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Abstract
Mesolimbic dopamine projections to the nucleus accumbens (NAc) have been implicated in goal-
directed behaviors for natural rewards and in learning processes involving cue-reward
associations. The NAc has been traditionally subdivided into two anatomically distinct sub-
regions with different functional properties: the shell and the core. The aim of the present study
was to characterize rapid dopamine transmission across the two NAc sub-regions during cue-
signaled operant behavior for a natural (sucrose) reward in rats. Using fast-scan cyclic
voltammetry (FSCV) we observed differences in the magnitude and dynamics of dopamine release
events between the shell and core. Specifically, although cue-evoked dopamine release was
observed in both sub-regions, it was larger and longer lasting in the shell compared with the core.
Further, secondary dopamine release events were observed following the lever press response for
sucrose in the NAc shell, but not the core. These findings demonstrate that the NAc displays
regional specificity in dopamine transmission patterns during cued operant behavior for natural
reward.
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1. Introduction
The nucleus accumbens (NAc) is a key neural structure involved in processing information
about reward and learning processes governing stimulus-reward associations. It is typically
subdivided in two main sub-regions: the shell and core (Heimer et al., 1991; Zahm and
Brog, 1992; Jongen-Relo et al., 1994) that differ in their anatomical connections and
function. Although some differences are found in the density of cortical inputs (Corbit et al.,
2001), the major distinctions are observed in their efferent projections. That is, the shell
projects mainly to limbic regions (i.e., lateral hypothalamus, ventral part of the bed nucleus
of the stria terminalis and ventral tegmental area), whereas core projections are directed
primarily to motor-related structures (i.e., caudate putamen, globus pallidus and substantia
nigra) (Zahm and Brog, 1992; Zahm and Heimer, 1993; Corbit et al., 2001).
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As such, the NAc shell and core display different functional properties in the expression of
motivated behavior, in cue-reward learning, and in encoding the primary reinforcing
properties of natural rewards. Microdialysis studies show that, in nondeprived rats, novel
palatable food stimulates dopamine transmission preferentially in the NAc shell (Bassareo
and Di Chiara, 1997), whereas food-conditioned stimuli induce increases in extracellular
dopamine in the NAc core (Bassareo and Di Chiara, 1999). Inactivation of the NAc core
(not shell) disrupts cue-induced reinstatement of both drug and food seeking behavior
(Fuchs et al., 2004; Floresco et al., 2008). Further, stimulation of NAc dopamine
transmission by natural and/or drug rewards and associated cues appear to occur in a
reward-specific manner. For instance, cocaine predictive cues evoke increases in phasic
dopamine release within the NAc core, but not the shell (Aragona et al., 2009), whereas
morphine conditioned stimuli (CS) increase extracellular dopamine preferentially in the
NAc shell (Bassareo et al., 2007).

Using fast-scan cyclic voltammetry (FSCV), we previously reported that cues signaling
sucrose reward elicit increases in phasic dopamine release within the NAc core (Roitman et
al., 2004; Day et al., 2007; Jones et al., 2010a; Cacciapaglia et al., 2011) and that lever press
responses for sucrose reinforcement occur at the peak of dopamine surges (Roitman et al.,
2004). These studies support a role of phasic dopamine release in the NAc core in encoding
information about goal-directed behavior for natural rewards. The current study was
designed to further characterize dopamine release events within the core and shell during
cue-signaled goal-directed actions for a natural (sucrose) reward. Specifically, FSCV was
used to monitor rapid dopamine release within each NAc subregion during a task in which
an instructional cue was separated in time from the lever press response and sucrose
delivery. The results show that although the sucrose predictive cue-evoked increases in
phasic dopamine release in both the core and shell, sub-regional differences were observed
in the magnitude of the cue-evoked response. Further, secondary dopamine release events
were observed following the lever press response for sucrose in the NAc shell, but not the
core.

