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mediate the reinforcing effects of cocaine through a serial
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Maartje M.J. Veenemana, Ruth Damsteegta and Louk J.M.J. Vanderschurena,b

The reinforcing and addictive properties of cocaine are
thought to rely on the dopaminergic innervation of the
striatum. The ventromedial [i.e. nucleus accumbens shell
(NAcc) shell] and dorsolateral [dorsolateral striatum (DLS)]
regions of the striatum are serially connected, and it is
thought that slowly developing neuroadaptations are
responsible for the recruitment of the DLS in mediating
habitual drug use after extended drug experience.
Remarkably, we have recently shown that the DLS is also
involved in cocaine self-administration after limited use, to
modulate the reinforcing properties of the drug, a function
usually ascribed to the NAcc shell. Here, we investigated
whether the involvement of the DLS in cocaine
reinforcement requires dopaminergic activity within the
NAcc shell, by performing a pharmacological disconnection
study. We infused the dopamine receptor antagonist
α-flupenthixol unilaterally into the NAcc shell and infused
this same antagonist into the contralateral DLS, thereby
disrupting dopaminergic interconnectivity within the
striatum. We show that this disconnection results in

increased responding for cocaine under a fixed ratio-1
schedule of reinforcement in rats with limited cocaine
experience. These data suggest that a functional
dopaminergic interaction between the NAcc shell and the
DLS mediates cocaine reinforcement during the early
stages of drug use. Behavioural Pharmacology 26:193–199
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Introduction
It is commonly assumed that drugs of abuse, such as

cocaine, are initially used because of their positive sub-

jective, reinforcing effects. The dopaminergic innervation

of the ventral striatum plays a critical role in the reinfor-

cing effects of cocaine (Koob et al., 1998; Wise, 2004;

Pierce and Kumaresan, 2006). For instance, drug-naive

rats self-administer cocaine into the most ventromedial

regions of the striatum – that is, the nucleus accumbens

(NAcc) shell and olfactory tubercle (Rodd-Henricks et al.,
2002; Ikemoto, 2003) – and infusion of dopamine receptor

antagonists into the NAcc shell reduces the reinforcing

properties of cocaine (Caine et al., 1995; Bachtell et al.,
2005; Bari and Pierce, 2005; Veeneman et al., 2012a). This

has led to the hypothesis that dopaminergic neuro-

transmission within the ventral striatum is important for

mediating the voluntary and goal-directed aspects of

cocaine taking during the early stages of drug use (Wise,

2004; Everitt and Robbins, 2005; Pierce and Kumaresan,

2006).

With prolonged drug use, however, recreational cocaine

taking can devolve into addiction, which is characterized

by, among others, the occurrence of drug-directed

behaviour at the expense of previously important social

and professional activities, and continued drug use

despite awareness of its adverse consequences (American

Psychiatric Association, 2000, 2013). It has been hypo-

thesized that drug-induced functional changes that pro-

gress from the ventromedial to the dorsolateral striatum

(DLS) play an important role in the descent from casual,

recreational cocaine use into addiction (Everitt and

Robbins, 2005; Pierce and Vanderschuren, 2010; Everitt,

2014). It is well known that the DLS is involved in

stimulus-response habit learning (Packard and Knowlton,

2002; Yin et al., 2004, 2006; Faure et al., 2005; Quinn et al.,
2013; Smith and Graybiel, 2013). It is therefore thought

that the DLS is also responsible for the habitual,

stimulus-driven drug use that is seen in the addicted state

(Everitt and Robbins, 2005; Pierce and Vanderschuren,

2010; Everitt, 2014). Indeed, dopamine activity has been

found to be increased in the dorsal, but not ventral,

striatum when addicted individuals are exposed to

cocaine cues (Volkow et al., 2006; Wong et al., 2006).
Moreover, adaptations in dopamine signalling gradually

spread and intensify from the ventral to the dorsal stria-

tum in nonhuman primates that self-administer cocaine

for prolonged periods of time (Moore et al., 1998;

