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Dopamine Signaling through D1-Like versus D2-Like
Receptors in the Nucleus Accumbens Core versus Shell
Differentially Modulates Nicotine Reward Sensitivity

Steven R. Laviolette, Nicole M. Lauzon, Stephanie F. Bishop, Ninglei Sun, and Huibing Tan
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Considerable evidence implicates the mesolimbic dopamine (DA) system in the processing of nicotine’s reinforcing properties, specifi-
cally the ventral tegmental area (VTA) and the terminal fields of VTA DAergic projections to the “core” (NAcore) and “shell” (NAshell)
subdivisions of the nucleus accumbens (NAc). However, the specific roles of DA D1-like and D2-like receptor subtypes in nicotine reward
processing within these NAc subregions have not been elucidated. We report that microinfusions of DA D1-like or D2-like receptor-
specific antagonists into NAcore or NAshell double dissociate the rewarding and aversive properties of systemic or intra-VTA nicotine,
and differentially regulate sensitivity to the rewarding properties as well as the motivational valence of either intra-VTA or systemic
nicotine administration. Using a place conditioning procedure, NAshell infusions of a D2-like receptor antagonist switched the motiva-
tional valence of intra-VTA nicotine from aversive to rewarding and potentiated nicotine reward sensitivity to sub-reward threshold
intra-VTA nicotine doses. In contrast, NAcore infusions of a D1-like receptor antagonist switched intra-VTA nicotine aversion to reward,
and potentiated reward sensitivity to sub-reward threshold nicotine doses. Thus, D1-like versus D2-like receptors in NAcore versus
NAshell subdivisions play functionally dissociable roles in modulating systemic or intra-VTA nicotine motivational processing.
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Introduction
Nicotine, the psychoactive component of tobacco smoke, pro-
duces a variety of motivational effects and has strong addictive
properties. Several neural regions and neurotransmitter systems
have been implicated as critical mediators of nicotine’s
dependence-producing effects. Notably, evidence from human-
and animal-based research implicates the mesolimbic dopamine
(DA) system, comprising the ventral tegmental area (VTA) and
its projections to the nucleus accumbens (NAc) core (NAcore)
and shell (NAshell) subregions, as important regulators of nico-
tine’s motivational properties (Picciotto and Corrigall, 2002;
Laviolette and van der Kooy, 2004). The importance of DA neu-
rotransmission in nicotine’s motivational effects is further un-
derscored by evidence showing that DA release is strongly in-
creased by nicotine, by directly exciting VTA DAergic neurons
and/or increasing release of DA in the terminal fields of the me-
solimbic DAergic projections (Nisell et al., 1994; Yin and French,
2000; Mansvelder and McGehee, 2002). Furthermore, nicotine
can act directly within the VTA to produce motivational effects
(Laviolette and van der Kooy, 2003; David et al., 2006; Ikemoto et
al., 2006) through either DA-dependent or non-DAergic neural

systems (Picciotto et al., 1998; Laviolette and van der Kooy, 2003,
2004). Like many drugs of abuse, nicotine possesses both rein-
forcing and aversive stimulus properties, and nicotine dose-
dependently produces rewarding or aversive effects directly
within the VTA when measured with associative conditioning
procedures such as conditioned place preference (CPP) or con-
ditioned taste aversion (CTA) (Iwamoto, 1990; Jorenby et al.,
1990; Shoaib and Stolerman, 1995; Fenu et al., 2001; Laviolette et
al., 2002a,b; Laviolette and van der Kooy, 2003).

One region of particular importance for the processing of
nicotine’s motivational properties is the NAcore and NAshell
ventral striatal subregions. Clear differences between these re-
gions have been demonstrated at the anatomical, neurochemical,
and neuropharmacological levels (Brog et al., 1993; Kirouac and
Ganguly, 1995); however, little is known about how specific DA
receptor subtypes (D1 vs D2) within the NAshell versus NAcore
may be involved differentially in nicotine motivational phenom-
ena. An equally important question concerns how modulation of
DA receptor transmission within specific striatal subregions may
regulate how nicotine is processed as a motivational stimulus.
Given the importance of mesolimbic DA transmission in the eti-
ology of nicotine addiction, we performed a series of experiments
to determine the functional role of mesolimbic D1-like versus
D2-like receptors in the modulation of systemic or intra-VTA
nicotine motivational processing and to examine whether the
NAcore versus NAshell subdivisions may differentially modulate
sensitivity to the rewarding properties of nicotine. Furthermore,
chronic exposure to and withdrawal from nicotine has been dem-
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onstrated to induce neuroadaptations in striatal DA transmission
(Nisell et al., 1997; Rada et al., 2001), suggesting that disturbances
in striatal DA transmission may underlie the aversive effects of
nicotine withdrawal. Therefore, we examined the potential role
of NAshell versus NAcore D1-like versus D2-like receptor popu-
lations in the processing of the aversive effects of nicotine with-
drawal. Our results demonstrate that separate DA D1-like versus
D2-like receptor substrates within the NAshell versus NAcore can
independently modulate both the motivational valence of nico-
tine and control sensitivity to the rewarding properties of sys-
temic or intra-VTA nicotine exposure.

