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Caloric restriction during drug abstinence increases the risk for relapse in addicts. In rats, chronic food restriction during a period of
withdrawal following heroin self-administration augments heroin seeking. The mechanisms underlying this effect are largely unknown. Here,
we investigated the role of nucleus accumbens (NAc) shell and core dopamine (DA) in food restriction-induced augmentation of heroin
seeking. Rats were trained to self-administer heroin (0.1 mg/kg/infusion) for 10 days. Next, rats were moved to the animal colony for a
withdrawal period, during which rats were food restricted to 90% of their original body weight (FDR group) or given unrestricted access to
food (sated group). On day 14 of food restriction, rats were returned to the operant conditioning chambers for a heroin-seeking test
under extinction conditions. Extracellular DA levels were assessed using in vivo microdialysis. In separate experiments, the DA D1-like
receptor antagonist SCH39166 (12.5, 25.0, or 50.0 ng/side) was administered into the NAc before the heroin-seeking test. In the NAc
shell, pre-test exposure to the heroin-associated context increased DA only in FDR rats; but in the NAc core, DA increased regardless of
feeding condition. Food restriction significantly augmented heroin seeking and increased DA in the NAc shell and core during the test.
Intra-NAc shell administration of SCH39166 decreased heroin seeking in all rats. In contrast, in the NAc core, SCH39166 selectively
decreased the augmentation of heroin-seeking induced by chronic food restriction. Taken together, these results suggest that activation of
the DA D1-like receptor in the NAc core is important for food restriction-induced augmentation of heroin seeking.
Neuropsychopharmacology (2017) 42, 1136–1145; doi:10.1038/npp.2016.250; published online 7 December 2016
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INTRODUCTION

In humans, a reciprocal association exists between the abuse
of drugs like tobacco, cocaine and heroin, and food intake.
Drug use decreases food intake, and caloric restriction can
increase drug consumption, craving, and relapse. For
example, the level of dietary restriction has been positively
correlated with the use of alcohol, cigarettes, and marijuana
in young women (Krahn et al, 1992). Furthermore, the risk
for relapse in abstinent smokers is higher in subjects that are
concurrently calorie restricted (Hall et al, 1992). Prolonged
food restriction seems to be a critical factor, since shorter
food restriction period (24–72 h) did not change cigarette
smoking (Cheskin et al, 2005) or responses to intravenous
fentanyl administration (Zacny et al, 1992). In animal models
of addiction and relapse, caloric restriction reliably augments

drug taking and seeking. Both acute food deprivation
(complete removal) and chronic food restriction (prolonged,
restricted availability) increase self-administration of a variety
of substances, including opiate and psychostimulant drugs
(Carroll and Meisch, 1981; Carroll and Meisch, 1984), and the
conditioned rewarding properties of morphine in the
conditioned place preference paradigm (CPP; Gaiardi et al,
1987; Jung et al, 2016). Recently, we found that chronic
(14 days) food restriction augments heroin seeking in rats
under prolonged withdrawal (D’Cunha et al, 2013).
The neural mechanisms underlying the augmentation of

heroin-seeking induced by chronic food restriction remain
unknown. However, drug- and food-associated cues have
been found to elicit significant elevations in extracellular
dopamine (DA) levels in the nucleus accumbens (NAc) shell
and core (Bassareo et al, 2011). In addition, chronic food
restriction increases DA receptor signaling in the NAc (Carr
et al, 2003).
Here, we investigated the role of DA transmission in the

NAc in food restriction-induced augmentation of heroin
seeking. We used in vivo microdialysis to determine changes
in extracellular DA in the NAc shell and core. Previous
studies suggest that DA D1-like receptors are important for
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context- and discriminative cue-induced reinstatement of
heroin, cocaine, and natural rewards seeking (Marchant et al,
2015). Moreover, we have recently reported that blockade
of DA D1-, but not D2-like receptors, attenuated acute
food deprivation-induced reinstatement of heroin seeking
(Tobin et al, 2013). In addition, chronic food restriction
increases synaptic plasticity in NAc cells expressing DA
D1-like, but not D2-like, receptors (Carr et al, 2003, 2010).
Consequently, here we administered a DA D1-like receptor
antagonist into the NAc shell and core to determine if DA
transmission via the D1-like receptors is causally related to
the augmentation of heroin-seeking induced by chronic food
restriction.