Letchworth et al., 2001; Nader et al., 2002; Porrino et al.,
2004). Recent studies in rats have also shown that
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dopamine D2 receptor expression in the ventral and

dorsal striatum decreases after cocaine self-administration

in rats (Conrad et al., 2010; Besson et al., 2013), whereby
that larger changes were observed after a prolonged self-

administration history (Besson et al., 2013). Behavioural
analysis of the role of the DLS in addictive behaviour has

demonstrated that dopamine receptor blockade within

the DLS reduces well-established, cue-controlled cocaine

seeking (Vanderschuren et al., 2005; Belin and Everitt,

2008; Murray et al., 2012) and that pharmacological inac-

tivation of the DLS reduces habitual or punished cocaine

seeking in rats (Zapata et al., 2010; Jonkman et al., 2012).

However, the role of the DLS in cocaine use may not be

restricted to its habitual aspects after prolonged drug self-

administration. We, and others, have recently shown that

dopamine in the DLS mediates the reinforcing properties

of cocaine in animals with limited drug experience

(Veeneman et al., 2012a; Willuhn et al., 2012). This raised

the question of whether the ventromedial striatum and

the DLS mediate cocaine reinforcement in concert during

the early stages of cocaine use. To answer this, we per-

formed a pharmacological disconnection study (Everitt

et al., 1991). In this experiment, dopaminergic neuro-

transmission was blocked in the NAcc shell in one

hemisphere, and in the DLS in the contralateral hemi-

sphere. We hypothesized that, if a serial dopaminergic

connection between the NAcc shell and the DLS (Nauta

et al., 1978; Haber et al., 2000; Ferreira et al., 2008; Van
Dongen et al., 2009) mediates cocaine reinforcement, then

unilateral suppression of dopaminergic neurotransmission

in the NAcc shell combined with suppression of dopa-

minergic neurotransmission in the contralateral DLS

would result in a response pattern that is similar to a

bilateral suppression of dopaminergic neurotransmission

in the DLS.

Methods
Subjects

A total of 16 male Wistar rats (Charles River, Sulzfeld,

Germany) weighing 250±15 g at the time of arrival were

used. The animals were housed two per cage (Macrolon

cages: 40×26×20 cm) in climate-controlled rooms (tem-

perature: 21±2°C, 60–65% relative humidity) under a

reversed 12 h day/night cycle with lights off at 07:00 h. A

small block of wood was used as cage enrichment; regular

chow (SDS, Essex, UK) and water were freely available.

Animals were allowed to habituate to the housing conditions

for at least 9 days before they underwent surgery. Before the

start of the self-administration sessions, rats were subjected

to scheduled feeding of 20 g chow (SDS) per day, given at

least 1 h after the sessions to avoid association with the self-

administration sessions. This amount was sufficient to

maintain body weight and growth. Throughout the experi-

ment, water was freely available, except during self-

administration sessions. Self-administration sessions were

carried out between 09:00 and 18:00 h, for 5–7 days a week.

Experiments were approved by the Animal Ethics

Committee of Utrecht University, the Netherlands, and

were conducted in agreement with Dutch laws (Wet op de

dierproeven, 1996) and European regulations (Guideline

86/609/EEC).

Surgery

Rats were anaesthetized with ketamine hydrochloride

(75 mg/kg intramuscularly) and medetomidine (0.4 mg/kg

subcutaneously) and a catheter was placed in the right

jugular vein. Catheters consisted of a silastic tube con-

nected to a guide cannula and a mesh on the base of the

cannula (CamCaths, Cambridge, UK). The cannula was

secured by placing the mesh below the skin on the back

of the animal. Following catheter implantation, rats were

positioned in a stereotaxic apparatus and two guide can-

nulae (Plastics One Inc., Roanoke, Virginia, USA) were

implanted 1 mm above target structures. One cannula

was aimed at the NAcc shell and the other cannula was

implanted contralaterally, aimed at the DLS. The left or

right positions of the cannulae aiming at the NAcc shell

and DLS were counterbalanced between individual

animals. Coordinates relative to bregma (Paxinos and

Watson, 2005) were as follows: NAcc shell – ante-

roposterior + 1.2 mm, mediolateral ± 2.8 mm, dorsoven-

tral − 7.5 mm, at an angle of 10°; DLS – + 1.2 mm

anteroposterior, ± 4.2 mm mediolateral, − 3.7 mm dorso-

ventral at an angle of 10°. Cannulae were fixed in place

using stainless steel screws and dental acrylic. To prevent

occlusion of the cannulae, a stainless steel stylet was

inserted into each guide cannula. All objects and instru-

ments used during surgery were thoroughly sterilized.