Materials and Methods
Surgical procedures. Male Sprague Dawley rats (Charles River; 300 –350 g
at the start of the experiments) were anesthetized with a ketamine (80
mg/ml)/xylazine (6 mg/ml) mixture and placed in a stereotaxic device.
Stainless-steel guide cannulae (22 gauge; Plastics One) were bilaterally
implanted at a 10° angle, 1.5 mm dorsal to central injection sites. The
following stereotaxic coordinates were used: for the VTA, from bregma,
anteroposterior (AP) �5.0, lateral (L) �2.3; from the dural surface, ven-
tral (V) �8.0. These stereotaxic VTA coordinates have been shown pre-
viously to produce anatomically and pharmacologically specific,
nicotine-mediated motivational effects, because control injector place-
ments dorsal to the VTA or caudal to these coordinates in the interpe-
duncular nucleus produce no motivational effects as measured in our
CPP procedure (Laviolette and van der Kooy, 2003, 2004). For “core”
and “shell” microinfusion placements in the nucleus accumbens, we used
the following stereotaxic coordinates: for “shell” placements, from
bregma, at a 12° angle: AP �1.8, L �2.6; from the dural surface, V �7.4;
for “core” placements, from bregma, at an 8° angle: AP �1.8, L �2.7;
from the dural surface, V �6.4. These NAcore and NAshell coordinates
have been reported previously to produce anatomically specific effects,
relative to DA D1 versus D2 receptor blockade (Pattij et al., 2007). Fur-
thermore, microinfusions of mixed D1/D2 receptor antagonists at loca-
tions dorsal to these NAc positions fail to influence intra-VTA nicotine
motivational processing (Laviolette and van der Kooy, 2003). At the
conclusion of experiments, animals were deeply anesthetized and tran-
scardially perfused with isotonic saline followed by 10% formalin. Brain
sections were stained with cresyl violet, and VTA or NAshell versus NA-
core cannula placements were verified with light microscopy according
to the anatomical boundaries for these structures determined by Paxinos
and Watson (2005).

Drug treatments. Nicotine-di-D-tartrate (Sigma), R-(�)-7-chloro-8-
hydroxy-3-methyl-1-phenyl-2,3,4,5-tetrahydro-1 H-3-benzazepine
(SCH 23390; Tocris), or eticlopride (Sigma) was dissolved in PBS (pH
adjusted to 7.4). For intra-VTA, NAcore, or NAshell bilateral microin-
fusions (0.5 �l volume per infusion), injector cannulae were slowly low-
ered into the implanted guides, and drug or saline infusions were per-
formed over 1 min. Injectors were left in place for an additional 1 min
after injection, to ensure adequate diffusion from the tip. Based on pre-
viously reported intra-VTA nicotine dose–response curves, we selected
five concentrations of nicotine to establish our initial dose–response
curve for the motivational effects of intra-VTA nicotine (see Fig. 1C),
representing aversive (0.008 nmol/0.5 �l), neutral (0.08 – 0.8 nmol/0.5
�l), and rewarding (8 nmol/0.5 �l) intra-VTA concentrations of nicotine
[see also Laviolette et al. (2002a,b) and Laviolette and van der Kooy
(2003)]. We chose dose ranges for intra-NAc SCH 23390 and eticlopride
(0.1–1.0 �g/0.5 �l) that have been demonstrated previously to effectively
block drug-related associative learning in rodents after intra-NAc micro-
infusions, including cocaine (Anderson et al., 2003), opiates (Bossert et
al., 2007), and natural food rewards (Nowend et al., 2001), and to effec-
tively block the locomotor stimulatory effects of systemic nicotine (Boye
et al., 2001). To control for possible nonspecific motivational effects of
SCH 23390 or eticlopride, rats received NAcore or NAshell microinfu-
sions of these compounds immediately before both saline or nicotine
intra-VTA microinfusions, thereby balancing out any possible motiva-
tional effects of either drug, across all conditioning environments. For all
experiments, bilateral intra-NAc microinfusions of either SCH 23390 or

eticlopride were administered immediately before bilateral microinfu-
sions of intra-VTA nicotine. Systemic doses of nicotine (0.1– 0.8 mg/kg)
or the nicotinic ACh receptor (nAChR) antagonist mecamylamine
(MEC; 1 mg/kg) were performed subcutaneously.

Chronic nicotine treatment. For chronic nicotine exposure experi-
ments, nicotine hydrogen tartrate salt (Sigma) was dissolved in sterile
saline solution (0.9% NaCl). The pH was adjusted to 7.4 with NaOH. To
achieve a nicotine dose of 9 mg/kg per day (nicotine free base), a stock
solution of 600 mg/ml nicotine was used for subjects with a body weight
of �300 g and adjusted accordingly (Malin et al., 1994; Suzuki et al.,
1996). Control animals received saline vehicle osmotic pump implanta-
tions. For surgical osmotic pump implantation, animals were anesthe-
tized with isoflurane. A sterile incision was made at the back of the
shoulder, and osmotic minipumps (model 2002; Alzet) were implanted
subdermally at the nape of the neck and infused a solution of nicotine
tartrate salt dissolved in saline or saline alone (vehicle) at a rate of 0.5
ml/h for a total of 14 d. To determine nicotine dependence in chronically
treated rats, a mecamylamine-induced withdrawal conditioned place
aversion (CPA) procedure was performed with rats receiving 1 mg/kg
(s.c.) MEC or saline injections immediately before being placed in one of
the place conditioning environments, as described above. This dose of
MEC has been reported previously to induce strong aversive and somatic
nicotine withdrawal symptoms (Suzuki et al., 1996; Rada et al., 2001).

Place conditioning. All animals were conditioned using a standard,
unbiased and fully counterbalanced CPP procedure, as described in de-
tail previously (Laviolette et al., 2002a,b; Laviolette and van der Kooy,
2003). Conditioning took place in one of two environments, which dif-
fered in color, texture, and smell. One environment was white with a wire
mesh floor, covered in wood chips. The other environment was black
with a smooth Plexiglas floor, wiped down with a 2% acetic acid solution
before each conditioning session. Animals display no baseline preference
for either of these two environments (Laviolette and van der Kooy, 2003).
All conditioning sessions were 30 min in length. Animals received four
drug-environment and four saline-environment conditioning sessions,
and exposure to environments was fully counterbalanced in all experi-
ments. All neurotransmitter-blocking drugs were administered before
both drug and saline injections. At testing, 1 week after the end of con-
ditioning (all animals were tested drug free), animals were placed on a
narrow, neutral gray zone that separated the two test compartments.
Times spent in each environment were scored separately for each animal
over a 10 min test session. All data were analyzed with one- or two-way
ANOVA or Student’s t tests where appropriate. Post hoc analyses were
performed with Newman–Keuls or Fisher’s least significant difference
tests where appropriate.

