfused
transcardially with 0.9% saline followed by 10% formalin/saline. Brains
were dissected, frozen, and sliced in 40 uwm sections. The sections were
placed on gelatin-coated slides, stained with cresyl violet, and examined
for cannula placement and abnormal gliosis and scarring.

Data analysis. The effects of R,-cAMPS, S,-cAMPS, or vehicle on
cocaine self-administration were analyzed by comparing self-
administration hourly totals with two-way ANOVA (dose X treatment)
with repeated measures on treatment (baseline vs cAMP analogs). A
within-subject analysis was used for the experiment with dibutyryl
cAMP, in which data were analyzed by both one-way ANOVA with
repeated measures on dose and two-way ANOVA (dose X treatment)
with repeated measures on treatment. Dose-response curves for cocaine
self-administration were analyzed with three-way ANOVA (cocaine
dose X R,,- or S,-cAMPS dose X treatment) with repeated measures on
treatment. Baseline comparisons between R,-CAMPS-, S -cAMPS-, and
dibutyryl cAMP-treated groups for both NAc and caudate—putamen
experiments were analyzed for each hour with a two-way ANOVA
(baseline X group) at the 0.5 mg/kg per injection dose of cocaine.
Individual treatment comparisons with baseline were made a priori with
Student’s paired ¢ test or post hoc with Dunnett’s test for comparison
with vehicle. An « level of =0.05 was considered statistically significant.
During this analysis, one R ,-cAMPS-treated animal that displayed ele-
vated baseline self-administration was excluded to normalize mean base-
line self-administration rates between R,- and S,-cAMPS-treated ani-
mals. Also, a few tests at the highest dose of the cCAMP analogs were
repeated when the treatment disrupted cocaine self-administration lead-
ing to long periods without responding (a criteria of less than five
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self-injections in the first or second hour of the test session was used to
retest).

In the food reinforcement experiment, the effects of the cAMP ana-
logs on reinforcement rates, time-out responding at the food-paired
lever, and inactive lever responding were each analyzed by comparing 2
hr totals with two-way ANOVA (anolog X treatment) with repeated
measures on both factors. Individual treatment comparisons with base-
line were made a priori with Student’s paired ¢ test.

In reinstatement experiments, nonreinforced responding during the
final hour of the saline phase after intracranial infusions with the cAM P
analogs was analyzed with one-way ANOVA with repeated measures on
treatment. Post hoc comparisons with vehicle were made with Dunnett’s
test. Because a high degree of heterogeneity between group variances
was noted in reinstatement experiments, nonparametric analyses also
were conducted on individual group means with a Wilcoxon signed ranks
test of related subjects. In experiments in which the cAMP analogs were
infused in the NAc as a pretreatment to intravenous priming injections
of cocaine, data were compared with two-way ANOVA (cocaine dose X
treatment) and with baseline data (always less than five responses at
either lever) by the Wilcoxon signed ranks test of related subjects.

PKA phosphorylation of cAMP response element-binding
protein and dopamine-regulated phosphoprotein 32

NAc infusion and dissection. Under equithesin anesthesia (1.0 ml/kg), 100
gm rats were given a single unilateral infusion of R,-cAMPS or §,-
cAMPS (80 nmol/1.0 ul per side) through 33 gauge injection needles as
described above, except that the contralateral side (counterbalanced
across left and right) received 1.0 ul of vehicle. One hundred-gram rats
were used to facilitate rapid dissection and freezing to preserve phos-
phorylation changes; the stereotaxic coordinates for NAc infusions were
adjusted to +1.5 mm anterior to bregma, 1.5 mm lateral, and —6.5 mm
ventral to dura, which corresponded to the same infusion site as in larger
rats as verified by dye infusion. Rats remained anesthetized and were
killed by rapid decapitation at either 1 or 2 hr after NAc infusion. Some
R,-cAMPS-treated animals were challenged with d-amphetamine sulfate
(4.0 mg/kg, i.p.) 15 min before killing. Whole brains were rapidly re-
moved and dropped into isopentane chilled to —40°C within 35 sec of
decapitation (dissection times ranged from 26 to 35 sec). Frozen brains
were stored at —80 C. Subsequently, a 14 gauge blunted needle was used
to take punches of NAc from 1-mm-thick frozen coronal slices in a
cryostat chilled to —20 C.