Carprofen (5 mg/kg, subcutaneously) was administered

before and twice after surgery to treat postsurgical pain.

To prevent infection, rats were treated with gentamycin

(5 mg/kg, subcutaneously) before surgery and for 5 con-

secutive days after surgery. After a recovery period of at

least 9 days, the rats were trained to self-administer

cocaine.

Apparatus

All subjects were trained and tested in operant condition-

ing chambers (29.5 cm length, 24 cm width, 25 cm height;

Med Associates, Georgia, Vermont, USA) situated in light

and sound-attenuating cubicles equipped with a ventila-

tion fan. Each chamber was equipped with two 4.8-cm-

wide retractable levers placed 11.7 cm apart and 6 cm from

the grid floor. A cue light was present above each lever

(28 V, 100mA) and a house light (28 V, 100mA) was

located on the opposite wall. Food pellets could be deliv-

ered at the wall opposite the levers through a dispenser.

Cocaine infusions were controlled by a syringe pump

placed on top of the cubicles. Polyethylene tubing ran from

the syringe placed in the syringe pump through a swivel to

the cannula on the subject’s back; in the operant chamber

the tubing was shielded with a metal spring. Priming

infusions of cocaine to stimulate self-administration were
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never given. After each session, catheters were flushed

with 0.15ml heparinized saline. Experimental events and

data recording were controlled by procedures written in

MedState Notation using MED-PC (Med Associates,

Georgia, VT, USA) for Windows.

Microinfusions

Intracerebral microinfusions were made through 33 G

injector cannulae (Plastics One Inc.) that extended

1.0 mm below the end of the guide cannulae. Using a

syringe pump (Harvard Apparatus; Instech Laboratories,

Plymouth Meeting, Pennsylvania, USA), bilateral infu-

sions (0.3 μl/side) were made over 60 s. After the infusion,

the injector cannulae were left in place for another 60 s to

allow for diffusion. Next, the injector cannulae were

removed and rats were placed into the self-administration

chambers. Self-administration sessions began 7 min after

the start of the microinfusion.

Cocaine self-administration

Rats were trained to self-administer cocaine under a fixed

ratio-1 (FR-1) schedule of reinforcement as described

previously (Veeneman et al., 2012a). During the 2-h self-

administration sessions, two levers were present: an

active lever and an inactive lever. The left or right

position of the active and inactive levers was counter-

balanced for individual animals. Pressing on the active

lever resulted in the infusion of 0.25 mg cocaine in 0.1 ml

saline delivered over 5.6 s, retraction of the levers, and

the switching off of the house light. During the infusion,

a cue light above the lever was switched on, followed by a

20-s time-out period, after which the levers were rein-

troduced and the house light illuminated. When rats

showed stable responding under this schedule, defined

as less than 10% variation over three sessions, they

received an infusion with saline into the unilateral NAcc

shell and contralateral DLS to habituate them to the

infusion procedure. After at least 2 days of stable

responding after the habituation infusion, rats received

the following combinations of infusions: saline into the

NAcc shell and saline into the contralateral DLS; α-flu-
penthixol (15.0 μg) into the NAcc shell and saline into

the contralateral DLS; saline into the NAcc shell and

α-flupenthixol (15.0 μg) into the contralateral DLS; and

α-flupenthixol (15.0 μg) into the NAcc shell and α-flu-
penthixol (15.0 μg) into the contralateral DLS. Each

animal received every combination of infusions before

self-administration sessions, but in a different order, and

test sessions were separated by at least one self-

administration session without treatment.