Results
Motivational effects of intra-VTA nicotine and histological
analysis of intra-VTA and intra-NAc cannula placements
Using a previously described dose–response curve for intra-VTA
nicotine’s motivational effects (Laviolette et al., 2002a,b; Lavio-
lette and van der Kooy, 2003), we first examined the motivational
effects of intra-VTA nicotine using our unbiased CPP procedure
(see Materials and Methods). We performed bilateral microinfu-
sions of a wide concentration range of nicotine (0.0008 – 8.0
nmol/0.5 �l) directly to the VTA. In Figure 1A, a microphoto-
graph shows representative bilateral injector tip placements
within the VTA. For clarity, we present a representative sche-
matic showing bilateral intra-VTA injection sites in Figure 1B
from histological analysis of rats used in the initial intra-VTA
nicotine dose–response analysis. As in previous reports (Lavio-
lette et al., 2002a,b; Laviolette and van der Kooy, 2003), bilateral
nicotine microinfusions were localized in both rostral and caudal
regions of the VTA. Histological analysis revealed no correlation
between rostral versus caudal VTA nicotine microinfusions in
terms of the motivational properties revealed in the CPP proce-
dure. Furthermore, nicotine microinfusions into these VTA re-
gions are anatomically specific, because microinfusions of nico-
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tine into regions dorsal to the VTA or in the caudal
interpeduncular region produce no motivational effects whatso-
ever in the CPP procedure, as reported previously (Laviolette and
van der Kooy, 2003). Bilateral intra-VTA microinfusions pro-
duce a biphasic dose–response curve when measured in our un-
biased CPP procedure (n � 7 for all groups in Fig. 1C). Statistical
analysis revealed a significant group � treatment interaction
(F(6,125) � 9.82; p � 0001). Post hoc analysis showed that whereas
a lower nicotine dose (0.008 nmol/0.5 �l) produced a significant
CPA (p � 0.01), middle-range concentrations produced no mo-
tivational effects (neither CPP nor CPA) (0.08 – 0.8 nmol/0.5 �l;
p values � 0.05), and a higher dose (8 nmol/0.5 �l) produced
significant CPP for the nicotine-paired environment ( p � 0.01),
consistent with previous reports (Laviolette et al., 2002a,b; Lavio-
lette and van der Kooy, 2003). In our next series of experiments,
animals received quadruple cannulations with bilateral cannula
implantations into NAcore or NAshell (see Materials and Meth-
ods) matched with bilateral intra-VTA cannula implants. Results
of our histological analysis of NAcore versus NAshell cannula
placements are summarized in Figure 2. Animals found to have
cannula placements outside the anatomical boundaries of either
NAcore or NAshell were removed from analysis. In Figure 2A, a
representative microphotograph shows a typical intrashell injec-
tor tip location (for clarity, only one hemisphere is shown) within
the “shell” subregion of the NAc. In Figure 2, B and C, we present
schematic diagrams showing representative injector cannula tip
placements for NAshell SCH 23390 microinfusions from rats re-
ceiving intra-VTA microinfusions of 0.008 nmol/0.5 �l of nico-
tine (n � 8, to be described presently) and representative injector
tip locations for rats receiving NAshell eticlopride versus intra-
VTA 0.008 nmol/0.5 �l of nicotine (n � 8, results to be described
presently). In Figure 2D, a representative microphotograph
shows a typical NAcore injector tip location (for clarity, only one

hemisphere is shown). In Figure 2, E and F,
we present schematic diagrams showing
representative injector cannula tip place-
ments for NAcore SCH 23390 microinfu-
sions (Fig. 2E) from rats receiving intra-
VTA microinfusions of 0.008 nmol/0.5 �l
of nicotine (n � 8, to be described pres-
ently) and representative injector tip loca-
tions for NAcore eticlopride (Fig. 2F) in-
jector tip locations from animals receiving
intra-VTA 0.008 nmol/0.5 �l of nicotine
(n � 8, results to be described presently).

Intra-Nac DA receptor blockade dose-
dependently switches systemic nicotine
aversion into reward
We next performed a series of experiments
to determine (1) the effective dose range
for NAcore and NAshell D1/D2 receptor
blockade on modulating nicotine motiva-
tional signaling; (2) whether the behav-
ioral effects of NAcore versus NAshell D1-
like or D2-like receptor blockade would
modulate the motivational properties of
systemically administered nicotine; and
(3) whether the behavioral effects of
NAshell versus NAcore D1-like or D2-like
receptor blockade are dose dependent. Ac-
cordingly, we first tested two separate
doses of systemic nicotine (0.1 and 0.8 mg/

kg, s.c.) in our CPP procedure (Fig. 3A). In contrast to intra-VTA
nicotine microinfusions, higher versus lower systemic nicotine
concentrations produce aversive motivational effects, as mea-
sured in unbiased CPP procedures (Jorenby et al., 1990; Lavio-
lette and van der Kooy, 2003), possibly because of interactions
with peripheral nAChR receptors as opposed to intra-VTA mi-
croinfusions, which would directly access the mesolimbic DA
motivational system. Comparing difference scores between times
spent in saline versus nicotine-paired environments revealed a
significant difference between systemic nicotine doses (0.1 mg/kg
vs 0.8 mg/kg; t(13) � 3.73; p � 0.01), with only the higher dose of
nicotine (0.8 mg/kg, s.c.) producing a significant CPA, consistent
with previous reports (Jorenby et al., 1990; Laviolette and van der
Kooy, 2003). This dose regimen of subcutaneous nicotine (0.1–
0.8 mg/kg, s.c.) given over four conditioning trials does not pro-
duce any observable motoric sensitization. We next compared
the ability of NAcore versus NAshell blockade of either D1 or D2