MATERIALS AND METHODS

Subjects

Male Long Evans rats (Charles River, St. Constant, Quebec,
Canada; n= 196) were used in six different experiments. Rats
were pair-housed until surgery, and then individually housed
after surgery (see Supplementary Material for further details
on housing).
All rats were treated in accordance with the guidelines of

the Canadian Council on Animal Care and approval for all
procedures was granted by the Concordia University Animal
Research Ethics Committee.

Surgical Procedures

Intravenous catheterization was completed under ketamine
and xylazine (90.0 and 13.0mg/kg, i.p.) as previously described
(Sedki et al, 2013). Following surgery rats were given penicillin
(450 000 IU/rat, s.c.) and the analgesic ketoprofen (5mg/kg,
s.c., CDMV, Quebec, Canada). For rats in the microdialysis
experiments, unilateral guide cannulae, counterbalanced
between the right and left hemispheres, were implanted
targeting the NAc shell (Experiment 1) or NAc core
(Experiment 2) during the intravenous surgical procedure
(Ito et al, 2000). For DA receptor antagonist administration,
bilateral guide cannulae targeting the NAc shell (Experiment 3)
or NAc core (Experiment 4) were implanted during the
intravenous surgical procedure (Tobin et al, 2013). See also
Supplementary Material.

Apparatus

Operant conditioning chambers (Med Associates Inc., St
Albans, VT; or Coulbourn Instruments, Holliston, MA)
equipped with two levers were used. See also Supplementary
Material.

Drugs

Heroin (diacetylmorphine HCl; National Institute for Drug
Abuse, Research Triangle Park, NC, USA) was dissolved in
physiological saline and delivered at a dose of 0.1 mg/kg/
infusion. The DA D1-like receptor antagonist SCH39166
(Tocris Bioscience, Minneapolis, MN, USA) was diluted in
sterile saline to produce the following doses: 0.0, 12.5, 25.0,
50.0 ng/side. These doses were previously shown to impair

the acquisition of morphine conditioned place preference
with minimal motor side-effects (Fenu et al, 2006).

Procedure

Different rats were used for each of the experiments, which
followed a similar procedure. There were three phases: heroin
self-administration training in the operant conditioning
chambers, a withdrawal phase in the animal care facility
(ACF), and a testing phase in the operant conditioning
chambers, or in clear Plexiglas chambers (context control
experiments).

Training. Following two post-surgery recovery days, rats
underwent daily three 3-h sessions separated by a 3 h period,
under a fixed-interval-20 (FI-20) schedule of heroin
reinforcement (0.1 mg/kg/infusion), as previously described
(D’Cunha et al, 2013), over 10 days. Active lever responses
resulted in a heroin infusion and initiation of a 20 s timeout
period during which a tone-light compound cue was
activated. Active lever responses made during the timeout
were recorded but not reinforced. Inactive lever responses
were recorded but had no programmed consequences. See
also Supplementary Material.

Withdrawal and food restriction. Following the heroin
self-administration phase, rats were transferred back to the
ACF and housed in individual cages. After a 24 h drug
washout period, rats were matched for number of infusions,
active lever responses, and body weight during the last 5 days
of training and assigned to a food restricted (FDR) or sated
group. FDR rats were fed daily at 13:30 hours and the food
ration was adjusted daily to bring the body weight of the FDR
group to ~ 90% of their first withdrawal day body weight.

