
Brief Communications

Satiating Effects of Cocaine Are Controlled by Dopamine
Actions in the Nucleus Accumbens Core
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Intravenous cocaine intake in laboratory animals is characterized by periods of apparent drug satiety between regularly spaced earned
injections. The reinforcing properties of cocaine are linked primarily to dopaminergic neurotransmission in the shell and not the core of
nucleus accumbens. To determine whether the satiating effects of cocaine are similarly mediated, we perfused dopamine receptor
agonists into the core or the shell during intravenous cocaine self-administrations by rats. Neither D1-type (SKF38393) nor D2-type
(quinpirole) agonist was effective when given alone. However, a combination of the two agonists perfused into the core but not the shell
significantly increased the time between cocaine self-injections, decreasing the amount of earned intake. Together with previous findings,
the current data suggest that the satiating and reinforcing effects of cocaine are mediated by different ventral striatal output neurons.

Introduction
Experienced laboratory rats self-administer intravenous psy-
chomotor stimulants at regular intervals, maintaining relatively
constant rates of drug intake despite major variations in unit dose
or response requirement (Pickens and Thompson, 1968; Yokel
and Pickens, 1974). Although they self-administer these drugs to
the point of death when given unlimited access, death under these
circumstances follows severe loss of weight and is rarely, if ever, a
consequence of drug overdose (Johanson et al., 1976; Bozarth
and Wise, 1985). While the mechanism for response spacing is
not known, it is learned over the first few weeks of training and is
thought to reflect periods of drug satiety (Dougherty and Pickens,
1974; Gerber and Wise, 1989; Wise et al., 1995) analogous to the
satiety periods between meals. Indeed, the pacing of stimulant
self-administration is well modeled by assuming that drug crav-
ing during a session returns when the drug level from previous
injections is metabolized below a “satiety threshold” (Tsibulsky
and Norman, 1999).

It is the postsynaptic consequences of drug-induced eleva-
tions of extracellular dopamine that are responsible for the re-
warding effects of cocaine (De Wit and Wise, 1977; Risner and
Jones, 1980) and amphetamine (Yokel and Wise, 1975, 1976;
Risner and Jones, 1976). In the case of cocaine, this results from
the blockade of dopamine uptake (Heikkila et al., 1975), primar-
ily, but perhaps not exclusively (Carboni et al., 1990; Morón et al.,

2002), by the dopamine transporter (Thomsen et al., 2009). Par-
tial blockade of dopamine receptors causes shorter pauses in
stimulant self-administration; more severe blockade causes re-
sponse cessation (Yokel and Wise, 1975, 1976; Risner and Jones,
1976; De Wit and Wise, 1977; Ettenberg et al., 1982). Lesion
studies implicate dopamine actions in the nucleus accumbens
(NAS) (Roberts et al., 1977; Lyness et al., 1979).

NAS comprises two subregions: the “core” (contiguous with
the overlying caudate–putamen), and the “shell” (contiguous
with the underlying olfactory tubercle) (Voorn et al., 1989; Zahm
and Heimer, 1990; Berendse et al., 1992). Extracellular dopamine
in both core and shell is elevated during intravenous cocaine
self-administration (Lecca et al., 2007; Suto et al., 2010). Whereas
NAS core does not appear to be important for the reinforcing
effects of cocaine as reflected in response acquisition (Carlezon
and Wise, 1996a; Ikemoto, 2003; Ito et al., 2004), we have recently
found that local blockade of dopamine receptors in NAS core but
not the shell shortens the inter-response intervals in well trained
animals (Suto et al., 2009). This effect is reminiscent of the com-
pensatory increase in intravenous cocaine intake induced by low-
ering the drug dose or by systemic application of dopamine
antagonists (Yokel and Wise, 1975, 1976; De Wit and Wise,
1977), and appears to reflect shortened periods of cocaine satiety
(Gerber and Wise, 1989; Norman and Tsibulsky, 2001). Thus, the
mechanism for cocaine satiety may be distinct from that of co-
caine reinforcement. To explore this possibility more fully, we
have assessed the effects of local perfusion of dopamine receptor
agonists in NAS core or shell during ongoing intravenous cocaine
self-administration.