Immunoblotting. One hundred microliters of 2% SDS were added to
microfuge tubes containing the frozen punches for immediate sonication,
and total protein concentration was assayed using the bicinchinoninic
acid method (Pierce, Rockford, IL). One hundred micrograms of pro-
tein/sample were loaded on a 10% acrylamide/0.27% bisacrylamide
SDS-polyacrylamide gel for electrophoresis and subsequently transferred
electrophoretically onto an Immobilon membrane (Millipore, Bedford,
MA). Blots were incubated overnight at 4°C with anti-Ser '**> phospho-
cAMP response element-binding protein (CREB) antiserum at 1:1000
(Ginty et al., 1993) or anti-Thr** phospho-dopamine-regulated phospho-
protein 32 (DARPP-32) (Snyder et al., 1992) in blocking buffer consisting
of 3% nonfat dried milk powder in PBST (10 mM sodium phosphate, pH
7.4, 0.9% sodium chloride, and 0.1% Tween 20). The blots were then
washed with blocking buffer and incubated for 1 hr at 20°C with horse-
radish peroxidase-conjugated donkey anti-rabbit antiserum (Amersham,
Arlington Heights, IL) at a 1:2000 dilution in blocking buffer. The blots
were washed in PBST, and immunoreactivity was visualized using en-
hanced chemiluminescence (Amersham). The resulting autoradiograms
were scanned and subsequently quantitated using Imagequant (Compu-
tational Molecular Dynamics, Wayzata, MN). Under the immunoblot-
ting conditions used, levels of immunoreactivity for phospho-CREB were
linear over at least a threefold range of tissue concentrations.

Data analysis. Data from desensitized phospho-CREB immunoblots
from R,- and S, -cAMPS-treated animals at 1 and 2 hr time points were
analyzed with two-way ANOVA (time X side) using the left and right
NAc as a within-subjects variable. This analysis revealed a significant
main effect of side for S,-cAMPS (F(, 4, = 2.984; p = 0.011) but no
change for R,-cAMPS (F(; 4 = 2.267; p = 0.183) on phospho-CREB
immunoreactivity. To test whether R,-cAMPS could block
amphetamine-induced increases in phospho-CREB immunoreactivity,
the PBS- and R -cAMPS-infused sides of NAc from animals challenged
with systemic amphetamine were each compared with the same control
(PBS) side from R ,-cAMPS-treated animals not receiving amphetamine
with two-way ANOVA (time X treatment). This analysis revealed a
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significant main effect of treatment (F(,;5, = 22.533; p < 0.001) on
phospho-CREB immunoreactivity. Because the treatment X time inter-
action was not significantly different for S,-cAMPS (F, 4y = 2.303; p =
0.204), R,-cAMPS (F( 5 = 1.6666; p = 0.244), or R,-cAMPS plus
amphetamine (F ;15 = 0.445; p = 0.647), data from the 1 and 2 hr time
points were pooled for both phospho-CREB and phospho-DARPP-32
and subsequently analyzed with one-way ANOVA on treatment (see Fig.
5). Comparisons between vehicle and treated sides of the NAc were
made a priori with Student’s paired ¢ test for R,,- and S,-cAMPS and post
hoc with Fisher’s least significant difference (LSD) test for control,
vehicle plus amphetamine, and R,-cAMPS plus amphetamine.

RESULTS

Opposite and time-dependent effects of R,- and S-
cAMPS infusions in the NAc on maintenance of
intravenous cocaine self-administration

Maintenance of cocaine self-administration under fixed ratio
schedules is characterized by highly regular patterns of drug
self-administration, in which self-administration rates can in-
crease or decrease in response to blockade or enhancement of
cocaine action, respectively (Koob and Goeders, 1989; Self and
Stein, 1992b). Bilateral infusions of the PKA inhibitor R,-
CAMPS and the PKA activator S, -cAMPS produced opposite
effects on cocaine self-administration when infused 30 min before
the onset of testing (Figs. 1, 2). R,-cAMPS decreased lever press
responding for intravenous cocaine injections by prolonging the
time interval between successive self-injections, whereas similar
NAc infusions of the PKA activator S -cAMPS increased co-
caine self-administration by shortening the time interval between
successive self-injections (Figs. 1, 2). R,-cAMPS decreased co-
caine self-administration during both the first (F(; 55y = 14.356;
p = 0.001) and second (F(; 54, = 6.081; p = 0.021) hours of the
test session when compared with baseline self-administration,
with a greater effect during the first hour of testing (Fig. 2, top
panel). The effect of R -cAMPS was dose-dependent during the
first hour of testing (baseline X treatment interaction, F, »5, =
4.547; p = 0.020).

In contrast, S,-cAMPS increased cocaine self-administration
only during the second hour (F(, 35, = 12.380; p = 0.001) and was
ineffective during the first hour of the test session (F(; 35, = 0.014;
p = 0.907). A similar increase in cocaine self-administration was
produced by intra-NAc infusions of dibutyryl cAMP, another
cAMP analog with PK A-activating effects (Fig. 3). In this exper-
iment, conducted entirely within the same animals, dibutyryl
cAMP also increased cocaine self-administration during the sec-
ond hour of the test session when compared with either baseline
self-administration (F, 5, = 7.054; p = 0.038) or control infusions
with the PBS vehicle (F, ;) = 4.217; p = 0.041). Like S, ,-cAMPS,
dibutyryl cAMP was ineffective during the first hour of testing (vs
baseline, F(; 5, = 1.244; p = 0.307; vs vehicle, F, 1) = 0.562; p =
0.545).