receptors to dose-dependently switch the aversive properties of
our effective systemic dose of nicotine (0.8 mg/kg, s.c.) into re-
ward, by testing an order of magnitude dose range of either SCH
23390 (0.1–1.0 �g/0.5 �l) into the NAcore or eticlopride (0.1–1.0
�g/0.5 �l) into the NAshell. SCH 23390 microinfusions into NA-
core dose-dependently reversed the aversive effects of nicotine
(F(22,47) � 21.0; p � 0001; 0.8 mg/kg, s.c.), switching a CPA into
a CPP at the higher dose of 1 �g/0.5 �l (n � 7; p � 0.01); however,
animals receiving saline (n � 6; p � 0.05) or the lower dose of
SCH 23390 (0.1 �g/0.5 �l; n � 6; p � 0.01) still displayed a
significant nicotine CPA (Fig. 3B). To determine whether the
effects of NAcore D1 or D2 receptor blockade were producing
their behavioral effects through independent versus “additive”
signaling effects, we ran a separate control group (n � 7) that
received a mixture of subthreshold doses of both SCH 23390 (0.1
�g/ml) and eticlopride (0.1 mg/ml) into the NAcore, before ad-

Figure 1. A, Microphotograph demonstrating representative intra-VTA bilateral injector cannula tip placements (arrows). B,
Schematic diagram showing representative locations for bilateral intra-VTA cannula injection sites for nicotine microinfusions,
located in both the rostral and caudal regions of the VTA. C, Bilateral microinfusions of intra-VTA nicotine produce dose-
dependent, bivalent motivational effects, as measured in an unbiased place conditioning paradigm over a wide dose range.
Whereas a lower nicotine dose (0.008 nmol/0.5 �l) produces a significant CPA (**p � 0.01), middle-range concentrations
produce no motivational effects (neither CPP nor CPA) (0.08 – 0.8 nmol/0.5 �l; p values � 0.05), and a higher dose (8 nmol/0.5
�l) produced significant CPP for the nicotine-paired environment (**p � 0.01). Error bars indicate SEM.
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ministration of the aversive dose of sys-
temic nicotine (0.8 mg/mg, s.c.). Combi-
nations of the D1 and D2 antagonist did
not produce any additive functional effects
within the NAcore, because rats displayed
a significant CPA to nicotine, similarly to
saline controls (t(6) � 2.4; p � 05) (Fig.
3B). Similarly, NAshell microinfusions of
the DA D2 antagonist, eticlopride (1 �g/
0.5 �l; n � 7), reversed the aversive effects
of systemic nicotine (F(2,41) � 17.9; p �
001); however, animals receiving either sa-
line (n � 6) or a lower dose of eticlopride
(0.1 �g/0.5 �l; n � 6) still displayed a sig-
nificant nicotine CPA ( p values � 0.05)
(Fig. 3C). To determine whether the ef-
fects of NAshell D1-like versus D2-like re-
ceptor blockade were producing their be-
havioral effects through independent
versus “additive” signaling effects, we ran a
separate control group (n � 7) that re-
ceived a mixture of subthreshold doses of
both SCH 23390 (0.1 �g/�l) and eticlo-
pride (0.1 �g/�l) into the NAshell, before
administration of the aversive dose of sys-
temic nicotine (0.8 mg/mg, s.c.). Similar to
our observations in the NAcore, combina-
tions of the D1-like and D2-like receptor
antagonists did not produce any additive
functional effects within the NAshell, as
rats displayed a significant CPA to nico-
tine, similarly to saline controls (t(6) �
2.53; p � 05) (Fig. 3C).

NAcore versus NAshell blockade of D1

or D2 receptors double dissociates
nicotine motivational signaling in the VTA
After determining the effective dose range for NAshell and NA-
core D1/D2 receptor blockade with SCH 23390 and eticlopride
(Fig. 3), we next examined the roles of both D1-like and D2-like
DA receptor subtypes within either the NAcore or NAshell stria-
tal subregions in the modulation of nicotine motivational pro-
cessing within the VTA. Because we have determined previously
that global DA receptor blockade fails to modulate the acute re-
warding properties of supra-reward threshold doses of intra-
VTA nicotine (Laviolette and van der Kooy, 2003, 2004), we
chose a lower, aversive dose of intra-VTA nicotine (0.008 nmol/
0.5 �l) (Fig. 1C) and a neutral (sub-reward threshold) dose of
intra-VTA nicotine (0.8 nmol/0.5 �l) for our NAcore versus
NAshell D1 and D2 antagonist challenge experiments. Thus, we
chose both an aversive (0.008 nmol) and sub-reward threshold
“neutral” dose (0.8 nmol) of intra-VTA nicotine to examine spe-
cifically the role of DAergic intra-NAc receptor signaling in either
potentiating intra-VTA nicotine reward signals or in the reversal
of nicotine aversion signals into reward signals (Laviolette and
van der Kooy, 2003, 2004). We first challenged the aversive mo-
tivational properties of a low dose of intra-VTA nicotine (0.008
nmol/0.5 �l) (Fig. 1C) with bilateral NAshell or NAcore micro-
infusions of either the DA D1-like receptor antagonist SCH 23390
(1 �g/0.5 �l) or the DA D2-like receptor antagonist, eticlopride
(1 �g/0.5 �l) (Fig. 4A). Statistical analysis revealed a significant
group � treatment interaction (F(2,47) � 14.6; p � 001). Post hoc
analysis revealed that both saline control and animals receiving