Materials and Methods
All procedures were approved by the local Animal Care and Use Com-
mittee. Fifty-one male Long–Evans rats (Charles River), weighing 350 –
400 g at the time of surgery, were used. The experiment comprised two
phases: cocaine self-administration training (10 d) and testing (3 d). The
rats were randomly assigned to one of six experimental groups defined by the
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site of agonist perfusion (core or shell) and the
type of agonists. Three agonist treatments were
given: 2,3,4,5-tetrahydro-7,8-dihydroxy-1-
phenyl-1H-3-benzazepine [SKF38393 (SKF; D1-
type agonist)], quinpirole (QUIN; D2-type
agonist), and an equimolar mixture of SKF38393
and quinpirole (SKF � QUIN) (Sigma).

Each rat was implanted with an intravenous
catheter (Braintree Science) and bilateral guide
cannulae (CMA Microdialysis) aimed at either
NAS core or shell as previously described (Suto
et al., 2009, 2010). The cannulae were posi-
tioned at 1.0 mm above the tip of probes. The
intravenous catheters were flushed daily with
0.05 ml of heparin solution (30 U/ml in sterile
saline). One rat did not complete the experi-
ment because of a leaking catheter.

Following recovery (3 d), each rat was
housed in an operant conditioning chamber
(Med Associates). Each operant chamber was
equipped with two levers (one removable “ac-
tive lever” and one stationary “inactive lever”),
a house light, a cue light, and a liquid swivel
system. Food and water were available ad
libitum.

Cocaine self-administration training began
3 d after the surgery and continued daily for
10 d. Cocaine ([�]-cocaine hydrochloride)
was obtained from the NIDA pharmacy and
was dissolved in sterile saline (0.9%, w/v). At
the beginning of each session, the active levers
were inserted into the operant chambers and
each rat received a priming injection of cocaine
(1.0 mg/kg, i.v.). They were then allowed to
self-administer cocaine (1.0 mg/kg per infu-
sion, i.v.) under a fixed ratio 1 (FR1) schedule
of reinforcement for 4 h. A press on the active
lever delivered a cocaine injection (0.13 ml).
During a 20 s “time-out” period immediately
following a reinforced lever press, the cue light
was illuminated and presses on the active lever
were ineffective. Presses on the inactive lever
were without scheduled consequence. The
training criterion was two consecutive days of
stable responding (�10% day-to-day variabil-
ity) with a minimum of 25 injections per ses-
sion. Two rats failed to achieve this criterion
and were excluded. Upon completion of the
last training session, microdialysis probes with
1.0 mm active membrane (CMA Microdialysis,
CMA/12-14/01) were bilaterally inserted into
core or shell. The probes were continuously perfused with artificial CSF
(aCSF; composition in mM: 148 NaCl, 2.7 KCl, 1.2 CaCl2, 0.8 MgCl2, pH
7.4) at the rate of 2.0 �l/min.

On the next 3 d, the rats underwent cocaine self-administration test-
ing. During each testing session, rats were allowed to self-administer
cocaine (1.0 mg/kg/injection, i.v.) under FR1 for 4 h. Each testing session
was divided into “loading” (the first hour) and “maintenance” (next 3 h)
phases. During the loading phase, the rats received no agonist. During the
maintenance phase, each rat received SKF, QUIN, or SKF � QUIN per-
fused through the dialysis probes (reverse dialysis) at the rate of 2.0
�l/min. Each agonist and the equimolar mixture were dissolved in aCSF
and adjusted to pH 7.4 before use. Three doses of each agonist (0.0, 0.1,
1.0 mM for SKF or QUIN; 0.0, 0.05 � 0.05, 0.5 � 0.5 mM for SKF �
QUIN) were tested in each animal in a counterbalanced design, one dose
per day in random sequence. Responses and injections were recorded.