In vivo microdialysis and heroin-seeking tests. Approxi-
mately 14 h before the heroin-seeking test, microdialysis
probes (Bioanalytical Systems Inc., West Lafayette, IN, USA,
or made in the laboratory; Sorge et al, 2005) were lowered
into the targeted brain region, under light isoflurane
anesthesia. Probes targeted at the NAc shell (Experiment 1)
had a 2.0 mm semipermeable active membrane
(280 μm OD), whereas probes targeted at the NAc core
(Experiment 2) had a 1.5 mm active membrane. Baseline
collection started in the ACF, and dialysate samples were
collected every 10 min over 1 h at a flow rate of 1.0 μl/min.
Next, rats were transported from the animal facility to the
drug self-administration training room (Experiments 1A and
2A) or to an unfamiliar room for the context-change control
experiments (1B and 2B). Microdialysis pumps were plugged
into a battery pack so that the flow rate and sampling
continued during transfer. Rats were then transferred to the
operant conditioning chambers for the heroin-seeking test
(Experiments 1A, 2A) or to a Plexiglas chamber (Experi-
ments 1B, 2B). After the move to the testing chamber, but
before the initiation of the test, one dialysate sample was
collected (corresponding with the context change). Testing
took place under extinction conditions over a 3-h session,
and dialysate samples were collected every 10 min. Active
lever responses resulted in the same consequences as in
training except that no heroin infusions occurred. No levers
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or cues were presented in the Plexiglas chambers. See also
Supplementary Material.

Intracranial injections and heroin-seeking tests. Rats were
administered the D1-like receptor antagonist, SCH39166,
~ 10 min before the heroin-seeking test (Experiments 3
and 4). Testing took place under extinction conditions over
one 3-h session. See also Supplementary Material.

Analytical Chemistry

Extracellular DA was isolated in the dialysate samples using
high performance liquid chromatography and quantified
using electrochemical detection as previously described
(Sorge et al, 2005). See also Supplementary Material.

Statistical Analysis

Statistical analyses were conducted using SPSS (IBM, SPSS
Statistics, version 20). Data were analyzed using ANOVA
followed by post-hoc tests with Bonferroni correction for
multiple comparisons where appropriate. See also
Supplementary Material.

RESULTS

For experiments 1 and 2, 60 rats were trained, but 10 rats
were excluded due to technical problems or incorrect probe
placement (Figures 1a and b). For experiments 3 and 4, 136
rats were trained, but 24 rats were removed due to incorrect
cannulae placements (Figures 1c and d). All rats acquired
reliable heroin self-administration behavior Supplementary
Table Sl. In all experiments, at test day the food-restricted rats
were at ~ 90% of their body weight at the start of the
withdrawal phase Supplementary Table Sl. Mean body
weights of rats in the sated and FDR groups throughout the
experiments are presented in Supplementary Figure S1 A–F.

Experiment 1A: Changes in Extracellular DA in the NAc
Shell

Behavior. Exposure to 14 days of food restriction resulted
in a robust overall augmentation of active lever responses
made by the FDR (n= 10) compared with the sated group
(n= 8; Figure 2a inset). Active lever responses recorded in
10 min bins (Figure 2a) were higher in the FDR rats (feeding
condition: F(1,16)= 7.769, p= 0.013, η2= 0.327), with a
statistically significant decrease over time (F(17,272)= 9.131,
po0.001, η2= 0.344) but no interaction of feeding condi-
tion × time (F(17,272)= 1.388, p= 0.142, η2= 0.052). There
were no statistically significant differences between groups
in the number of inactive lever responses.

Microdialysis. There were no statistically significant differ-
ences in absolute baseline dialysate concentrations of DA
(Table 1). Chronic food restriction resulted in increased
extracellular DA throughout the sampling period (Figure 2b;
feeding condition: F(1,16)= 4.699, p= 0.046, η2= 0.227), and
there were no statistically significant effects for time
(F(18,288)= 1.202, p= 0.258, η2= 0.065), or feeding condi-
tion × time (F(18,288)= 1.158, p= 0.296, η2= 0.063). Planned

comparisons revealed a statistically significant increase in
extracellular DA in FDR rats compared with baseline
following exposure to the heroin self-administration context
(t(9)=− 2.316, p= 0.046, d= 1.544; Figure 2b). Extracellular
DA at the initiation of the heroin-seeking test was elevated in
the FDR rats compared with baseline levels (t(9)=− 3.951,
p= 0.003, d= 2.634) and to sated rats (t(16)= 3.080, p= 0.007,
d= 1.54; Figure 2b).

Experiment 1B: Specificity of Changes in Extracellular
DA in the NAc Shell to the Drug Context

In a separate group of rats, following heroin self-
administration training and 14 days of food restriction as
in Experiment 1, rats were transferred to an unfamiliar room
and into a Plexiglas chamber (novel context). Absolute
baseline dialysate concentrations of DA were not statistically
significantly different between FDR (n= 5) and sated rats
(n= 4; Table 1). There were no changes in extracellular DA
in either the FDR or sated groups as compared with baseline
(Figure 2c; feeding condition: F(1,7)= 0.339, p= 0.579,
η2= 0.046; time: F(19,133)= 1.399, p= 0.138, η2= 0.144; feed-
ing condition × time: F(19,133)= 1.325, p= 0.178, η2= 0.136).