Because intracerebral infusions can diffuse dorsally along the
cannula shafts, control experiments were conducted in the cau-
date—putamen, 2 mm dorsal to the NAc infusion site (Fig. 2,
bottom panel). The caudate—putamen is the dorsal extension of
the basal ganglia and is generally not implicated in drug rein-
forcement mechanisms. Direct infusion of either R,- or S
cAMPS in the caudate—putamen produced only small changes in
cocaine self-administration that were not significant during either
the first (F(; 17y = 0.135; p = 0.780) or second (F, ;) = 0.018; p =
0.894) hour of the test session compared with baseline self-
administration. In all experiments, control infusions of the PBS
vehicle failed to alter cocaine self-administration, and baseline
cocaine self-administration rates were similar across all experi-



Self et al. » Protein Kinase A, Cocaine Self-Administration, and Relapse

J. Neurosci., March 1, 1998, 78(5):1848-1859 1851

Response Totals

SA
Baseline
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-+ttt 35
Baseline
-+t 35
Rp-cAMPS 40 nmol/ul/side
HH -+ttt 26
Baseline
+-+—+—++++—++t++—++H—++——t—tt 31
Rp-cAMPS 80 nmol/ul/side
H+— HE — e +— —t++H++ 22
Baseline
—+++—+++++++++-+—+—++++H++++ 36
Sp-cAMPS 40 nmol/ul/side

47
Baseline
H—t—+——t——++—+—++1 —H—+—+—+—+—+—+—+—+ 28
Sp-cAMPS 80 nmol/ul/side
i -+ +—t+—++—1++ 32
0 1 2

Hours

ments at the 0.5 mg/kg per injection dose (first hour: group means
ranged from 17.8 to 22.6 self-injections/hr; F ;5 105y = 1.468; p =
0.142; second hour: group means ranged from 13.6 to 18.2 self-
injections/hr; F,5 105y = 1.722; p = 0.067).

Animals treated with the lowest test dose of the cAMP analogs
generally self-administered cocaine with highly regular response
patterns. A few (11 of 69 trials) animals treated with S,-cAMPS
showed stereotypical responding at the inactive lever, although
the pattern of cocaine self-administration in the same animals
remained regular. We have observed a similar phenomenon in a
small percentage of untreated rats during cocaine self-
administration. Similarly, both R,- and S,-cAMPS infusions in-
creased time-out responding in some but not all animals during
cocaine self-administration (e.g., Fig. 1). Although animals pre-
treated with R -cAMPS displayed no obvious behavioral deficits,
some S -cAMPS-treated animals displayed increased grooming
behavior. Furthermore, some animals treated with the highest
dose of S,-cAMPS (80 nmol/1.0 ul per side) displayed pro-
nounced forepaw treading that progressed to partial motor sei-
zure activity; hence these animals were not tested. This latter
effect was never observed in animals treated with S,-cAMPS at
the lower dose of 40 nmol/ul per side.

NAc infusions of R,- and S,-cAMPS produce opposite
changes in phospho-CREB and phospho-DARPP-32
immunoreactivity

In an effort to provide biochemical confirmation of R - and
S,-cAMPS effects on PKA activity in the NAc in vivo, we mea-
sured the phosphorylation state of two well characterized PKA
substrates, CREB and DARPP-32, by use of phosphospecific
antibodies (Figs. 4, 5). Although the basal level of CREB phos-

TO

2

38

1A

0

Figure 1. Event records from representative rats self-
1 administering cocaine (0.5 mg/kg per injection, i.v.) during
baseline (previous test session) and 30 min after bilateral
NAc infusions of the PKA inhibitor R,-cAMPS, the PKA
activator S,-cAMPS, and the PBS vehicle during daily, 2 hr

0 test sessions. The vertical deflections mark the time of each
self-injection response. The total number of self-injections
0 (84), number of lever press responses during the 15 sec

time-out periods after each injection (70), and responses at
the inactive lever (IA4) are listed to the right. NAc infusions
of R,-cAMPS decreased whereas S,-cAMPS increased co-
caine self-administration. Control infusions of vehicle had
no effect.

phorylation in the NAc was low and could not be reduced further
by R,-cAMPS (T; = 1.439; p = 0.193), similar infusions of
R,-cAMPS completely inhibited the 70% increase in CREB
phosphorylation induced by a systemic amphetamine challenge
(Fop1y = 25.030; p < 0.001). In contrast, NAc infusions of
§,-cCAMPS increased basal CREB phosphorylation by ~150%
(Ts = —=3.989; p = 0.010).