Histology

After completion of the microinfusions, rats were killed

using an overdose of pentobarbital natrium. Next, the

brains were removed, immediately fresh-frozen on dry

ice, and stored at − 80°C. Coronal sections (20 μm) were

sliced on a cryostat and every fifth section was mounted

and stained with hematoxylin and eosin. Cannula place-

ments (Fig. 1) were verified under a light microscope.

Fig. 1
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Schematic representation of NAcc shell and DLS infusion sites in
coronal sections. Numbers indicate the distances anterior to bregma in
mm. Adapted from Paxinos and Watson (2005). Note that the left or
right position of the cannulae aiming at the NAcc shell and DLS
was counterbalanced between individual animals, so that the
NAcc shell and DLS infusion sites are represented in both hemispheres.
DLS, dorsolateral striatum; NAcc, nucleus accumbens.
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Drugs

Cocaine-HCl (Bufa BV, Uitgeest, the Netherlands) and

cis-(Z)-flupenthixol dihydrochloride (Sigma, Zwijndrecht,

the Netherlands) were dissolved in sterile physiological

saline (0.9% NaCl).

Statistics

Cocaine self-administration was analysed using a repeated-

measures analysis of variance with treatment as the within-

subjects factor, and post-hoc comparisons were made using

two-tailed paired t-tests. The criterion for a main effect of

treatment was set at a P value less than 0.05. The criterion

for statistical significance for the post-hoc analysis was

corrected for multiple (i.e. six) comparisons. Hence, P
values less than 0.008 were considered statistically sig-

nificant. Data were analysed using IBM SPSS Statistics

20.0 (IBM Corp., Armonk, New York, USA).

Results
Four animals were excluded from the analysis because of

catheter failure (n= 2) or incorrect cannula placement

(n= 2), which left n= 12 animals in the final analysis.

After self-administration had stabilized under an FR-1

schedule of reinforcement, which took 12 ± 1 sessions, we
unilaterally infused α-flupenthixol or saline into the

NAcc shell and into the contralateral DLS. The entire

experiment lasted for 39.5 ± 2.6 sessions, during which

the animals took 1244 ± 135 infusions, resulting in a total

intake of 311.2 ± 33.6 mg cocaine.

Figure 2 shows that the combination of infusions affected

cocaine self-administration [F(3,33)= 11.16, P< 0.001].

Unilateral administration of α-flupenthixol into the NAcc

shell combined with administration of α-flupenthixol into
the contralateral DLS increased responding, compared

with saline in the NAcc shell and saline in the DLS

[t11=− 6.05, P< 0.001] and saline in the NAcc shell and

α-flupenthixol in the DLS [t11=− 3.97, P= 0.002]. None

of the other post-hoc comparisons were significant.

Importantly, there was no effect of unilateral admini-

stration of α-flupenthixol into the NAcc shell combined

with saline administration into the contralateral DLS,

compared with saline infusions in both the unilateral

NAcc shell and the contralateral DLS [t11=− 1.99, NS],

nor was there an effect of unilateral saline administration

into the NAcc shell combined with of α-flupenthixol
administration into the contralateral DLS, compared with

saline infusions in both the unilateral NAcc shell and the

contralateral DLS [t11=− 1.18, NS]. As a result of the

increase in responding, infusion of α-flupenthixol into

the NAcc shell combined with administration of α-flu-
penthixol into the contralateral DLS also increased

cocaine intake (in mg: saline in both NAcc shell and

DLS: 7.9 ± 0.6; α-flupenthixol in NAcc shell and saline in

DLS: 9.6 ± 0.9; saline in NAcc shell and α-flupenthixol in
DLS: 8.6 ± 0.6; α-flupenthixol in both NAcc shell and

DLS: 12.2 ± 1.0). There was no significant effect of the

combination of infusions on inactive lever presses

[F(3,33)= 0.45, NS].