Experiment 2A: Changes in Extracellular DA in the NAc
Core

Behavior. FDR rats (n= 9) displayed a considerable increase
in the total number of responses on the active lever compared
with sated rats (n= 5; Figure 3a inset). Active lever responses
recorded in 10min bins in FDR rats were substantially higher
than in sated rats over the first 20min of the test session
(Figure 3b; feeding condition: F(1,12)= 5.218, p= 0.041,
η2= 0.303; time: F(17,204)= 6.281, Po0.001, η2= 0.297; feeding
condition× time: F(17,204)= 2.858, po0.001, η2= 0.135). There
were no statistically significant differences in the number of
inactive lever responses between groups.

Microdialysis. There were no statistically significant differ-
ences in absolute baseline dialysate concentrations of DA
(Table 1). Extracellular DA in the NAc core increased
following the move to the operant conditioning chamber, but
decreased back to baseline during the test session (Figure 3b;
time: F(19,228)= 7.630, p= 0.007, η2= 0.075). There were no
statistically significant effects for feeding condition
(F(1,12)= 0.979, p= 0.342, η2= 0.367) or feeding condition ×
time (F(19,228)= 1.174, p= 0.282, η2= 0.056). Planned com-
parisons found that both the FDR rats (t(8)=− 3.166,
p= 0.01, d= 2.239), and the sated rats (t(4)= -3.959,
p= 0.017, d= 3.959) demonstrated a statistically significant
increase in extracellular DA following exposure to the
operant chamber compared with baseline levels. However,
extracellular DA remained elevated compared with baseline
following the initiation of the heroin-seeking test in only the
FDR rats (t(8)=− 3.226, p= 0.012, d= 2.281) before returning
back to basal levels.

Experiment 2B: Specificity of Changes in Extracellular
DA in the NAc Core to the Drug Context

Absolute baseline dialysate concentrations of DA in the NAc
core did not differ between FDR (n= 4) and sated (n= 5)
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groups. FDR rats displayed a short-term increase in NAc
core extracellular DA after the move to the novel chamber
(Figure 3c; feeding condition: F(1,7)= 1.177, p= 0.314,
η2= 0.144; time: F(19,133)= 2.484, p= 0.001, η2= 0.202; feed-
ing condition × time: F(19,133)= 2.786, po0.001, η2= 0.227).
Planned comparisons revealed that the increase from base-
line in extracellular DA in the FDR rats following exposure to
the novel context did not reach statistical significance
(t(3)=− 2.376, p= 0.098, d= 2.744), but was statistically
significantly higher than the in sated rats (t(7)= 2.823,
p= 0.026, d= 2.134).

Experiment 3: Administration of the DA D1-like
Receptor Antagonist, SCH39166, into the NAc Shell

The final analysis included the following 8 groups:
FDR-0.0 ng (n= 8), FDR-12.5 ng (n= 8), FDR-25.0 ng
(n= 8), FDR-50.0 ng (n= 8), sated-0.0 ng (n= 9), sated-
12.5 ng (n= 9), sated-25.0 ng (n= 8), and sated-50.0 ng
(n= 8). Overall, the FDR groups responded more on the
active lever during the 3-h heroin-seeking test compared with
the sated groups (Figure 4a; feeding condition: F(1,58)= 20.35,
po0.001, η2= 0.234). Administration of SCH39166 into the

Figure 1 Cannula placements for all experiments. Approximate locations of active region of microdialysis probe targeting the NAc shell (a) for Experiment
1A (n= 18; black rectangles) and Experiment 1B (n= 9; gray rectangles), or the NAc core (b) for Experiment 2A (n= 14; black rectangles) and Experiment 2B
(n= 9; gray rectangles). Approximate anatomical position for microinjector tips targeting the NAc shell (c) for Experiment 3 (n= 66; open circles) or NAc core
(d) for Experiment 4 (n= 46; open triangles). Images modified from the brain atlas of Paxinos and Watson (2005) of Figures 17–20 (+1.56 to +1.92 mm
anterior to Bregma).
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NAc shell statistically significantly decreased active lever
responding regardless of food restriction condition
(SCH39166 dose: F(3,58)= 2.765, p= 0.05, η2= 0.095). No
statistically significant effect for feeding condition ×

SCH39166 dose interaction was observed (F(3,58)= 0.100,
p= 0.959, η2= 0.003). Finally, no statistically significant
effects were observed for inactive lever responding during
the test.