Although NAc infusions of R -cAMPS had no effect on low
basal levels of CREB phosphorylation, R,-cAMPS reduced basal
DARPP-32 phosphorylation by ~55% in the same tissue samples
(T, = 5.571; p = 0.005). Conversely, unlike the increase in basal
CREB phosphorylation produced by amphetamine and by S,-
CAMPS, neither amphetamine (7, = —1.439; p = 0.184) nor
S,-cAMPS (T, = 0.762; p = 0.525) increased DARPP-32 phos-
phorylation in the same tissue samples. These findings confirm
that R -cAMPS effectively inhibits PKA activity in the NAc,
whereas S ,-cAMPS effectively increases PKA activity at the
doses used in behavioral experiments. Interestingly, these results
also suggest that CREB and DARPP-32 apparently exist in dif-
ferential basal states of phosphorylation in the NAc in vivo, with
low basal levels of phosphorylated CREB and high basal levels of
phosphorylated DARPP-32.

NAc infusions of R,- and S,-cAMPS produce opposite
shifts in the dose-response curve for cocaine
self-administration

Cocaine self-administration is highly dose-dependent such that
increasing the unit dose of cocaine per injection decreases the
number of self-injections taken, presumably because the animal
compensates to maintain roughly equivalent cocaine levels in the
brain (Koob and Goeders, 1989; Self and Stein, 1992b). Figure 6,
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Nucleus Accumbens
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Figure 2. Effects of bilateral infusions of R,-cAMPS, S,-cAMPS, or
vehicle (WHCL) in the NAc (top panel, n = 8-14) or in the caudate—
putamen 2 mm dorsal to the NAc site (bottom panel, n = 5-7) on cocaine
self-administration (0.5 mg/kg per injection, iv.). Hourly self-
administration rates (S.4.) are expressed as the mean = SEM of each
animal’s percent change from baseline self-administration rates from the
previous test session. Asterisks indicate that values differ from baseline
values by paired ¢ test (*p < 0.05; **p < 0.01).

A and B, shows the effects of pretreatment with bilateral NAc
infusions of R,- and S,-cAMPS on the dose-response curves
for cocaine self-administration. Dose-response data were an-
alyzed for the hour of maximal effectiveness of R - and §,,-
cAMPS on cocaine self-administration. NAc infusions of the
PKA inhibitor R,-cAMPS reduced intravenous cocaine self-
administration from baseline rates at each dose of cocaine
(F1,56 = 61.875; p < 0.001) without disrupting the inverse
relationship between injection dose and the number of self-
injections taken by the animals (treatment X cocaine dose X
R,-cAMPS dose interaction, F, 55, = 0.218; P < 0.805). Thus,
R,-cAMPS produced leftward shifts in the dose-response
curve for cocaine self-administration.

Conversely, NAc infusions of S, -cAMPS increased cocaine
self-administration from baseline at each dose of cocaine
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Figure 3. Effects of bilateral infusions of dibutyryl cAMP or vehicle
(VHCL) in the NAc on cocaine self-administration (0.5 mg/kg per injec-
tion, i.v.). Hourly self-administration rates (S.4.) are expressed as the
mean = SEM (n = 7) of each animal’s percent change from baseline
self-administration rates from the previous test session. The asterisk
indicates that values differ from both baseline values (paired ¢ test) and
from rates after control infusions of vehicle (Dunnett’s test) in the same
animals (*p < 0.05).

(Fi65) = 39.231; p < 0.001), without disrupting the inverse
relationship between injection dose and the number of self-
injections taken by the animals (treatment X cocaine dose X
S,-cAMPS dose interaction, F(, 45y = 0.498; p < 0.610). Thus,
S,-cAMPS produced rightward shifts in the dose-response
curve for cocaine self-administration. In contrast to R,-
cAMPS, the highest dose of S,-cAMPS failed to produce a
further shift in cocaine self-administration, although a further
increase at the highest unit dose per injection of cocaine was
observed.

Lack of effect of NAc infusions of R,- and S,-cAMPS
on food-reinforced behavior

There was no effect of bilateral NAc infusions of R,- or S -
cAMPS (40 nmol/ul per side) on lever press responding for food
pellets under a FR 1/TO 2 min schedule (F(5 4, = 1.552; p <
0.246), in which rates of food reinforcement were similar to rates
of cocaine reinforcement in the self-administration experiments
(Fig. 74). Under these conditions, each food-reinforced response
was followed by a 2 min “time-out” period, during which respond-
ing was not reinforced. Animals generally responded with high
rates at the food-paired lever near the end of each time-out
period, presumably in anticipation of food availability. Figure 7B
shows that NAc infusions of R -cAMPS significantly decreased
high response rates during the time-out periods at the active lever
(F 2,14y = 5.086; p = 0.022) and low response rates at the inactive
lever (Fig. 7C; F5 14y = 5.988; p = 0.022). §,-cAMPS had no
effect on high levels of time-out responding at the food-paired
lever or on lower response rates at the inactive lever (Fig. 7B,C).