2. Methods
2.1. Sucrose self-administration

Male Sprague–Dawley rats (n = 11) weighting 280–330 g were uses as subjects. Animals
were individually housed with a 12-h light/12-h dark cycle and maintained at no less than
85% of pre-experimental body weight by food restriction (10–15 g of Purina laboratory
chow each day, in addition to approximately 2.7 g of sucrose consumed during daily
sessions). Food restriction was in place for the duration of behavioral testing except during
the post-surgery recovery period, when food was given ad libitum. All procedures were
performed in accordance with the University of North Carolina at Chapel Hill Institutional
Animal Care and Use Committee.

Experimental sessions occurred in a 43 × 43 × 53 cm Plexiglas operant chamber that
contained a retractable lever with a cue light above it. Rats were trained to self-administer
sucrose pellets during single daily sessions (60 trials/session; 5 days/week). The beginning
of the session was signaled by the onset of a house light and white noise. After a variable
interval (initially VI 5–25 s, then gradually increased over ~5–7 days to VI 30–60 s) a tone-
light cue was presented and 2 s later a lever extended into the chamber. A lever press (FR1
schedule of reinforcement) within 15 s after lever extension resulted in the delivery of a
single sucrose pellet (45 mg) into the receptacle, retraction of the lever, and termination of
the audio-visual cue. Thus, only one sucrose reinforcer could be earned per trial. Failure to
respond within 15 s after lever extension resulted in retraction of the lever, termination of
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the audiovisual cue and initiation of the variable interval (Fig. 1), and was considered an
omission error.

2.2. Surgical procedures
Following the establishment of stable responding (characterized as no more than 2 omission
errors per session for 3 consecutive sessions), animals were surgically prepared for
voltammetric recordings. Rats were anesthetized with intramuscular injections of ketamine
(100 mg/kg) and xylazine (20 mg/kg). A guide cannula (Bioanalytical Systems, West
Lafayette, IN, USA) was stereotaxically positioned above the NAc core (1.3 mm anterior,
1.3 mm lateral relative to bregma) or shell (1.7 mm anterior, 0.8 mm lateral relative to
bregma) and a bipolar stimulating electrode (Plastics One, Roanoke, VA, USA) was
ipsilaterally implanted in the VTA (5.2 mm posterior, 1.0 mm relative to bregma, 7.5 mm
ventral from dural surface). In addition, another guide cannula for the reference Ag/AgCl
electrode was placed in the contralateral hemisphere.

2.3. Electrode fabrication
Cylindrical carbon-fiber microelectrodes were prepared as described in detail previously
(Cahill et al., 1996; Owesson-White et al., 2009). Briefly, a T650 carbon-fiber (6 μm
diameter, Amoco Corporation Greenville, SC, USA) was inserted into a glass capillary (0.6
mm outer diameter, 0.4 mm inner diameter, A-M System, Carlsborg, WA, USA). The glass
capillary was then pulled using a vertical puller (Narishige, Tokyo, Japan) and the exposed
carbon-fiber was cut to 75–100 μm.

2.4. Voltammetric recording
After surgery, rats were allowed to recover to their pre-surgery body weight (at least 5 days
of recovery). On the day of the experiment, a carbon-fiber microelectrode (50–100 μm of
exposed fiber) was lowered into the NAc shell or core using a locally constructed micro-
drive (University of North Carolina at Chapel Hill, Department of Chemistry Instrument
Shop), after placing an Ag/AgCl reference electrode in the contralateral hemisphere. Wires
from the reference and stimulating electrodes and a head-stage amplifier connected to the
carbon-fiber electrode were routed to a swivel (Med. Associates, Inc.), which allowed free
movement, and then to custom-built amplifiers (Chemistry Department Electronic Facility,
University of North Carolina Chapel Hill, Chapel Hill, NC, USA) and into a computer
interface. The carbon-fiber microelectrode was held at −0.4 V versus Ag/AgCl reference
electrode and periodically a cyclic voltammogram was acquired (200 ms intervals) by
applying a triangular waveform that drove the potential to 1.3 V and back to −0.4 V.
Recordings were made at sites where electrical stimulation (125 μA biphasic pulses, 2 ms
per phase, 60 Hz, 24 pulses) evoked detectable dopamine release prior to the start of the
behavioral session (30 trials/session). Once confirmed, dopamine was measured during the
behavioral task. In some animals (n = 6), the electrode was lowered ~300 μm until another
release site was found after the completion of the experiment and dopamine release was
measured during another behavioral session.