NAshell SCH 23390 displayed a significant CPA for nicotine-
paired environments ( p values � 0.01), whereas animals receiv-
ing NAshell eticlopride displayed a significant CPP for nicotine-
paired environments ( p � 0.01). Comparing NAcore
microinfusions of either SCH 23390 or eticlopride (Fig. 4A,
right) revealed a significant group � treatment interaction
(F(2,47) � 43.4; p � 0001). Post hoc analysis revealed that saline
control (n � 6) and animals receiving NAcore eticlopride (n � 8)
displayed significant aversions to environments paired with an
aversive dose of intra-VTA nicotine (0.008 nmol; p � 0.05 and
p � 0.01, respectively), whereas animals receiving NAcore SCH
23390 demonstrated a robust CPP for this same dose of intra-
VTA nicotine ( p � 0.01). Thus, NAshell D2-like receptor block-
ade (but not D1 blockade) effectively switched an aversive dose of
intra-VTA nicotine (CPA) into a rewarding effect (CPP), whereas
NAcore D1-like receptor blockade (but not D2 blockade) effec-
tively switched an aversive VTA nicotine effect (CPA) into a re-
warding effect (CPP) (Fig. 4A). We next challenged the effects of
a neutral, sub-reward threshold dose of intra-VTA nicotine (0.8
nmol/0.5 �l) with bilateral NAshell or NAcore infusions of either
SCH 23390 (1 �g/0.5 �l) or eticlopride (1 �g/0.5 �l) (Fig. 4B).
Statistical analysis revealed a significant group � treatment inter-
action (F(2,47) � 4.7; p � 0.05). Post hoc analysis revealed that
both saline control and animals receiving NAshell SCH 23390
displayed neither CPA nor CPP for nicotine-paired environ-
ments ( p values � 0.05), whereas animals receiving NAshell eti-
clopride displayed a significant CPP for the nicotine-paired en-

Figure 2. Histological analysis of NAcore versus NAshell microinfusion cannula tip placements. For clarity, placements are
shown only for the intra-VTA nicotine 0.008 nmol/0.5 �l group experiments. A, Microphotograph showing representative can-
nula tip located within the shell subdivision of the NAc. B, C, Schematic diagram showing representative placements for bilateral
NAshell microinfusion sites for SCH 23390 (1 �g/0.5 �l; B) or NAshell microinfusion placements for eticlopride microinjections
(n � 8; C). D, Microphotograph showing representative cannula tip located within the NAcore. E, F, Schematic diagram showing
representative placements for bilateral NAcore microinfusion sites for SCH 23390 (n � 8; E) or NAcore microinfusion placements
for bilateral eticlopride microinjections (n � 7; F ). Co, Core; Sh, shell.
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vironments (Fig. 4B, left) ( p � 0.01). Comparing NAcore
microinfusions of either SCH 23390 or eticlopride (Fig. 4B,
right) revealed a significant group � treatment interaction
(F(2,47) � 6.11; p � 01). Post hoc analysis revealed that saline
control (n � 6) and animals receiving NAcore eticlopride (n � 8)
displayed neither CPP nor CPA to nicotine-paired environments
( p values � 0.05), whereas animals receiving NAcore SCH 23390
(n � 8) demonstrated a robust CPP for this same dose of intra-
VTA nicotine (Fig. 4B, right) ( p � 0.01). In Figure 4C, we sum-
marize the results of this series of conditioning experiments, ex-
pressing place conditioning scores as difference scores (time
expressed as drug minus saline-paired environments), which
clearly demonstrates the double dissociation between NAshell
versus NAcore DA D1-like versus D2-like receptor blockade on
switching or potentiating the motivational effects of these doses
of intra-VTA nicotine. Thus, whereas DA D1-like blockade in the
NAshell has no effect on the aversive effects of intra-VTA nicotine
and fails to potentiate nicotine reward signaling in the VTA, this
same dose of SCH 23390 administered into the NAcore switches
intra-VTA nicotine aversion to reward and potentiates a sub-
reward threshold dose of intra-VTA nicotine into a reward stim-
ulus. Conversely, DA D2-like receptor blockade with eticlopride
(1 �g/0. 5 �l) in NAcore has no effect on the aversive effects of
intra-VTA nicotine (0.008 nmol/0.5 �l) and fails to potentiate
intra-VTA nicotine reward. However, this same dose of eticlo-
pride, when administered into the NAshell region, switches intra-
VTA nicotine aversion to reward and potentiates a sub-reward
threshold dose of intra-VTA nicotine into a reward signal.

Intra-Nac core versus shell D1 and D2 receptors differentially
modulate the aversive effects of nicotine withdrawal
In addition to producing acute aversive effects, withdrawal from
nicotine after chronic exposure is reported also to induce strong
aversive effects (Epping-Jordan et al., 1998). Thus, either sponta-
neous withdrawal from chronic nicotine exposure or pharmaco-
logically induced nicotine withdrawal via the administration of

nAChR antagonists can produce aversive nicotine withdrawal
(Suzuki et al., 1996; Epping-Jordan et al., 1998; Kenny and
Markou, 2001). Given that NAcore or NAshell blockade of DA
D1-like or D2-like receptors reverses the acute aversive effects of
either intra-VTA nicotine (Fig. 4) or systemic nicotine (Fig. 3),
we next examined whether blockade of D1 or D2 receptors in
NAcore or NAshell subregions would modulate the aversive ef-
fects of nAChR antagonist-induced withdrawal aversions (see
Materials and Methods). In Figure 5A, our chronic nicotine ex-
posure and behavioral conditioning protocol is summarized. Bi-
lateral NAcore versus NAshell microinfusion injector locations of
suprathreshold doses of either SCH 23390 (1 �g/0.5 �l) or eticlo-
pride (1 �g/0.5 �l) are schematically presented in Figure 5B
(right and left, respectively). To determine the efficacy of our
nicotine pump implantation protocol, we performed an initial
pilot study to determine that systemic MEC administration (1
mg/kg, s.c.) would produce aversive withdrawal effects in chronic
nicotine-treated rats (Fig. 5C), as previous studies have reported
using this same MEC dose (Suzuki et al., 1996; Rada et al., 2001).
We found that systemically administered MEC (1 mg/kg, s.c.)
produced a significant CPA for MEC-paired environments in rats
treated chronically with nicotine (t(6) � 5.0; p � 0.01; n � 7)
versus saline controls (t(5) � 0.07; p � 05; n � 6). Comparing the
effects of bilateral NAcore versus NAshell microinfusions of ei-
ther SCH 23390 (1 �g/0.5 �l) or eticlopride(1 �g/0.5 �l) on the
aversive effects of MEC-induced nicotine withdrawal aversions
revealed that NAshell microinfusions of SCH 23390 did not block
CPA to MEC-paired environments relative to control animals,
whereas NAshell eticlopride completely blocked the aversive ef-
fects of nicotine withdrawal relative to saline controls (Fig. 6A)
(F(1,41) � 21.9; p � 0.01). Post hoc analysis reveals that both
NAshell saline controls (n � 6) and rats receiving SCH 23390
(n � 7) displayed significantly less time in environments paired
previously with MEC (1 mg/kg, s.c.) ( p values � 0.01), whereas
this effect was blocked in rats receiving NAshell eticlopride (n �
7; p � 05). NAcore microinfusions of eticlopride did not block