Relapse of cocaine-seeking behavior after NAc
infusions of the PKA inhibitor R,-cAMPS

We next studied the influence of cCAMP analogs in the NAc on
relapse in an animal model of cocaine-seeking behavior (Self et
al., 1996a). In this paradigm, saline is substituted for cocaine after
2 hr of cocaine self-administration. After extinction from cocaine
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Figure 4. Autoradiograms showing the effects of NAc infusion of the
PKA inhibitor R,-cAMPS (Rp), the PKA activator S,-cAMPS (Sp), or
vehicle (V') on phospho-CREB and phospho-DARPP-32 immunoreactiv-
ity in NAc homogenates. The cAMP analogs were both infused at a dose
of 80 nmol in 1.0 ul, whereas the contralateral side received similar
infusions of vehicle 1 hr before killing. Some R -treated animals received
a challenge injection of amphetamine (4.0 mg/kg, i.p.) 15 min before
killing. R,-cAMPS inhibited basal levels of phospho-DARPP-32 ( first
lane) and prevented amphetamine-stimulated phospho-CREB ( fifth lane)
immunoreactivity. In contrast, a NAc infusion of S,-cAMPS increased
basal phospho-CREB immunoreactivity but had no effect on basal
phospho-DARPP-32 immunoreactivity (third lane).
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Figure 5. Effects of NAc infusions of R,-cAMPS (Rp) and S,-cAMPS
(Sp) at a dose of 80 nmol in 1.0 ul and systemic amphetamine (4MPH, 4.0
mg/kg, i.p.) on phospho-CREB (n = 6-8) and phospho-DARPP-32 (n =
3-6) immunoreactivity in NAc homogenates. Separate groups of animals
were given unilateral infusions of the cCAMP analogs concurrent with
vehicle infusions into the contralateral side and killed 1-2 hr later (see
Results). Some animals were challenged with amphetamine 15 min before
killing. Data are expressed as percent change in immunoreactivity from
the contralateral side for Rp and Sp (**p < 0.01, Student’s paired ¢-test).
Values for amphetamine in vehicle-treated (VHCL) and R -treated sides
are expressed as a percentage of the vehicle-infused side of R,-treated
animals not receiving amphetamine (*p < 0.05; ***p < 0.001, Fisher’s
LSD test).

self-administration, animals were given bilateral NAc infusions of
the cAMP analogs. The PKA inhibitor R -cAMPS effectively
induced cocaine-seeking behavior, as indicated by reinstatement
of nonreinforced responding selectively at the drug-paired lever
(Figs. 8, 9, top left panel). The onset of responding generally
occurred 15-30 min after an R,-cAMPS infusion. R,-cAMPS
induced dose-dependent increases in responding at the drug-
paired lever when compared with control infusions of vehicle
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Figure 6. Effects of bilateral NAc infusions of R,-cAMPS (A4) or
$,-cAMPS (B) on the dose-response relationship of cocaine self-
administration. Self-administration rates are shown for the first hour of
the test session in experiments with R -cAMPS and during the second
hour in experiments with S,-cAMPS, when the cAMP analogs produced
their maximal behavioral effects (see Fig. 2). The data are expressed as
the mean number of self-injections (n = 10-12). Baseline values represent
pooled data from tests preceding both the 40 and 80 nmol/1.0 ul per side
doses of each cAMP analog. Asterisks indicate that values differ from
baseline values by paired ¢ test for the 40 or 80 nmol/side dose (*p < 0.05;
p < 0.01; ***p = 0.001).

(Fo18) = 5:497; p = 0.014), whereas responding at the inactive
lever remained low (F (5,5, = 1.588; p = 0.232). Similar infusions
of R,-cAMPS in the caudate—putamen, 2 mm dorsal to the NAc
infusion site, induced lower but selective responding (Fig. 9, top
right panel ) that approached significance at the drug-paired lever
(F2,14) = 3.510; p = 0.058) and not at the inactive lever (F5 14y =
0.990; p = 0.396). Nonparametric analysis revealed a significant
effect of R,-cAMPS infused in the caudate—putamen on respond-
ing at the drug-paired lever compared with control infusions of
vehicle.

In contrast to R,-cAMPS, NAc priming infusions of the PKA
activator S -cAMPS induced responding at both the drug-paired
and inactive levers (Fig. 9, bottom left panel). Although the effect
of §,-cAMPS was not significant by ANOVA at the drug-paired
(Fa20y = 2.755; P = 0.086) or the inactive (F,,,) = 1.294; p =
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Figure 7. Effects of bilateral NAc infusions of R,-cAMPS or S ,-cAMPS
(40 nmol/ul per side) or vehicle on food-reinforced responding. Each
food-reinforced response was followed by a 2 min time-out period when
subsequent responding was not reinforced. Under these conditions, food
reinforcement rates approached a maximum of 60 food pellets in 2 hr.
Open bars show baseline responding; solid bars show the effect of NAc
infusions. Data are expressed as the mean = SEM (n = 8) for the rate of
food reinforcement (4), for nonreinforced lever press responding during
the time-out periods (B), and for responding at the inactive lever (C).
Asterisks indicate that values differ from baseline values by paired ¢ test
(*p < 0.05).