2.5. Electrode calibration
After recordings, carbon-fiber microelectrodes were calibrated in a solution of known
dopamine concentration to convert measured changes in current to differential
concentrations, as previously described (Longman et al., 2000; Phillips et al., 2003). Briefly,
electrodes were placed in a flow-cell apparatus in a constant stream of buffer. Periodically
the fluid was switched with buffer containing known concentrations of dopamine and the
voltammetric signal measured was used to estimate the current/concentration ratio for
dopamine.
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2.6. Data analysis
To confirm that dopamine was measured during the task, voltammetry data was analyzed
using principal component analysis as previously described (Heien et al., 2005; Keithley et
al., 2010). Once confirmed, changes in extracellular DA concentration during the task were
assessed by aligning DA concentration traces to relevant behavioral events (cue
presentations and lever press responses). To examine changes in dopamine relative to cue
onset, a one-way repeated measures ANOVA followed by Tukey’s HSD test was used to
examined dopamine concentration during a baseline period (5 s before the cue onset)
compared with dopamine concentration in successive 200 ms bins within a 2 s period after
cue onset. To examine changes in dopamine relative to the lever press response, one-way
repeated measures ANOVA followed by Tukey’s HSD test examined dopamine
concentration during the same baseline period (5 s before cue onset) compared with
dopamine levels within successive 200 ms bins in a 5 s period after the lever press. Changes
in dopamine concentration relative to cue onset or the sucrose-reinforced response were
evaluated separately for core and shell. To directly compare dopamine release dynamics
across the core versus shell following cue onset measurements were averaged into 1 s time
bins. Changes in dopamine concentration were assessed using a two-way ANOVA with a
main effect of region (core versus shell) as between-subject factors, and time (1 s time bins
measurements) as repeated measures. If significant effects or interactions were obtained
with an ANOVA, multiple pair-wise contrasts were conducted using Tukey’s post-hoc test.

Unpaired t tests were used to compare increases in extracellular dopamine in the core versus
shell within 5 s after the lever press for sucrose versus baseline concentrations (5 s before
cue onset). Linear regression analyses were completed that correlated signal-to-baseline
(S:B) ratios for peak [DA] after cue onset versus peak S:B ratio [DA] after the lever press
for both NAc shell and core. Baseline was defined as the 10 s period prior to cue onset;
signal was defined as [DA] 2 s after cue onset or the lever press response. S:B ratios were
determined by dividing the signal by the baseline values.

All statistical analyses were carried out using GraphPad Prism 4.0 for Windows (GraphPad
Software, La Jolla, CA) or Statistica for Windows (StatSoft, Tulsa, OK).

2.7. Histology
After completion of each experiment, rats were deeply anesthetized with a ketamine/
xylazine mixture (100 mg/kg and 20 mg/kg, respectively) and histological identification of
electrode placement was completed using established procedures (Roitman et al., 2004; Day
et al., 2007). Briefly, a stainless steel electrode housed in the same micromanipulator used
during the experiment was lowered to the experimental recording site and a small
electrolytic lesion was made (50–500 μA, 5 s). Rats were then transcardially perfused with
300 mL of saline followed by 300 mL of 10% formalin. Each brain was removed and, after
post fixing and freezing, sliced into 40 μm coronal sections. Brain sections were mounted on
slides, stained with thionin, coverslipped, and viewed with bright-field microscopy.
Histological reconstruction of electrode placements showing recording locations in the NAc
core and shell are shown in Fig. 2.