Figure 2 Chronic food restriction-induced augmentation of heroin seeking and extracellular dopamine in the NAc shell. (a) Total number of active and
inactive lever responses for FDR (n= 10) and sated (n= 8) rats (inset), and active lever responses in 10-min time intervals during the 3 h heroin-seeking test in
Experiment 1, *p= 0.013 compared with sated rats. (b) Extracellular dopamine following re-exposure to the drug environment and during the heroin seeking
test in the FDR and sated rats, *po0.05 compared with baseline levels, #p= 0.007 compared to sated rats. (c) Extracellular dopamine following exposure to a
novel context in the FDR (n= 5) or sated (n= 4) rats.

Table 1 Mean± SEM of the Absolute Concentrations of Baseline Dopamine Levels of the FDR and Sated Rats

Experiment Mean±SEM absolute (DA) in pg/μl Statistics

FDR Sated t-test and Cohen’s d effect size

1A 0.125± 0.022 0.147± 0.025 t(14)=− 0.646, p= 0.529, d=− 0.345

1B 0.107± 0.016 0.089± 0.005 t(7)= 0.949, p= 0.374, d= 0.717

2A 0.092± 0.015 0.109± 0.026 t(12)=− 0.626, p= 0.543, d=− 0.361

2B 0.093± 0.013 0.090± 0.018 t(7)= 0.143, p= 0.890, d= 0.108
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Experiment 4: Administration of the DA D1-Like
Receptor Antagonist, SCH39166, into the NAc Core

The final analysis included the following 6 groups:
FDR-0.0 ng (n= 8), FDR-12.5 ng (n= 9), FDR-25.0 ng
(n= 7), sated-0.0 ng (n= 7), sated-12.5 ng (n= 7), and sated-
25.0 ng (n= 8). Overall, the FDR groups responded more on
the active lever during the 3-h heroin-seeking test compared
with the sated groups (Figure 4b; feeding condition:
F(1,40)= 22.703, po0.001, η2= 0.314), but there was no main
effect for SCH39166 dose: F(2,40)= 0.891, p= 0.418,
η2= 0.025). Importantly, there was a statistically significant
interaction between feeding condition × SCH39166 dose
(F(2,40)= 3.86, p= 0.029, η2= 0.107). Bonferroni’s post-hoc
analyses revealed a statistically significant higher number of
responses in the FDR-0.0 ng group compared with the

sated-0.0 ng group (t(40)= 4.967, po0.0001), but no differ-
ences between the FDR-12.5 ng and sated-12.5 ng groups, or
between the FDR-25.0 ng and sated-25.0 ng groups. In
addition, the number of active lever responses made by the
FDR-0.0 ng group was statistically significantly higher than
the FDR-12.5 ng group (t(40)= 2.847, p= 0.02), but not the
FDR-25.0 ng (t(40)= 2.283, p= 0.08). Finally, no statistically
significant effects were observed for inactive lever responding
during the test.

DISCUSSION

Chronic food restriction augmented heroin seeking following
two weeks of withdrawal, as we have previously demon-
strated (D’Cunha et al, 2013). Re-exposure to the self-
administration context increased extracellular DA levels in