0.294) lever, nonparametric analysis revealed a significant effect
of NAc S-cAMPS infusions at either lever when compared with
vehicle-infused controls. Priming infusions of S,-cAMPS in the
caudate—putamen (Fig. 9, bottom right panel) induced minor but
significant responding at the drug-paired lever (F(, 4y = 3.828;
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p = 0.047) but not at the inactive lever (F, 4y = 0.304; p =
0.742).

Enhancement of cocaine-induced relapse of cocaine-
seeking behavior by NAc infusions of the PKA inhibitor
R,-cAMPS

Figures 10 and 11 show the effect of pretreatment with a threshold
dose of the PKA inhibitor R,-cAMPS on reinstatement of lever
press responding induced by priming injections of cocaine. Pre-
treatment with R,-cCAMPS in the NAc enhanced the priming
induced by cocaine at the drug-paired lever (F; 5oy = 4.303; p =
0.043) but not at the inactive lever (F(, 5oy = 0.178; p = 0.675),
when compared with the vehicle-pretreated condition. Nonpara-
metric analysis found that R,-cAMPS potentiated reinstatement
of responding induced by a subthreshold dose of 0.5 mg/kg
cocaine (Fig. 11, left panel).

In contrast to R,-cAMPS, pretreatment with S -cAMPS failed
to alter cocaine-induced reinstatement of responding at the drug-
paired (F(; 50y = 0.012; p = 0.913) or inactive (F(; 5oy = 0.255;p =
0.616) lever when compared with the vehicle-pretreated condition
(Fig. 11). Although nonparametric analysis found that animals
pretreated with S -cAMPS and injected with either priming dose
of cocaine responded significantly more at both levers when
compared with the baseline condition (Fig. 11), this responding
did not differ from responding induced by the same dose of
S,-CAMPS when given alone in the previous experiment (drug-
paired lever, F(, 5,y = 0.465; p = 0.631; inactive lever, F(, 5, =
1.053; p = 0.359). However, there was a tendency for better
discrimination of the drug-paired lever in S -cAMPS-treated
animals after a priming injection of cocaine.

Cannula placements and histology

Figure 12 shows the location of infusion sites from animals in the
NAc and caudate—putamen experiments. All NAc infusions sites
were within the boundaries of the NAc, mainly in the core region.
Infusion sites in the caudate putamen generally were found in the
ventromedial region. Cresyl violet-stained sections showed no
evidence of abnormal gliosis or scarring after infusion of the
cAMP analogs.

DISCUSSION

Role of NAc PKA activity in cocaine self-administration
NAc infusions of the PKA activators and inhibitor produced
opposite shifts in the dose-response curve for cocaine self-
administration. The PKA activators, S, -cAMPS and dibutyryl
cAMP, increased the rate of intravenous cocaine self-
administration by reducing the time interval between successive
self-injections. The effect of the PKA activators resembles the
effect of reducing the unit dose of cocaine per injection (Koob
and Goeders, 1989; Self and Stein, 1992b) or of pretreating
animals with systemic (De Wit and Wise, 1977; Roberts and
Vickers, 1984; Woolverton, 1986; Koob et al., 1987; Britton et al.,
1991; Corrigall and Coen, 1991; Hubner and Moreton, 1991) or
intra-NAc (Phillips et al., 1983; Caine et al., 1995) infusions of
D,- and D,-like dopamine receptor antagonists, suggesting that
the PKA activators shorten the duration of cocaine effects in a
manner consistent with dopamine receptor antagonism. Con-
versely, NAc infusions of the PKA inhibitor R -cAMPS reduced
the rate of cocaine self-administration by prolonging the interval
between successive self-injections. The effect of the PKA inhib-
itor resembles the effect of increasing the unit dose of cocaine per
injection or of pretreating animals with systemic D,-like (Yokel
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and Wise, 1978; Hubner and Koob, 1990; Caine and Koob, 1993;
Pulvirenti and Koob, 1994; Caine and Koob, 1995) but not
D,-like (Self et al., 1996a) dopamine receptor agonists, suggest-
ing that the PKA inhibitor prolongs the duration of cocaine
effects similar to D,-like dopamine receptor activation.

To our knowledge, opposing shifts in cocaine self-
administration dose-response curves have only been reported
after opposite modulation of dopamine receptor function. Al-
though this may suggest that modulation of PKA activity alters
reinforcing signals mediated by dopamine receptors, the possibil-
ity that PK A modulation of other receptor responses contributes
to this effect cannot be ruled out. For example, modulation of

(*p < 0.05; “*p < 0.01).

cocaine self-administration has been reported after blockade of
NMDA glutamate receptors (Pulvirenti et al., 1992; Pierce et al.,
1997), which are known to be modulated by PKA activity (Ray-
mond et al., 1994; Colwell and Levine, 1995). However, NMDA
receptor antagonists failed to shift the full dose-response curve
for cocaine self-administration in these studies, and complemen-
tary effects with NMDA receptor agonists have not been
reported.