3. Results
3.1. Dopamine response to the reward predictive cue during sucrose self-administration

All animals (n = 10) exhibited stable behavioral performance on the task on the recording
day, with a mean latency to lever press following lever extension of 322 ± 56 ms. Fig. 3
shows a color representation of a set of background-subtracted cyclic voltammograms and
the corresponding dopamine concentration trace in the NAc core and shell averaged across
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30 trials/session for a single animal. In the NAc core (left), the onset of the audio-visual cue
(indicated by red dashed line at ‘C’) induced an increase in rapid dopamine release that
reached a maximum of 47 nM immediately after the presentation of the tone-light cue. The
signal declined after cue onset, even following lever extension (at blue dashed line at ‘L’)
and a response. In a representative recording in the NAc shell of another rat (right), cue-
evoked dopamine release reached a peak of 62 nM after cue presentation. However, a
second lower peak of 36 nM was evident after lever extension followed by the sucrose-
reinforced response.

The average dopamine response measured in 7 locations across the NAc core of 4 well
trained rats is shown in Fig. 4A. Cue-evoked increases in extracellular dopamine occurred
immediately after cue onset (dashed black line) with a peak of 36 ± 3 nM, and declined as
the lever was extended into the chamber (dashed gray line). A one-way repeated measures
ANOVA revealed a main effect of time (F26,156 = 30.95, p < 0.0001). Tukey’s post-hoc test
revealed significant increases in extracellular dopamine immediately after cue onset (p <
0.05) that declined at lever extension. Fig. 4B shows the average dopamine concentration
measured in 10 locations across the NAc shell of 7 well trained animals. Cue-evoked
dopamine release reached a peak of 54 ± 8 nM (dashed black line) immediately after the
presentation of the audio-visual cue with a second peak of 14 ± 3 nM after the lever
extension (indicated by gray dashed line). A one-way repeated measures ANOVA revealed a
main effect of time (F26,234 = 23.49, p < 0.0001). Tukey’s post-hoc test showed significant
increases in dopamine release immediately after the presentation of the audio-visual cue (p <
0.05); at 5 s after cue onset dopamine levels were still significantly higher than baseline.

3.2. Increased dopamine relative to the sucrose-reinforced response in the NAc shell but
not the core

To determine if changes in rapid dopamine signaling occurred relative to the lever press
response for sucrose, dopamine traces across sub-regions were aligned to the lever press
response, shown in Fig. 5. In the NAc core (left), a one-way repeated measures ANOVA
revealed a main effect of time (F25,150 = 3.45, p < 0.0001). However, a Tukey’s post-hoc
test revealed that extracellular dopamine levels occurred before (p < 0.05), but not after the
operant response (indicated by “R” and gray line) relative to baseline. In the NAc shell
(right), a one-way ANOVA revealed a main effect of time (F25,225 = 10.38, p < 0.0001). In
contrast to the core however, Tukey’s post-hoc test revealed significant changes in
dopamine release (p < 0.05) immediately after the lever press response (indicated by “R”
and dashed gray line) that declined to baseline levels 2.6 s after the response.

3.3. Comparison of core and shell differences in rapid dopamine signaling during sucrose-
directed behavior

The temporal characteristics of extracellular dopamine release dynamics differ across the
NAc shell and core. In the NAc shell, increases in phasic dopamine are larger and of longer
duration to those in the core, relative to cue onset. Fig. 6 shows dopamine traces across the
NAc shell and core where measurements were averaged into 1 s time bins across all sucrose
self-administration sessions relative to cue onset (at time 0). A two-way ANOVA revealed a
main effect of region (F1,15 = 8.18, p < 0.05) and time (F10,150 = 37.22, p < 0.0001) and a
significant region × time interaction (F10,150 = 2.68, p < 0.0001). Tukey’s post-hoc test
revealed a significant increase in extracellular dopamine over baseline in both the NAc core
(p < 0.001) and shell (p < 0.05). However, significant increases in dopamine in the core
lasted only 2 s after cue onset while increases in extracellular dopamine in the NAc shell
were maintained until 6 s after the cue onset. Finally, the relationship between dopamine
release evoked by the cue versus that observed immediately following the lever press
response was examined using a linear regression analyses. Specifically, signal-to-baseline
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(S:B) ratios for peak dopamine concentration [DA] after cue onset were regressed relative to
S:B ratios for peak [DA] after the lever press (Fig. 7). For the NAc shell, a significant
correlation was observed between S:B [DA] after cue onset and S:B [DA] after the lever
press (F1,8 = 11.47, p < 0.01, r2 = 0.59). In contrast, for the NAc core, the correlation
between these two events was not significant (F1,5 = 1.05, p = 0.35, r2 = 0.17).