Figure 3 Chronic food restriction-induced augmentation of heroin seeking and extracellular dopamine in the NAc core. (a) Total number of active and
inactive lever responses for FDR (n= 9) and sated (n= 5) rats (inset), and active lever responses in 10-min time intervals during the 3-h heroin-seeking test in
Experiment 2. *p= 0.041 compared to sated rats. (b) Extracellular dopamine following re-exposure to the drug environment and during the heroin-seeking
test in the FDR and sated rats, @po0.05 FDR and sated groups compared to baseline, *p= 0.012 FDR group compared to baseline. (c) Extracellular
dopamine following exposure to a novel context in FDR (n= 4) and sated (n= 5) rats, #p= 0.026 compared to sated rats.
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the NAc shell and core. However, the increase in extra-
cellular DA levels in the NAc core occurred in both the sated
and FDR rats, while in the NAc shell, exposure to the drug
context selectively increased extracellular DA levels in FDR
rats. Exposure to a novel context increased extracellular DA
levels in the NAc core, but not shell, only in the FDR rats.
Initiation of the heroin-seeking test maintained the increase
in extracellular DA levels in the NAc shell and core of FDR
rats. DA levels then quickly returned to baseline in the NAc
core, while extracellular DA levels in the NAc shell remained
elevated. Finally, administration of the DA D1-like receptor
antagonist SCH39166 into the NAc shell decreased heroin
seeking in both feeding conditions. In contrast, intra-NAc
core SCH39166 decreased heroin seeking selectively in the
FDR group.

Effects of Exposure to Heroin-Associated Context on
Extracellular DA in NAc Shell and Core in FDR and
Sated Rats

To the best of our knowledge, ours is the first report on
changes in extracellular DA levels following exposure to a
heroin-associated context, independent of the discrete drug-
associated cues or instrumental contingency, in rats with a
history of heroin self-administration.

Previous reports on conditioned changes in DA levels in
the mesolimbic pathway terminals are inconsistent. Increases
in extracellular DA in the NAc following exposure to an
amphetamine- or cocaine-associated context have been
reported (Duvauchelle et al, 2000a, b; Stuber et al, 2002).
In contrast, other investigations did not find changes in
extracellular or tissue DA levels following exposure to
cocaine- or morphine-conditioned contextual stimuli
(Walter and Kuschinsky, 1989; Brown and Fibiger, 1992).
Unfortunately, in most of the studies cited above, no
distinctions were made between the NAc shell and core.
Importantly, even when changes in NAc extracellular DA
levels were found following exposure to the drug context
(Duvauchelle et al, 2000a, b; Stuber et al, 2002), those
changes were not temporally or quantitatively associated
with the conditioned behavioral response.
Stuber et al (2002) reported a conditioned increase in

extracellular DA levels in the NAc core following exposure to
an amphetamine-paired environment in sated rats, but not in
FDR rats (to 90% of their baseline body weight). This finding
contrasts with the statistically significant increase in extra-
cellular DA levels in the NAc core that we observed in both
the sated and FDR rats following exposure to the heroin self-
administration environment. However, in FDR rats, an
increase in NAc core DA also occurred in a novel context,
suggesting that the transfer between environments induced a
non-specific DA response. This response might be more
related to arousal than to conditioned drug effects (Brown and
Fibiger, 1992). Discrepancies compared with previous reports
on NAc DA response to drug-associated context could also
result from the use of passive, Pavlovian conditioning,
whereas instrumental conditioning was used here.
Mesolimbic DA is thought to be critically involved in the

generation of incentive salience to drug-associated stimuli,
leading to approach and engagement with the drug-related
stimuli (Berridge, 2007). Since the generation of incentive
salience is strongly modulated by physiological states
(Berridge, 2007), this could explain the heroin-context
specific increase in NAc shell DA in FDR rats. In the
current study, rats’ behavior in the operant conditioning
chambers was not monitored during the 10-min period
leading to the initiation of the heroin-seeking test. We
therefore have no direct assessment of the association
between the change in NAc DA levels and non-
instrumental drug context-conditioned behaviors.

Effects of Exposure to Heroin-Associated Discrete Cues
on Extracellular DA in NAc Shell and Core in FDR and
Sated Rats

The increase in extracellular DA levels in the NAc shell and
core that was selective to the FDR groups following the
initiation of the heroin-seeking test, coincided with the
intense active lever pressing over the first 10-min time bin.
This suggests that food restriction-induced augmentation of
heroin seeking is associated with increased NAc extracellular
DA levels. As mentioned above, food restriction can sensitize
neural systems that are involved in incentive motivational
processes, including DA systems (Berridge and Robinson,
1998), resulting in cue-induced elevation of NAc core and
shell DA in FDR rats.