Perfusion of SKF � QUIN into core significantly altered cocaine self-
administration. The effects of this manipulation on different unit doses
of self-administered cocaine were characterized in an additional dose–

response study. For this, eight animals were surgically implanted with an
intravenous catheter and guide cannulae into the core, underwent cocaine
self-administration training, and received microdialysis probes as described
above. Following this training, the rats underwent dose–response testing for
3 d. Each dose–response session lasted for 7 h, and was divided into the
loading (first hour) and maintenance (next 6 h) phases. During the loading
phase, the rats were allowed to self-administer the training dose of cocaine
(1.0 mg/kg per infusion) and received no agonist. During the maintenance
phase, the rats received core-SKF � QUIN perfusion (0.0, 0.05 � 0.05 or 0.5
� 0.5 mM). Cocaine self-administration during the maintenance phase was
subdivided into three 2 h blocks. During the first block, the rats continued to
self-administer the training dose of cocaine. During the second and third
blocks, the unit doses of cocaine were lowered to 0.5 and 0.25 mg/kg per
infusion, respectively. Responses and injections were recorded.

After completion, the rats were anesthetized with sodium pento-
barbital, the brains were fixed in 10% formalin, and coronal sections
(40 �m) were mounted and stained with cresyl violet. Only data
obtained from animals with both probes placed within the core or shell

Figure 1. Probe placements. Lines indicate the representative locations of the active portion (1.0 mm) of dialysis membrane in
NAS core (solid bars) and shell (hatched bars). To illustrate the actual site of reverse dialysis, the extents of probes are fit to scale.
Line drawings are adapted from Paxinos and Watson (1998). The numbers indicate the distance (mm) posterior to the bregma.
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were retained for statistical analyses. Neither
“cross-hemisphere” placements for shell through
midline nor the placements for core result in
extensive damage beyond cannulae and probes
(Fig. 1; see also Suto et al., 2009, 2010). Five rats
were excluded from statistical analysis because
one or both probes were outside the targeted
area. Final numbers of subjects were core-SKF,
8; core-QUIN, 7; core-SKF � QUIN, 8; shell-
SKF, 7; shell-QUIN, 6; shell-SKF � QUIN, 7;
dose–response, 8.

Total numbers of cocaine self-injections dur-
ing the loading (1 h total) and maintenance (3 h
total) phases of cocaine self-administration test-
ing were separately analyzed using two-way
between-within ANOVA with Site (2 levels) and
Type (3 levels) of agonist perfusion as the be-
tween factors and Dose (3 levels: vehicle, low, and
high) as the within factor. Cumulative numbers
per 20 min of active and inactive lever presses
during testing were separately analyzed for each
experimental group using two-way within
ANOVA with Dose (3 levels) and Time (12 levels)
as the within factor. Total numbers of cocaine
self-injections during the loading phase (1 h to-
tals) were analyzed using two-way ANOVA with
Cocaine Dose (3 levels: 0.25, 0.5, and 1.0 mg/kg
per infusion) and Agonist Dose (3 levels: vehicle,
low, and high) as within-subject factors. Simi-
larly, total numbers of cocaine self-injections and
active lever presses during each of the three blocks
of the maintenance phases (2 h totals) were ana-
lyzed using two-way ANOVA with Cocaine Dose
(3 levels) and Agonist Dose (3 levels) as within-
subject factors. For all cases, Tukey’s HSD test
was used for post hoc comparisons. All analyses
were conducted with Statistica (1999 edition)
and JMP (version 5) software.

Results
Perfusion of a mixture of the higher con-
centrations of the D1- and D2-type dopa-
mine agonists, SKF and QUIN, decreased
cocaine intake (Fig. 2) and active lever
pressing (Fig. 3) when injected into NAS
core but not shell. The effect on cocaine
intake at our standard dose of 1.0 mg/kg/
injection was confirmed by a significant
Site � Dose interaction (F(2,74) � 3.44,
p � 0.05) and Tukey’s HSD post hoc com-
parisons (p � 0.01) from ANOVA con-
ducted on the total numbers of cocaine
injections obtained during the mainte-
nance phase (3 h totals). Active lever
pressing began to slow shortly after the
perfusion was initiated (Fig. 3E) and was
significantly lower than control (aCSF)
rates for the last 100 min of the session as
reflected in the effects of Dose (F(2,74) �
3.44, p � 0.05) and Dose � Time interac-
tion (F(22,231) � 4.84, p � 0.001), and post
hoc comparisons (p values � 0.05– 0.01).
Perfusion of the combination of SKF and
QUIN into shell was ineffective, as were
perfusions of either agonist alone into ei-
ther brain region (Fig. 3).