4. Discussion
In previous studies, we reported differences in the development of phasic dopamine
transmission patterns across the NAc shell and core during the acquisition of cue-drug
associations (Aragona et al., 2009). We also showed that during instrumental responding for
a natural (sucrose) reward, cues that signal sucrose availability contingent upon a response
elicit increases in rapid dopamine signaling within the NAc core (Roitman et al., 2004;
Jones et al., 2010b). Here, we extended those findings and investigated if differences in
dopamine release dynamics occur within discrete NAc sub-regions during cue-signaled
operant behavior for sucrose reward. The behavioral task used was designed to dissociate
dopamine release during cue presentation and operant behavior. Our findings show that a
sucrose predictive cue elicited increases in phasic dopamine release in both the shell and
core subregions of the NAc. However, regional differences were observed in the magnitude
and dynamics of those release events. Specifically, increases in extracellular dopamine were
higher and longer lasting in the shell compared with the core. Moreover, a secondary
dopamine release event occurred following the lever press response in the shell but not in
the core.

Schultz and colleagues proposed that phasic changes in dopamine cell firing provide a
‘prediction error’ signal that compares expected outcomes with actual outcomes (Schultz et
al., 1997). That is, unexpected rewards produce brief synchronous bursts among dopamine
neurons, while fully predicted rewards typically evoke little or no phasic activity. Further,
the events that serve as predictors (i.e., reward predictive cues) come to elicit brief bursts of
dopaminergic neurons, and the magnitude of these conditioned neuronal responses is
correlated with the certainty of the reward being predicted (Fiorillo et al., 2003). Dopamine
concentration transients in terminal regions arise from phasic firing of dopaminergic neurons
(Sombers et al., 2009). Thus, our results are those anticipated for the view that dopamine
release in the NAc serves as a ‘learning signal’ since release events were reliably observed
to reward predictive cues in both sub-regions. However, we find in the shell that cue-evoked
release events are greater than in the core and that they also occur at the lever response.
These differences are consistent with anatomical studies showing that dopaminergic
projections from the VTA to the shell and the core are not uniform, but instead arise from
two distinct groups of ventral midbrain neurons (Ikemoto, 2007). Thus, although both the
NAc core and shell may play a key role in reward learning, the dynamics of that processing
appear to be slightly different across NAc sub-regions. This finding implies differences in
how dopamine may modulate NAc cell firing that encode reward cues and ultimately drive
behavior.

Regional differences in dopamine release reported here are also supported by functional and
anatomical studies showing heterogeneous distributions of dopamine (Voorn et al., 1989;
Deutch and Cameron, 1992), dopamine uptake rates (Garris and Wightman, 1994) and
dopamine uptake sites (Jones et al., 1996). The shell appears to have a greater tissue content
of dopamine than the core (Voorn et al., 1989; Deutch and Cameron, 1992), but an average
of half the number of dopamine uptake sites (Jones et al., 1996). The higher expression of
dopamine transporters in the core correlates with neurochemical data showing that the NAc
core exhibits faster clearance of dopamine with a Vmax value about 3-fold higher than the
shell (Garris and Wightman, 1994; Jones et al., 1996). Those anatomical distinctions might
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explain the more prolonged dopamine responses observed during the task in the shell. Such
regional heterogeneity in dopamine fluctuations during operant conditioning for natural
(sucrose) rewards supports the view that NAc shell and core encode different aspects of
goal-directed actions.