Figure 4 The effect of injections of the dopamine D1-like receptor
antagonist SCH 39166 into the NAc shell (a) or NAc core (b) on the
augmentation of heroin-seeking induced by chronic food restriction.
*p= 0.05 compared to the sated groups. #po0.0001 FDR-0.0 ng group
compared to sated-0.0 ng group. &p= 0.02 FDR-0.0 ng group compared to
FDR-12.5 ng group.
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In contrast to our findings, Bassareo et al (2011, 2015)
reported that exposure to sucrose- and morphine-
conditioned stimuli elevated DA levels only in the NAc
shell. The differences between our results and those reported
by Bassareo et al (2011) may be due to the use of Pavlovian/
contextual conditioned cues by Bassareo et al (2011), vs the
instrumental/discrete cues in the present report. However, an
explanation based on the difference in the conditioning
procedures and the nature of the cues seems unlikely, since a
selective increase in DA in the NAc shell, but not core, was
reported by the same group (Bassareo et al, 2015) using an
instrumental conditioning procedure with sucrose-associated
discrete cues. Importantly, comparisons with the study by
Bassareo et al (2015) should be made with caution,
considering the non-drug reward used in their procedure
and the known differential effects of non-drug and drug
conditioned stimuli on DA transmission in the NAc
(Bassareo et al, 2011). Thus, the reasons for the less selective
increase in NAc DA reported here in both shell and core vs
the NAc shell selective effect reported by Bassareo et al
(2011, 2015) are not clear.
Sated rats in the current study showed no statistically

significant changes in DA levels in NAc shell or core during
the heroin-seeking test. This finding is in line with the
unaltered DA levels in the NAc following response-
contingent exposure to cocaine-associated cues reported by
Ito et al (2000), and Neisewander et al (1996). Interestingly,
rats in Ito et al (2000) study were mildly food restricted
throughout the experiment. This apparent lack of food-
restriction effect on drug-cue-induced NAc DA could be
explained by their experimental procedure that involved
cocaine-seeking tests under a second-order schedule of
reinforcement. In contrast, rats in the current study
experienced a prolonged period of withdrawal before the
heroin-seeking test. It has been established that behavioral
and neurochemical adaptations occur over drug withdrawal
periods, resulting in an enhanced response over time
(incubation of drug craving; Grimm et al, 2001; Pickens
et al, 2011).
Finally, extracellular DA in the NAc shell remained

higher in the FDR group compared with the sated one
throughout most of the heroin-seeking test, whereas lever
pressing rapidly extinguished in both groups. Moreover, the
initiation of the test session was characterized by robust
heroin seeking, in both feeding condition groups, that is
typically observed following a withdrawal period
(Neisewander et al, 1996; Grimm et al, 2001; Shalev et al,
2001; Fuchs et al, 2008). This dissociation between levels of
DA in the NAc and the magnitude of drug seeking has
been noted in previous reports with cocaine- and heroin-
trained rats (Wise et al, 1995; Neisewander et al, 1996;
Ito et al, 2000).
Taken together, our data indicate that there is a weak, or

no relation between changes in extracellular DA levels in the
NAc shell and heroin-seeking following prolonged with-
drawal, in both FDR and sated rats. In contrast, changes in
DA levels in the NAc core seem to parallel the changes
in lever pressing throughout the heroin-seeking test, but only
in the FDR rats, suggesting a differential role for DA in NAc
core in sated and FDR rats.

Effects of Intra-NAc Shell and Core Injections of
SCH39166 on Heroin Seeking in FDR and Sated Rats

Notably, active lever responses performed by sated rats
treated with intra-NAc core vehicle injections (0.0 ng
SCH39166) were considerably lower compared with rats
with intra-NAc shell vehicle injections. This could have
prevented an effect of SCH39166 from being demonstrated
(floor effect) in the sated intra-NAc core injected rats.
Nevertheless, the sated vehicle-injected group performed a
substantial number of lever responses (~85 lever presses),
and under identical conditions, sated rats from the same
cohorts did not show any attenuation of lever responding
following treatment with SCH39166.
DA D1-like receptors in the NAc have been strongly