Figure 3. NAcore or NAshell D1-like versus D2-like receptor blockade dose-dependently switches systemic nicotine aversion into reward. A, Initial pilot studies show a dose-dependent, systemic
nicotine (0.1– 0.8 mg/kg, s.c.)-mediated significant CPA to environments paired with 0.8 mg/kg systemic nicotine administration (n � 8) versus a lower dose of 0.1 mg/kg (n � 8), consistent with
previous reports (Jorenby et al., 1990; Laviolette and van der Kooy, 2003). B, SCH 23390 microinfusions into the core of the NAc dose-dependently reverse the aversive effects of nicotine (0.8 mg/kg,
s.c.), switching a CPA into a CPP at the higher dose of 1 �g/0.5 �l (n � 7; **p � 0.01); however, neither saline controls (n � 6; *p � 0.05) nor a lower dose of SCH 23390 (0.1 �g/0.5 �l; n �
6; **p � 0.01) reversed the nicotine CPA. Combined NAcore administration of subthreshold doses of SCH 23390 (0.1 �g/0.5 �l) and eticlopride (0.1 �g/0.5 �l) did not reverse the aversive
properties of nicotine, because animals still displayed a significant CPA to the nicotine-paired environment (*p � 0.05), demonstrating that the behavioral effects of these D1/D2 receptor
manipulations in NAcore were not additive. C, Eticlopride microinfusions into NAshell dose-dependently reverse the aversive effects of nicotine, because these animals (n � 7) show significant CPP
to nicotine-paired environments (**p � 0.01); however, both saline controls (n � 6) and a lower dose of eticlopride (0.1 �g/0.5 �l) still display a significant nicotine CPA (*p values � 0.05).
Combined NAshell administration of subthreshold doses of SCH 23390 (0.1 �g/0.5 �l) and eticlopride (0.1 �g/0.5 �l) did not reverse the aversive properties of nicotine, because animals still
displayed a significant CPA to the nicotine-paired environment (*p � 0.05), demonstrating that the behavioral effects of these D1/D2 receptor manipulations in NAshell were not additive. Error bars
indicate SEM.
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CPA to MEC-paired environments relative to control animals,
whereas NAcore SCH 23390 completely blocked the aversive ef-
fects of nicotine withdrawal relative to saline controls (Fig. 6B)
(F(2,41) � 6.55; p � 0.01). Post hoc analysis revealed that both
NAcore saline controls (n � 6) and rats receiving eticlopride (n �
7) displayed significantly less time in environments paired previ-
ously with MEC (1 mg/kg, s.c.) ( p values � 0.01), whereas this

effect was blocked in rats receiving NAcore SCH 23390 (n � 7;
p � 05).

Discussion
Given that only �50% or less of individuals that try tobacco go
on to develop full nicotine dependence (McNeill, 1991; Pomer-
leau et al., 1998), understanding the neural systems that regulate
sensitivity to nicotine’s rewarding and addictive properties is of
considerable importance. Several lines of evidence implicate the
striatal DA system in the processing of nicotine’s addictive prop-
erties. Animal studies report that nicotine elevates striatal DA
levels (Nisell et al., 1994; Schilström et al., 1998) and amplifies

Figure 4. Effects of NAcore or NAshell D1-like versus D2-like receptor blockade on nicotine
motivational signaling in the VTA. A, Saline control animals (n � 7) and animals pretreated
with NAshell SCH 23390 (n � 8) displayed significant CPA to an aversive dose of intra-VTA
nicotine (0.008 nmol/0.5 �l; **p values � 0.01). In contrast, in animals receiving NAshell
eticlopride (1 �g/0.5 �l), the aversive motivational effects of intra-VTA nicotine were switched
to a reward signal, with animals now displaying a robust CPP for nicotine-paired environments
(**p � 0.01). Comparing NAcore microinfusions of either SCH 23390 or eticlopride revealed
that whereas saline control (n � 6) or animals receiving NAcore eticlopride (n � 8) displayed
significant aversions to environments paired with intra-VTA nicotine (0.008 nmol; *p � 0.05
and **p � 0.01, respectively), animals receiving NAcore SCH 23390 demonstrated a robust CPP
for this same dose of intra-VTA nicotine (**p � 0.01). B, In saline control animals (n � 6) and
animals pretreated with NAshell SCH 23390 (n � 8), a neutral dose of intra-VTA nicotine (0.8
�g/0.5 �l) produced no motivational effects ( p values � 0.05). In contrast, in animals receiv-
ing NAshell eticlopride (1 �g/0.5 �l), the previously neutral dose of intra-VTA nicotine is
potentiated into a robust reward signal, demonstrated by CPP to environments paired with this
dose of intra-VTA nicotine (**p � 0.01). Comparing NAcore microinfusions of either SCH 23390
or eticlopride (right) revealed that saline control (n � 6) and animals receiving NAcore eticlo-
pride (n � 8) displayed neither CPP nor CPA to nicotine-paired environments ( p values �
0.05), whereas animals receiving intracore SCH 23390 (n � 8) demonstrated a robust CPP for
this same dose of intra-VTA nicotine (**p � 0.01). C, Summary of conditioning effects on
intra-VTA nicotine motivational signaling after NAshell versus NAcore microinfusions of SCH
23390 or eticlopride. CPP or CPA is expressed as difference scores, with negative values repre-
senting aversions to nicotine-paired environments and positive values representing prefer-
ences for nicotine-paired environments. Error bars indicate SEM.