In this regard, the NAc core has been implicated in the encoding of cue-reward learned
associations (Day et al., 2007; Aragona et al., 2009) while the shell appears to be involved in
primary reward processing associated with food and drugs (Pontieri et al., 1995, 1996;
Tanda et al., 1997; Bassareo and Di Chiara, 1999; Aragona et al., 2008). For example,
pharmacological inactivation of the NAc core, but not the shell, impairs cue-induced
reinstatement for food and drug reward (Fuchs et al., 2004; Floresco et al., 2008). Moreover,
studies employing lesions of the NAc show that only selective core lesions disrupt appetitive
pavlovian approach behavior in an autoshaping procedure (Parkinson et al., 2000) and this
effect appears to be dopamine dependent (Dalley et al., 2002). Conversely, the NAc shell,
but not the core, appears to be implicated in processing hedonic and aversive responses to
salient stimuli. For example, extracellular dopamine is increased by palatable and decreased
by unpalatable taste stimuli selectively in the NAc shell (Wheeler et al., 2011). However the
same study shows that dopamine release is increased by a cue that signals imminent cocaine
delivery. Thus, it may be that cues that predict reward availability may or may not increase
extracellular dopamine in the shell depending on the kind of conditioning employed
(Pavlovian versus operant) and the subject’s motivational state (Bassareo and Di Chiara,
1999; Cheng et al., 2003; Aragona et al., 2009; Owesson-White et al., 2009; Bassareo et al.,
2011).

As such, differences in dopamine release dynamics relative to reward predictive cues appear
to be dependent, in part, on the nature of the conditioning task as well as the type of
reinforcer used. Using FSCV we previously reported that during pavlovian conditioning,
cocaine-associated cues evoked increases in rapid dopamine signaling within the NAc core
but not the shell (Aragona et al., 2009). However during cocaine self-administration
increases in phasic dopamine release were observed in the NAc shell immediately before the
lever press response for cocaine (Owesson-White et al., 2009). Interestingly, microdialysis
studies indicate that during pavlovian conditioning tasks, a CS paired with food increases
extracellular dopamine in the NAc core but not the shell (Bassareo and Di Chiara, 1999).
Further, reports from the same laboratory show that non-contingent presentation of an
instrumental CS resulted in a preferential DA response in the NAc shell (Bassareo et al.,
2009, 2011). Collectively, these findings illustrate that reward predictive cues differentially
alter dopamine release events within the NAc core and shell dependent upon a number of
factors including the behavioral task and reinforcer type.

Further, dopamine changes in the NAc shell to cues that predict food availability appear to
be dependent upon the animal’s motivational state, a consequence of an increased incentive
value of food by food deprivation. In fact, in non food-deprived rats, a food CS stimulated
dopamine transmission in the NAc core (Bassareo and Di Chiara, 1999) but not in the shell,
whereas in food-deprived rats a pavlovian CS increased extracellular dopamine in both shell
and core sub-regions (Cheng et al., 2003). In the present study, where mildly food-deprived
rats had to perform a cue-signaled instrumental task for sucrose reward, the instructional
cue-evoked subsecond increases in dopamine release events in both core and shell.
Collectively, these findings indicate that the animal’s motivational state may play an
important role in the encoding of food CSs in the NAc shell. That is, dopamine may play an
important role when incentive salience is enhanced by deprivation or/and where the CS
functions to instruct the animal to perform instrumental actions to obtain the reward.
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The present study also shows that dopamine release events remain elevated after cue
presentation during the time of lever extension and relative to the lever press response for
sucrose in the NAc shell but not the core. Further, in the shell, a significant correlation was
observed between S:B [DA] after the cue onset and S:B [DA] after the lever press whereas
no correlation was found for the NAc core. The positive correlation observed in the NAc
shell indicates that the higher the cue-evoked dopamine release, the higher the dopamine
release after the lever press response. One interpretation of this finding, consistent with the
incentive salience hypothesis, is that dopamine release in the shell may function to attribute
incentive salience to a reward predicting cue, potentiating a motivational state of wanting
(Robinson and Berridge, 1993; Berridge and Robinson, 1998) that promotes goal-directed
actions. In support, intra-shell infusions of amphetamine (a dopamine agonist) potentiates
the ability of sucrose conditioned stimuli to increase instrumental responses for sucrose
(Wyvell and Berridge, 2000) suggesting that the NAc shell may play an important role in
using instructional cues to guide and modulate behavior (Saddoris et al., 2011).