The effects of R, and S,-cAMPS on cocaine self-
administration cannot be explained by generalized performance
effects on lever press responding, because the cAMP analogs
produced differential effects on this behavior in three different
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Table 1. Effect of NAc infusions of Rp-cAMPS and Sp-cAMPS on lever press responding in cocaine self-
administration (SA), food reinforcement (Rft), and reinstatement (Rstmt)

Rp-cAMPS Sp-cAMPS

Cocaine SA Food Rft Rstmt Cocaine SA Food Rft Rstmt
Reinforcers U no A n no A
Non-reinforced responding no A or N U N no A or N no A N
Inactive lever no A 2 no A no A or ) ) orno A M

paradigms (Table 1). Thus, NAc infusions of R,-cAMPS reduced
reinforced lever press responding under an FR 1/TO 15 sec
schedule of cocaine reinforcement and nonreinforced responding
during the time-out periods under an FR 1/TO 2 min schedule of
food reinforcement but increased nonreinforced responding in
reinstatement experiments. In contrast, NAc infusions of S,-
cAMPS increased reinforced lever press responding during co-
caine self-administration and nonreinforced responding in rein-
statement, but had no effect on nonreinforced responding during
the time-out periods in food reinforcement. Inactive lever re-

sponding in reinstatement was increased, while inactive lever
responding in the food reinforcement experiment tended to de-
crease. Although the schedule of food reinforcement generated
higher levels of overall lever press behavior than cocaine self-
administration experiments, neither R - nor S, -cAMPS altered
the rate of food reinforcement, suggesting that food reinforce-
ment mechanisms were not affected under these conditions.
Animals treated with the cAMP analogs generally self-
administered cocaine with highly regular interinjection intervals,
although the highest dose of the cAMP analogs tended to disrupt
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self-administration patterns early in the test period. Importantly,
the inverse relationship between the unit dose of cocaine self-
administered and the number of self-injections taken was pre-
served, indicating that animals treated with the cAMP analogs
were capable of regulating their drug intake under these
conditions.

To verify the effectiveness of R,- and S,-cAMPS on PKA
catalytic activity in vivo, we studied the effect of NAc infusions of
cAMP analogs on the phosphorylation state of the nuclear tran-
scription factor CREB (Yamamoto et al., 1988; Gonzalez and
Montminy, 1989) and the cytosolic protein phosphatase inhibitor
DARPP-32 (Hemmings and Greengard, 1986). NAc infusions of
R,-cAMPS decreased basal phosphorylation of DARPP-32 and
inhibited amphetamine-induced increases in the phosphorylation
of CREB. In contrast, NAc infusions of S -cAMPS or systemic
amphetamine increased basal CREB phosphorylation. Although
the effects of R,,- and S,-cAMPS on cocaine self-administration
may not involve CREB or DARPP-32 phosphorylation per se,
these phosphoproteins demonstrate the effectiveness of R - and
S,-cAMPS on PKA activity in vivo.

R,- and §,-cAMPS produced opposite effects on PKA-
mediated phosphorylation that were similar at both 1 and 2 hr
after infusion into the NAc (see Fig. 4 and Materials and Meth-
ods). Thus, whereas R,-cAMPS-induced decreases in PK A phos-
phorylation coincide with decreases in cocaine self-
administration at both time points, S, -cAMPS-induced increases
in cocaine self-administration were evident only during the sec-
ond hour of the test session. The temporal dissociation of behav-
ioral and biochemical effects suggests that the antagonist-like
action of §,-cAMPS on cocaine self-administration may be
caused by a secondary neuroadaptation to sustained PKA activ-
ity. One possible explanation is that PKA activation attenuates
reinforcing signals by promoting phosphorylation and desensiti-
zation of D,-like receptors, leading to a D,-like, antagonist-like
effect on cocaine self-administration (Koob et al., 1987; Caine et
al., 1995). Studies conducted in vitro suggest that sustained D, -like
receptor stimulation can desensitize these receptors in ~90 min
(Balmfourth et al., 1990; Barton and Sibley, 1990), consistent with
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Caudate Putamen

Figure 12. Localization of infusion sites in
the NAc and caudate—putamen experiments.
CPu, caudate putamen, Acb, nucleus accum-
bens, aca, anterior commissure, (from Paxi-
nos and Watson, 1982).

the development of S ,-cAMPS-induced increases in cocaine self-
administration in vivo. It is also possible that D,-like receptor-
mediated reinforcement uses an alternative signaling pathway.
For example, D,-like receptor-stimulated phosphoinositide hy-
drolysis in striatal slices is antagonized by S -cAMPS and en-
hanced by R,-cAMPS (Undie and Friedman, 1994), effects sim-
ilar to modulation of cocaine self-administration.