Figure 5. Chronic nicotine exposure conditioning procedure, nicotine withdrawal aversions,
and intracore versus shell injection sites. A, Schematic illustration showing the experimental
timeline for chronic nicotine exposure and withdrawal aversion conditioning and testing days.
B, Schematic illustration showing NAcore versus NAshell injector tip placements for SCH 23390
core/shell placements (left column) or eticlopride core/shell placements (right column) in ani-
mals treated chronically with nicotine. C, In an initial pilot study, systemically administered MEC
(1 mg/kg, s.c.) produced a significant CPA for MEC-paired environments in rats treated chroni-
cally with nicotine (n � 8; **p � 0.01) versus saline controls ( p � 05; n � 6). Error bars
indicate SEM.
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reward-related “burst” firing of striatal DA release (Rice and
Cragg, 2004). In human smokers, imaging studies report corre-
lations between striatal DA receptor activity and subjective mea-
sures of nicotine-related motivational effects (Brody et al., 2006;
Montgomery et al., 2007), suggesting that nicotine-induced DA
release may be related to the positive effects of nicotine and nic-
otine craving. Alterations in striatal expression levels of DA D1

receptors have been reported in human smokers (Dagher et al.,
2001); however, because of the correlative nature of such studies,
it is difficult to determine whether these DAergic disturbances
underlie the initial vulnerability to nicotine’s addictive properties
or are the consequence of long-term nicotine exposure. Animal
studies report equally complex results. For example, intravenous
self-administration paradigms show that blockade of D1/D2 re-
ceptors or mesolimbic neurotoxic lesions attenuate nicotine self-
administration in rodents (Corrigall and Coen, 1991; Corrigall et
al. 1992). However, global blockade of DA transmission in either
NAshell or NAcore blocks the aversive properties of nicotine
measured in CTA or CPP procedures (Laviolette and van der
Kooy, 2003) and potentiates nicotine reward while reversing the
motivational valence of nicotine from aversive to rewarding
(Laviolette and van der Kooy, 2003, 2004). Considerable evi-
dence suggests that blockade of DAergic neurotransmission may
potentiate the motivational properties of nicotine in human sub-
jects. For example, neuroleptic blockade of DA transmission

strongly increases smoking rates in human smokers (McEvoy et
al., 1995; Caskey et al., 1999, 2002). Furthermore, decreased levels
of striatal DA receptors have been correlated with increased psy-
chostimulant drug taking and craving in humans for cocaine
(Volkow et al., 2001), heroin (Wang et al., 1997), amphetamine
(Volkow et al., 2001), and nicotine (Dagher et al., 2001), all sug-
gesting that disturbances in striatal DAergic transmission may
increase vulnerability to the addictive properties of these drugs.
Nevertheless, the abovementioned reports used anatomically
nonspecific intra-NAc microinfusions or systemically adminis-
tered D1/D2 receptor antagonists. Thus, until now, dissociable
effects of D1 versus D2 DA receptor blockade within specific NAc
subregions, on the motivational properties of either intra-VTA or
systemic nicotine, have not been reported.

Functional dissociation between NAcore versus NAshell D1

and D2 receptor transmission in nicotine reward processing
The NAc comprises the medial shell region and a more laterally
located core region, both of which possess distinct pharmacolog-
ical characteristics and anatomical connections (Voorn et al.,
1989; Brog et al., 1993). For example, whereas the NAshell re-
ceives a greater proportion of ventromedial and infralimbic cor-
tical inputs, NAcore receives greater input from dorsal regions of
the prefrontal cortex (Berendse et al., 1992). In addition, NAcore
and NAshell neurons provide feedback to the VTA, primarily in
the form of GABAergic projections that modulate the activity of
VTA neuronal populations in a functional feedback loop (Kali-
vas, 1993; Rahman and McBride, 2001). Interestingly, only com-
bined striatal D1 or D2 receptor activation appears to modulate
VTA DA release via this pathway (Rahman and McBride, 2001).
Although it is not presently understood how blockade of D1 ver-
sus D2 striatal receptors may influence this NAc–VTA feedback
loop in terms of controlling VTA neuronal activity, we observed
a functional dissociation between NAcore and NAshell D1/D2

receptors in the modulation of systemic or intra-VTA nicotine
motivational processing, suggesting that separate feedback path-
ways from these NAc subregions may independently regulate the
VTA neuronal circuit, which, in turn, may potentiate or alter the
motivational valence of nicotine.