implicated in context and discrete cue-induced drug seeking
for alcohol (Chaudhri et al, 2009; Marchant and Kaganovsky,
2015), morphine (Gao et al, 2013), and heroin (Bossert et al,
2007). However, the involvement of D1-like receptors in the
NAc shell vs core seems to be dependent on the self-
administered substance, as well as on the drug-seeking
procedure. Renewal of extinguished or punished alcohol
seeking was attenuated by antagonism of D1-like receptors in
either NAc shell or core (Chaudhri et al, 2009; Marchant and
Kaganovsky, 2015). In contrast, blockade of D1-like recep-
tors in the NAc shell, but not core, decreased context-
induced reinstatement of heroin seeking, while intra-core
injections decreased discrete cue-induced reinstatement of
heroin seeking (Bossert et al, 2007). Gao et al (2013) reported
that D1-like receptor antagonism in the shell attenuated
morphine seeking using an ‘abstinence’ procedure (similar to
the one used here); however, the role of D1-like receptors in
the core was not assessed in that study. The implied critical
role for D1-like receptors in the NAc shell in context- and
cue-induced drug-seeking corresponds with the attenuated
heroin seeking, regardless of feeding condition, which we
observed after intra-NAc shell injections of SCH39166.
Finally, considering the findings of Bossert et al (2007), the

selective attenuation of heroin seeking in FDR rats that were
injected with SCH39166 into the NAc core suggests that food
restriction-induced augmentation of heroin seeking is
mediated by an enhancement of the incentive motivational
properties (Berridge and Robinson, 1998) of the discrete,
rather than contextual, heroin-associated cues.
There are several methodological issues that should be

considered when interpreting the present findings. First,
although the DA microdialysis sampling intervals were
comparatively short (10 min), using this technique it is
impossible to estimate very fast, phasic, changes in the DA
signals that can be picked up using voltammetry (~100 ms).
However, the microdialysis approach, as utilized here,
successfully identified changes in extracellular DA levels
over behaviorally relevant epochs, such as the switch from
context exposure to the beginning of the heroin-seeking
session (Figure 3b). Second, it is important to note that the
current experimental design does not allow a clear dissocia-
tion between the contribution of contextual and discrete cues
to heroin seeking once the test session commenced, a caveat
that should be addressed in future studies (see Shalev et al,
2002 for a discussion of the relevant challenges in dissociat-
ing the effects of discrete and contextual cue on drug
seeking). Third, the observed effects of the intracranial
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SCH39166 injections might be due to diffusion of the
antagonist into surrounding tissue. However, this is most
unlikely, as indicated by the differential effect of injections
into the adjacent core and shell compartments of the NAc.
Finally, we did not assess the involvement of NAc DA
D2-like receptors in the food restriction effect, as explained
in the introduction. Future investigations should support this
rational by targeting these receptors.

CONCLUSION

Context-induced changes in DA levels in the NAc core of FDR
rats following a period of withdrawal suggest a non-specific
arousal effect. In contrast, the heroin-context selective increase
in NAc shell DA levels in FDR rats, when first exposed to the
test chambers, might reflect an enhancement of the incentive
properties of the contextual cues. Future studies will address
this hypothesis. In the NAc shell, food restriction-induced
changes in DA presynaptic mechanisms, reflected by changes
in extracellular DA levels during the heroin-seeking test, or
postsynaptic adaptations in D1-like receptor function were
not closely associated with heroin-seeking driven by response-
contingent discrete cues. In contrast, in the NAc core, changes
in extracellular DA levels paralleled heroin seeking in FDR
rats, with increased DA levels at the beginning of the test
session, when lever pressing was most vigorous, that
subsequently decreased as heroin seeking declined. In
addition, intra-NAc core injections of SCH39166 selectively
decreased heroin seeking in FDR rats. We therefore conclude
that changes in DA presynaptic mechanisms and postsynaptic
adaptations in NAc core cells that express DA D1-like
receptors mediate food restriction-induced augmentation of
heroin seeking. The results we report for the sated rats support
current neurobiological addiction theories that suggest a
minor role for DA transmission in the NAc core in drug
seeking (Kalivas and Volkow, 2005). However, in food-
restricted rats, DA in the NAc core has a critical role in the
augmentation of heroin seeking. An interesting future
direction would be to investigate the generalization of this
role to other chronic stressors.
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