Figure 2. Effects of bilateral perfusion of D1-type (SKF), D2-type (QUIN), and D1 � D2-type (SKF � QUIN) agonists into NAS
core and shell on cocaine intake. Data are shown as the mean (�SEM) total numbers of cocaine self-injections during the 3 h
maintenance phase. *p � 0.05 vs aCSF as revealed by post hoc Tukey’s HSD comparisons following ANOVA. n � 6 – 8 per group.

Figure 3. Effects of bilateral perfusion of D1-type (SKF), D2-type (QUIN), and D1�D2-type (SKF�QUIN) agonists into NAS core and
shell on cocaine-seeking. For A–F, solid and open symbols respectively depict the mean (�SEM) numbers of active and inactive lever
presses. Arrows depict the starting point of agonist perfusion. *p�0.05 vs aCSF as revealed by post hoc Tukey’s HSD comparisons following
ANOVA. n � 6 – 8 per group.
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SKF � QUIN perfusion into the NAS
core were similarly effective at two addi-
tional unit doses of cocaine (Fig. 4). The
effect on cocaine intake was confirmed by
significant Cocaine (F(2,6) � 29.54, p �
0.001) and Agonist (F(2,6) � 6.61, p �
0.05) effects and by post hoc comparisons
(p � 0.01– 0.05) from ANOVA con-
ducted on the total numbers of cocaine
self-injections during each of three 2 h
blocks of the maintenance phase. The ef-
fect on active lever press was confirmed by
significant main effects of Cocaine Dose
(F(2,6) � 61.31, p � 0.001) and Agonist
Dose (F(2,6) � 14.25, p � 0.01) and by
Tukey’s HSD post hoc comparisons (p �
0.01– 0.05) from ANOVA conducted on
the total numbers of active lever press
during each of the three blocks of the
maintenance phase (2 h totals). Under all
agonist conditions (vehicle, low dose,
high dose), the rats achieved significantly
greater cocaine self-injections (Fig. 4A)
and active lever presses (Fig. 4B) for lower
unit doses of self-administered cocaine
(p values �0.001– 0.05).

There were no between-group differences in cocaine self-
administration before the intracranial perfusion of dopamine
agonists. This was confirmed by ANOVA conducted on the total
numbers of cocaine injections obtained during the agonist-free
loading phase (1 h totals) of the self-administration testing (no
significant effect of Site, Type, Dose or interaction) and the dose–
response testing (no significant effect of Cocaine Dose, Agonist
Dose or interaction). There were no significant effects of dopa-
mine agonists on inactive lever presses under any condition.

Discussion
Together with our previous findings (Suto et al., 2009), the pres-
ent results suggest that the satiating effects of cocaine involve the
ability of cocaine to elevate extracellular dopamine in only a por-
tion of the mesocorticolimbic dopamine terminal fields; block-
ade (Suto et al., 2009) and activation (present study) of dopamine
receptors in NAS core but not shell shortened and prolonged,
respectively, the time between earned injections. In well trained
animals, the interval between self-administered injections is in-
versely related to injection dose and appears to reflect a period of
intoxication when additional drug would not be additionally re-
warding (Dougherty and Pickens, 1974; Yokel and Pickens, 1974;
Gerber and Wise, 1989; Wise et al., 1995; Tsibulsky and Norman,
1999).

However, response-independent cocaine injections can cause
pauses in food-rewarded as well as in cocaine-rewarded respond-
ing, and for this reason it is important to differentiate between
two types of “direct rate-decreasing” effects of the drug (Pickens
and Thompson, 1968). On the one hand, response pauses might
reflect drug-induced performance deficits; the drug might inca-
pacitate the animal or interrupt behavior because of incompati-
ble stereotyped licking, chewing and head movements. On the
other hand, the drug might cause a motivational deficit; while
capable of executing the required response, the animal might,
during periods of sufficient intoxication, become temporarily
disinterested in the expected reward and unresponsive to the
incentive-motivational cues that lead to it. In the case of intrave-