Discussion
The results of this study show that pharmacologically

disconnecting the NAcc shell from the DLS by uni-

laterally suppressing dopaminergic neurotransmission in

the NAcc shell and in the contralateral DLS increases

responding for cocaine under an FR-1 schedule of rein-

forcement in rats with limited cocaine experience. This

effect is reminiscent of the increase in cocaine self-

administration under an FR-1 schedule of reinforcement

after bilateral suppression of dopaminergic neuro-

transmission in the DLS (Veeneman et al., 2012a; Willuhn

et al., 2012). The increase in responding indicates that the

animals experienced a reduction in the subjective value of

a cocaine infusion as a result of dopamine receptor

blockade. As a consequence, the animals compensate for

the reduced effect of cocaine by enhancing the rate of

responding under an FR-1 schedule of reinforcement (De

Wit and Wise, 1977; Ettenberg et al., 1982; Caine and

Koob, 1994), akin to the increases in the number of

infusions taken when unit doses of cocaine are reduced

(Gerber and Wise, 1989; Zittel-Lazarini et al., 2007;

Veeneman et al., 2012a). This finding suggests that there

is a serial dopaminergic connection between the NAcc

shell and the DLS that mediates the reinforcing proper-

ties of cocaine.

The present findings add to the evidence that the

involvement of DLS dopamine is not restricted to

advanced stages of cocaine addiction. Thus, increases in

DLS dopamine signalling have been found in rats with

limited cocaine experience during context-induced

Fig. 2
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Effect of unilateral α-flupenthixol infusions into the NAcc shell and
contralateral DLS on intravenous cocaine self-administration under an
FR-1 schedule of reinforcement. The mean±SEM number of active and
inactive lever presses during a 2-h self-adminstration session is shown
(sal, saline; flu, α-flupenthixol). *P<0.001, different from sal/sal (two-tailed
paired t-test). DLS, dorsolateral striatum; NAcc, nucleus accumbens.
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cocaine seeking (Gabriele et al., 2012), as well as during
active responding for the drug (Willuhn et al., 2012).

Interestingly, in the latter study, increases in dopamine

signalling developed within 3 weeks of cocaine self-

administration under an FR-1 schedule of reinforcement.

The emergence of this dopamine signal was prevented

by a lesion of the NAcc core, which reinforces the notion

that serial connections between ventral striatal regions

and the DLS underlie the reinforcing effects of cocaine

and associated cues [Willuhn et al., 2012; present study,
see also the study by Belin and Everitt, 2008]. Moreover,

blockade of DLS dopamine receptors reduces the rein-

forcing effects of cocaine in rats (Veeneman et al., 2012a;
Willuhn et al., 2012), consistent with the observation that

cocaine self-administration in nonaddicted users increased

dopamine signalling in the putamen (the human equiva-

lent of the DLS; Cox et al., 2009).

It is unlikely that the changes in cocaine self-

administration after asymmetrical dopamine receptor

blockade in the NAcc shell and DLS are secondary to an

increase in general activity. First, we did not observe a

change in inactive lever presses. Second, we have pre-

viously found that bilateral infusion of α-flupenthixol into
the DLS does not affect responding for sucrose, whereas

α-flupenthixol infusion into the NAcc shell reduces it

(Veeneman et al., 2012a). Third, given the well-

established role of ventral and dorsal striatal dopamine

in the hyperactivity and stereotypy, respectively, induced

by psychostimulant drugs (Kelly et al., 1975; Delfs et al.,

1990), striatal dopamine receptor blockade would be

expected to reduce, rather than enhance, the effect on

psychomotor activity induced by self-administered cocaine.

The drug doses in the present study were based on previous

work in our own and other laboratories (Arroyo et al., 1998;
Vanderschuren et al., 2005; Belin and Everitt, 2008; Murray

et al., 2012; Veeneman et al., 2012a, 2012b), which has

demonstrated that the dose of cocaine used here supports

reliable self-administration under a variety of reinforcement

schedules and that the dose of α-flupenthixol used pro-

foundly alters cocaine self-administration, depending upon

the brain region and reinforcement schedule. Nevertheless,

the use of single drug doses presents a limitation of the

present study. Further experimentation is therefore war-

ranted to investigate the involvement of the serial dopami-

nergic connection between the NAcc shell and DLS in

cocaine self-administration, using different drug doses and

reinforcement schedules, as well as other (natural and drug)

reinforcers.