The present study appears to be somewhat in contrast with a report by Wanat and colleagues
(Wanat et al., 2010) in which no differences in dopamine release dynamics between shell
and core were reported. In that study rats performed a task involving an FR4 or a
progressive ratio schedule on alternative days to obtain food reward. Moreover, the onset of
the reward predictive cue occurred at the same time as lever extension making it impossible
to dissociate the effect of cue presentation and lever press responses on rapid dopamine
signaling. Thus, the discrepancy between that report and the present findings may be due to
differences in the behavioral task.

5. Conclusions
A number of studies have implicated a role of dopamine neurotransmission within the NAc
shell in encoding primary aspects of drug and natural rewards (Di Chiara and Bassareo,
2007). In fact, addictive drugs and natural rewards share the ability of preferentially
increasing extracellular dopamine within the NAc shell (Pontieri et al., 1995, 1996; Tanda et
al., 1997; Bassareo and Di Chiara, 1999; Aragona et al., 2008). Here, we show that in the
NAc shell, a second peak in rapid dopamine release is observed after the lever press
response for sucrose, most likely during sucrose consumption, suggesting that such increases
might mediate the primary reinforcing properties of sucrose. In contrast, within the NAc
core, changes in extracellular dopamine were “time-locked” to the cue onset and further
dopamine release events were not observed after the instrumental response for sucrose. In
conclusion, the current study revealed that rapid dopamine signaling within the NAc core
and shell is distinct and that each encodes specific aspects of goal-directed behaviors for
“natural” (sucrose) reward.
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Fig. 1.
Schematic diagram of the behavioral task. Animals were presented with an audio-visual cue
(indicated by “C”) on a variable interval 45 s schedule (30–60 s). Two seconds later a lever
extended into the chamber (indicated by “L”). Each response on the lever (denoted by
arrow) resulted in delivery of a sucrose pellet (indicated by ‘S’), retraction of the lever and
offset of the audio-visual cue. Failure to lever press within 15 s of lever extension resulted in
retraction of the lever, termination of the audiovisual cue, and no sucrose delivery. Area
between gray dashed lines denotes period between cue onset and lever extension.
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Fig. 2.
Coronal diagram illustrating confirmed locations of carbon-fiber microelectrodes tips in the
NAc shell and core. Numbers to the right indicate the anteroposterior coordinates (±0.2 mm)
relative to bregma. Coordinates and drawings were taken from a stereotaxic atlas (Paxinos
and Watson, 2005).
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Fig. 3.
Changes in rapid dopamine release during sucrose self-administration for single animals
averaged across a 30 trial session. The color plot (top) represents changes in current (color)
by applied potential (Eapp, y-axis) over a 20-s time window (x-axes) during the task in the
NAc core (A) and shell (B). Fluctuations in extracellular dopamine are shown in the trace
below, aligned in time to the color plot. Data are aligned to the cue onset (indicated by “C”
at time 0); “L” indicates lever extension.
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Fig. 4.
Average changes in NAc extracellular dopamine across all recording locations relative to
cue onset (indicated by “C” at time 0) for the NAc core (A, n = 7) and shell (B, n = 10). “L”
is lever extension. Dashed traces represent standard error of the mean.
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Fig. 5.
Average changes in dopamine release relative to the lever press response for sucrose across
all recording locations. Data are aligned to the lever press response (indicated by “R”) for
the NAc core (A, n = 7) and shell (B, n = 10). Dashed traces represent standard error of the
mean.
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Fig. 6.
Comparison of changes in dopamine signaling across all recordings in the core and shell
during sucrose self-administration. Dopamine concentration was separated into 1 s bins for
comparison between core and shell during the task. Time 0 is cue onset. All data are mean ±
SEM. *p < 0.05 versus baseline; +p < 0.05 core versus shell.
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Fig. 7.
Linear regression analyses correlating S:B ratios for peak [DA] after cue onset versus S:B
ratio for peak [DA] after the lever press for both NAc shell and core. For the NAc shell
(left), a significant positive linear regression was observed. For the NAc core (right), the
correlation was not significant.
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