nous cocaine self-administration, two lines of evidence make it
unlikely that the former, a direct rate-decreasing effect of the drug
reflecting incapacitation, determines the lack of lever pressing in
the inter-response interval. First, lever pressing for a non-food
reward— electrical stimulation of the lateral hypothalamus—is
augmented, not disrupted, by experimenter-administered cocaine
in the relevant dose range (Wauquier and Niemergeers, 1974). Sec-
ond, the stereotypy typically seen between self-administered injec-
tions of amphetamine—presumably involving the same mechanism
as that caused by cocaine—does not impair the ability to lever-press
at normal or higher rates for brain stimulation reward (Wise et al.,
1977). Finally, the ability to lever-press at shorter intervals is fre-
quently demonstrated in the first week or two of self-administration
training, when post-reinforcement pauses have not yet become es-
tablished and early responses are frequently observed. Thus neither
psychomotor stimulant stereotypy nor any other direct rate-
decreasing effect of the drugs renders stimulant-intoxicated animals
incapable of lever pressing. While the label of satiety is merely de-
scriptive, not intended as an explanation of the behavior, it is a direct
rate-suppressing effect of cocaine that reflects something more than
simple incapacitation.

That pharmacological manipulations of dopamine receptors
in NAS core but not shell modulated these periods of drug satiety
suggests that the satiating effects of cocaine are mediated by a
different subset of accumbens output neurons than those that
mediate the primary reinforcing properties of cocaine. While the
fully formed self-administration habit comes to involve addi-
tional, more dorsal, striatal circuitry (Everitt and Robbins, 2005;
Graybiel, 2008; Suto et al., 2011) the habit-forming effects of
cocaine are presumed to be due to actions in the ventromedial
striatal region, because rats learn to self-administer cocaine mi-
croinjections directly into NAS shell and the adjacent olfactory
tubercle but not into NAS core (Carlezon and Wise, 1996b; Ike-
moto, 2003).

The fact that a combination of D1-type and D2-type agonists
was required to influence inter-response times implicates a
mechanism involving D1 and D2 cooperativity. This notion is
supported by our previous observation that perfusion of either

Figure 4. Effects of bilateral perfusion of D1 � D2-type (SKF � QUIN) agonists into NAS core on self-administration behavior main-
tained by three different unit doses of intravenous cocaine. A, B, Data are shown as the mean (�SEM) total numbers of cocaine self-
injections (A) and active lever presses (B) during each of the three 2 h blocks of the maintenance phase. *p values �0.01– 0.05 vs
CORE–aCSF and †p values �0.01– 0.05 vs 1.0 mg as revealed by post hoc Tukey’s HSD comparisons following ANOVA. n � 8 per group.
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D1-type or D2-type dopamine antagonist into NAS core (rather
than shell) is sufficient to modulate (increase) the rate of intra-
venous cocaine self-administration (Suto et al., 2009). That
blockade of either blocks the behavior means that participation of
both is necessary. Blocking either D1 or D2 receptors disrupts most
behavioral (Woolverton, 1986; Clark and White, 1987; Plaznik et al.,
1989), or electrophysiological (White and Wang, 1984), effects of
cocaine—including the intracranial self-administration of dopa-
mine agonists (Ikemoto et al., 1997)—indicating that cooperativity
between both D1-type and D2-type receptor activation is required
for many dopamine-associated functions. This interaction may be
unique to the subpopulation of medium spiny neurons coexpressing
D1-like and D2-like receptors (Surmeier et al., 1993), such as those
expressing the heteromer of D1 and D3 receptors (Fiorentini et al.,
2010). Alternatively, it may reflect a required interaction between
parallel D1-associated and D2-associated pathways, such as the “di-
rect” and “indirect” GABAergic output pathways of the striatum
(Gerfen and Surmeier, 2011).

Whatever the mechanism, the present findings illustrate the
need to resolve the reward-related effects of cocaine into at least
two components. On the one hand the drug appears to be rein-
forcing (habit-forming) because it increases dopamine levels in
NAS shell or more medial olfactory tubercle and not NAS core
(Carlezon et al., 1995; Ikemoto, 2003: but see Ito et al., 2004). On
the other hand, the duration of cocaine satiety— corresponding
intuitively to Thorndike’s label of a “satisfying state of affairs”
(Thorndike, 1911)—appears to be a consequence of elevated lev-
els of extracellular dopamine (Wise et al., 1995: also see Ranaldi et
al., 1999) not in the shell, but rather in the core of NAS (Suto et
al., 2009; present study).
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