Another possibility is that PKA activators exert presynaptic
actions such as increased dopamine or glutamate release from
nerve terminals (Santiago and Westerink, 1990; Chavez-Noriega
and Stevens, 1994). However, increased dopamine and glutamate
release in the NAc would be expected to augment rather than
oppose cocaine effects, because blockade of dopamine (Caine et
al., 1995) and glutamate (Pulvirenti et al., 1992) receptors in this
region produces an antagonist-like effect on cocaine self-
administration. Still, another possibility is that the cAMP analogs
could act on cell surface adenosine receptors to alter cocaine
self-administration, but these effects would tend to be immediate,
rather than delayed as we observed. Moreover, because we have
observed similar increases in cocaine self-administration after
NAc infusions of S -cAMPS, dibutyryl cAMP, cholera toxin
(D. W. Self and E. J. Nestler, unpublished observations), and
pertussis toxin (Self et al., 1994), all of which increase cAMP
activity through distinct mechanisms, it is unlikely that these
effects are attributable to a cAMP-independent mechanism.

Role of NAc PKA in relapse of

cocaine-seeking behavior

NAc infusions of the PKA inhibitor R,-cAMPS dose-
dependently induced relapse of cocaine-seeking behavior, as in-
dicated by the induction of nonreinforced responding selectively
at the drug-paired lever after extinction from cocaine self-
administration. Furthermore, NAc pretreatments with R, -
cAMPS, at a dose with low priming ability when given alone,
enhanced the cocaine-seeking behavior induced by low intrave-
nous doses of cocaine. We recently reported similar effects after
systemic priming injections of D,-like (but not D,-like) dopamine
receptor agonists (Self et al., 1996a). Taken together, these results
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raise the possibility that relapse of cocaine-seeking behavior can
be induced by inhibition of PK A activity in NAc neurons express-
ing D,-like receptors.

In contrast to the PKA inhibitor, NAc priming infusions of the
PKA activator S,-cAMPS induced generalized, nonreinforced
responding at both the drug-paired and inactive levers. General-
ized responding at both levers suggests an impairment in the
animals’ ability to discriminate the drug-paired from the inactive
lever accurately. The mechanism for this effect is unknown but
could involve possible presynaptic rather than postsynaptic effects
of §,-cAMPS that disrupt information processing through dopa-
mine and glutamate nerve terminals (Santiago and Westerink,
1990; Chavez-Noriega and Stevens, 1994). In contrast to self-
administration experiments, both R,- and S ,-cAMPS produced
small but significant effects when infused into the caudate—
putamen in reinstatement experiments. Although these effects
could be explained by possible diffusion to the NAc border ~1
mm ventral to the caudate—putamen, the role of the caudate—
putamen in relapse of cocaine-seeking behavior is unknown and
could contribute to cocaine-seeking behavior induced by con-
caine and other priming stimuli.

Neuroadaptations in NAc PKA to chronic drug
exposure: implications for tolerance and relapse in
drug addiction

Previous reports have found that chronic exposure to cocaine or
other drugs of abuse upregulates the cAMP second messenger
system specifically in the NAc. This upregulation is characterized
by increases in adenylyl cyclase and PKA activity and decreases
in the levels of inhibitory G-proteins (see the introductory re-
marks). Given our findings that sustained, but not acute, increases
in PKA activity produce antagonist-like increases in cocaine
self-administration, it is possible that tonic upregulation of the
NAc-cAMP system after repeated exposure to cocaine may re-
present an intracellular mechanism of tolerance to the reinforcing
effects of cocaine. Thus, artificially mimicking cocaine-induced
neuroadaptations in the NAc by downregulating inhibitory
G-proteins (Self et al., 1994) or by inducing sustained PKA
activation (present study) both lead to compensatory increases in
cocaine self-administration. These data, along with similar find-
ings produced by tonic stimulation of G,-proteins with cholera
toxin (Self and Nestler, unpublished observations), seemingly are
in opposition to a recent study wherein cholera toxin-induced Gq
activation in the NAc has been reported to enhance conditioned
secondary reinforcement (Kelley and Holahan, 1997). Possible
reasons for this discrepancy may include different mechanisms of
primary and secondary reinforcement or different effects of PKA
activity on reinforcement mechanisms in basal and cocaine-
stimulated states.

The possible contribution of tonic upregulation of the NAc
cAMP system in drug craving and relapse is less straightforward,
because we found that acutely it is inhibition, and not activation,
of PKA in the NAc that triggers relapse of cocaine-seeking
behavior. One possibility is that tonic upregulation of the NAc
cAMP system after chronic drug exposure could enhance the
relative signal strength generated by phasic priming stimuli that
inhibit PKA activity during drug withdrawal. If so, the priming
ability of stimuli that release dopamine in the NAc, leading to
D,-like dopamine receptor-mediated inhibition of PKA activity,
would be markedly enhanced in addicted subjects. Although this
hypothesis requires further investigation, the present behavioral
results provide functional relevance for drug-induced neuroadap-
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tations in NAc PKA activity in certain motivational changes
associated with cocaine addiction.
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