The NAcore and NAshell are both implicated in the process-
ing of various associative reward stimuli, including natural re-
wards (Di Chiara et al., 2004) and drug-related effects, including
cocaine (McFarland and Kalivas, 2001) and heroin (Bossert et al.,
2007). Several theories suggest that striatal DA release resulting
from phasic, “burst” firing of VTA DAergic inputs may be critical
for motivationally salient information processing in the me-
solimbic circuitry (Grace, 2000; Cooper, 2002). Given the ability
of nicotine to amplify DA burst pattern signaling within the stri-
atum (Rice and Cragg, 2004), one possibility is that D1 (NAcore)
versus D2 (NAshell) receptor populations control either systemic
or intra-VTA nicotine-mediated transmission of motivational
signals to these separate striatal regions by independently regu-
lating specific DA release patterns within the NAcore or NAshell,
respectively. Our evidence demonstrates that pharmacological
blockade of striatal DA D1-like versus D2-like receptors is capable
of amplifying sub-reward threshold VTA nicotine signals and can
reverse the aversive effects of either intra-VTA or systemic nico-
tine administration. Anatomical evidence suggests an approxi-
mately equivalent distribution of DA D1 and D2 receptors within
the NAcore and NAshell subregions, localized both presynapti-
cally and postsynaptically (Missale et al., 1998), and previous
reports have suggested that striatal D1 and D2 receptor popula-
tions act synergistically in the processing of reward-related infor-

Figure 6. The effects of NAcore versus NAshell microinfusions of SCH 23390 or eticlopride on
nicotine-withdrawal-induced CPA. A, NAshell SCH 23390 does not block CPA to MEC-paired
environments relative to control animals, whereas intrashell eticlopride completely blocks the
aversive effects of nicotine withdrawal, relative to saline controls. Both saline controls (n � 6)
and rats receiving SCH 23390 (n � 7) displayed significantly less time in environments paired
previously with MEC (1 mg/kg, s.c.) (**p values � 0.01), whereas this effect was blocked in rats
receiving NAshell eticlopride (n � 7; p � 05). B, NAcore microinfusions of eticlopride do not
block CPA to MEC-paired environments relative to control animals, whereas NAcore SCH 23390
completely blocks the aversive effects of nicotine withdrawal relative to saline controls. Both
NAcore saline controls (n � 6) and rats receiving eticlopride (n � 7) displayed significantly less
time in environments paired previously with MEC (1 mg/kg, s.c.; **p values � 0.01), whereas
this effect was blocked in rats receiving NAcore SCH 23390 (n � 7; p � 05). Error bars indicate
SEM.
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mation. For example, rats will self-administer combinations of a D1

and D2 agonist directly into the NAshell (but not the NAcore), but
neither agonist will support self-administration by themselves (Ike-
moto et al., 1997). Other studies have found a preferential role for
NAcore D1 receptors in the modulation of drug-related associative
learning and memory such that D1 receptors in NAcore, but not
NAshell, are essential for cue-induced heroin reinstatement in rats
(Bossert et al., 2007). Furthermore, NAcore appears to be more sen-
sitive to D1 receptor blockade in the attenuation of food-reward
reinforcement (Nowend et al., 2001). The present findings are the
first demonstration that different D1-like versus D2-like receptor
populations localized to NAcore and NAshell regions may indepen-
dently control nicotine reward sensitivity.

NAcore versus NAshell dopamine function in the acute versus
withdrawal-related aversive effects of nicotine
Chronic nicotine exposure appears to dramatically alter the role
of DA transmission in the processing of nicotine’s physiological
and motivational effects. Thus, nicotine exposure induces a com-
plex array of neuroadaptations in multiple neural systems and
has been shown to potentiate the activity of glutamate (Mans-
velder and McGehee, 2002), dopamine (Nisell et al., 1997; Le Foll
et al., 2003), and the expression of multiple nAChR subunits in
various brain regions (Olale et al., 1997; Gentry and Lukas, 2002).
Nisell et al. (1997) reported that acute nicotine caused strong
increases in NAshell DA release, but less so in the core. However,
after chronic nicotine exposure, DA release in both regions was
attenuated (Nisell et al., 1997). Rada et al. (2001) reported that
chronic nicotine exposure and withdrawal decreases endogenous
extracellular DA levels in rodent striatum, suggesting that the
aversive effects of nicotine withdrawal may be related to a dys-
regulation of striatal DA transmission after chronic nicotine ex-
posure. Although the aversive effects of withdrawal from other
drug classes such as opiates are dependent on DA transmission
(Laviolette et al., 2002a,b), the precise role of D1 or D2 receptors
within specific NAc subregions in the processing of nicotine
withdrawal aversion has not been clarified. Blockade of either DA
D1-like or D2-like receptors was sufficient to block the aversive
effects of nicotine withdrawal; however, similar to our observa-
tions with the acute aversive effects of nicotine, the same NAshell
versus NAcore functional dissociation was observed in the pro-
cessing of nicotine withdrawal aversion: D1 blockade in NAcore
but not NAshell, and D2 blockade in NAshell but not NAcore
blocked nicotine withdrawal aversion. Interestingly, these results
suggest that despite reported neuroadaptations in DA transmission
after nicotine exposure, the same functional and pharmacological
dissociation between NAshell and NAcore D1 versus D2 receptors is
observable for both the acute effects of early nicotine exposure, as
well as the aversive effects of nicotine withdrawal. One possibility is
that dysregulation of DAergic transmission during nicotine with-
drawal may be responsible for the aversive motivational state asso-
ciated with withdrawal, in which case blocking this signal would
alleviate the aversive effects of nicotine withdrawal, preventing the
formation of the conditioned associative aversion. Although future
studies are required to address these issues, our results demonstrate
that both D1 and D2 NAc receptors are crucial for the processing of
nicotine-withdrawal-related aversive effects, suggesting an impor-
tant role for striatal DA transmission in both the acute and chronic
stages of nicotine exposure.

Conclusions
Our results demonstrate dissociable roles for NAcore and
NAshell DA D1-like versus D2-like receptor transmission in mod-

ulating the motivational properties of nicotine. We observed a
functional segregation between DA D1-like receptors within the
NAcore and D2-like receptors in the NAshell, indicative of spe-
cialized roles for these ventral striatal subregions in the nicotine
addiction process. The modulatory roles for these different DA
receptor subtypes within NAcore versus NAshell DA were non-
additive and were capable of regulating nicotine motivational
signaling through anatomically and pharmacologically separate
mechanisms within the ventral striatum. These results demon-
strate a novel and important role for striatal DA receptor-
subtype-specific transmission in mediating vulnerability to nic-
otine’s addictive properties, as well as in the processing of the
aversive effects of nicotine withdrawal.
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