Anatomical studies have indicated three possible routes

by which a functional serial connection between the

NAcc shell and the DLS may mediate cocaine reinfor-

cement. The first comprises spiral-like projections from

ventral striatal areas to dorsal striatal areas through their

projections to mesencephalic dopaminergic cell bodies in

the ventral tegmental area (VTA) and substantia nigra

pars compacta (SNc) (Fig. 3a) (Nauta et al., 1978; Haber

et al., 2000). This series of spiralling projections has been

implicated in, possibly habitual, drug use after extended

Fig. 3

(a) (b) (c)

Possible mechanisms for a functional serial connection between the NAcc shell and DLS mediating cocaine reinforcement. (a) Spiralling projections
that ascend from ventral striatal areas to dorsal striatal areas through the VTA and SNc (Nauta et al., 1978; Haber et al., 2000). (b) The NAcc shell
projects through the medial SNc directly to the DLS (Van Dongen et al., 2009). (c) The NAcc shell projects to the VTA, which in turn projects to the
SNc, which finally projects to the DLS (Ferreira et al., 2008). DLS, dorsolateral striatum; NAcc, nucleus accumbens; SNc, substantia nigra pars
compacta; VTA, ventral tegmental area.
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self-administration experience. First, these spiral-like

projections offer a plausible explanation for the gradual

functional adaptations that progress from ventral to dorsal

in the striatum with increasing cocaine-taking experience

in primates (Moore et al., 1998; Letchworth et al., 2001;
Nader et al., 2002; Porrino et al., 2004). Second, a decrease
in cue-controlled drug seeking has been shown in rats

after a unilateral lesion of the NAcc core and contralateral

blockade of dopamine receptors in the DLS, which may

effectively block information processing through this

spiral (Belin and Everitt, 2008). It is important to note that

it took many months of cocaine self-administration before

neural adaptations reached the dorsal striatum in primates

(Moore et al., 1998; Letchworth et al., 2001; Nader et al.,
2002; Porrino et al., 2004), and the involvement of the

core-to-DLS pathway in cue-controlled drug seeking was

also observed in animals that were well trained to respond

for cocaine-associated cues (Belin and Everitt, 2008). In

our experiments, however, the involvement of the DLS

in cocaine self-administration was already apparent after

limited drug-taking experience, which raises the question

of whether this striato-nigro-striatal spiral can cause

cocaine-induced neural adaptations to reach the DLS

after a relatively small number of drug-taking episodes.

Interestingly, it has also been shown that the NAcc shell

may influence DLS function through shorter pathways.

Anterograde tracing from the NAcc shell combined with

retrograde tracing from the DLS has shown an overlap in

labeled neurons in the medial SNc and lateral VTA (Van

Dongen et al., 2009). Furthermore, stimulation of neurons

in the NAcc shell induced an inhibition of dopaminergic

neurons located in the medial SNc and lateral VTA that

project to the DLS (Van Dongen et al., 2009). Thus, there

may be a pathway that projects from the NAcc shell to the

DLS crossing the medial SNc and lateral VTA only once

(Fig. 3b). Alternatively, anterograde tracing from the VTA

has revealed that the VTA directly projects to the SNc

(Ferreira et al., 2008), suggesting that projections within

the VTA–nigral complex may also facilitate the connec-

tion between the NAcc shell and the DLS (Fig. 3c). If the

DLS receives information about the reinforcing effects of

cocaine through the NAcc shell, then these latter path-

ways are likely candidates to be the neural substrate of the

early involvement of the DLS in cocaine self-

administration.

In sum, our study provides new insight into the role of

dopaminergic innervation of the striatum in cocaine

taking after limited drug experience. We show that the

DLS dopamine modulates cocaine self-administration in

concert with dopamine in the NAcc shell, suggesting that

integrated function of the striatum mediates the reinfor-

cing properties of cocaine.
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