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2004. The habit-forming effects of abused drugs depend on the
mesocorticolimbic dopamine system innervating the nucleus accum-
bens (NAcc). To examine whether different NAcc subterritories (core
and medial shell) exhibit a differential distribution of neurons show-
ing phasic firing patterns correlated with drug-seeking behavior, rats
were trained to self-administer cocaine, and activity of single NAcc
neurons was recorded. In the presence of a discriminative-stimulus
(SD) tone, a single lever press produced an intravenous infusion of
cocaine (0.35 mg/kg), terminated the tone, and started an intertone
interval ranging from 3 to 6 min. Lever presses during this intertone
interval had no programmed consequences. In addition to evaluating
neuronal firing patterns associated with cocaine-reinforced presses,
we also evaluated firing patterns associated with unreinforced lever
presses to allow interpretation of firing free of factors other than the
instrumental response (such as tone-off and onset of the pump sig-
naling drug infusion). Core neurons exhibited a greater change in
firing than medial shell neurons both in the seconds preceding the
reinforced and unreinforced lever press response and in the seconds
following the unreinforced response. Core and medial shell neurons
exhibited similar changes in firing during the seconds following the
cocaine-reinforced press. The differential distribution of neurons ex-
hibiting phasic changes in firing preceding the lever press suggests
that the physiological activity of core neurons may play a greater role
than that of medial shell neurons in processes related to the execution
of conditioned drug-seeking responses.

I N T R O D U C T I O N

The nucleus accumbens (NAcc) and its inputs from the
ventral tegmental area (VTA) are components of the mesocor-
ticolimbic dopamine (DA) system, which is necessary in the
activation of drug-seeking behavior in response to various
drugs of abuse or stimuli previously paired with drug (Koob
and Bloom 1988; Roberts et al. 1980; Wise and Bozarth 1987;
Wise and Rompre 1989; Zito et al. 1985). Mesencephalic
dopaminergic and limbic-cortical glutamatergic inputs con-
verge in the NAcc, which sends prominent projections via
ventral pallidum to somatomotor and autonomic effector sites.
This pattern of connectivity supports the hypothesis proposed
by Nauta et al. (1978) and Mogenson et al. (1980) that the
NAcc is a “limbic motor” interface and a neural substrate for
appetitive behavior.

The NAcc can be differentiated into “core” and “shell” based
on differences in connectivity, neurochemistry, and function
(Brog et al. 1993; Corbit et al. 2001; Heimer et al. 1991; Za-
borszky et al. 1985). For instance, prefrontal cortical afferents
differentially project to the core and shell. The shell receives
preferential innervation from the infralimbic and ventromedial
prefrontal cortex (Berendse et al. 1992a). In contrast, the core
receives preferential innervation from the dorsal prefrontal cortex
and, like the dorsal striatum, is more closely connected with
structures linked to somatomotor function (Berendse et al. 1992a).

Studies of NAcc function have shown that, in animals
self-administering cocaine, NAcc neurons exhibit rapid-phasic
changes in firing that occur within seconds of the cocaine-
reinforced instrumental response (Carelli and Deadwyler 1996,
1997; Carelli et al. 1993; Chang et al. 1994; Peoples et al.
1997). Peoples et al. (1997) showed that many of these rapid-
phasic firing patterns are eliminated during noncontingent drug
delivery, providing evidence that these firing patterns are not
pharmacological correlates, and that, in many cases, instru-
mental drug-seeking responses are necessary for them to occur.

We previously observed a paucity of rapid-phasic firing pat-
terns in the medial shell (Uzwiak et al. 1997), but the small sample
size precluded a direct statistical core versus shell comparison.
This study sampled adequate numbers of core and shell recordings
to permit subterritorial-specific statistical comparisons.

This study involved a novel approach using discriminative-
stimulus (SD)–controlled cocaine self-administration (Ghitza
et al. 2003) to determine whether core neurons exhibit greater
rapid-phasic changes in firing within seconds of instrumental
drug-seeking than medial shell neurons. We examined rapid-
phasic changes in firing in the seconds surrounding both
reinforced and unreinforced presses. Unlike previous electro-
physiological studies, this study used an SD tone that predicted
cocaine availability and that triggered drug-seeking and drug-
taking behavior. This design provides an animal model for
human drug-taking behavior precipitated by exposure to drug-
predictive environmental stimuli (Ghitza et al. 2003) that
commonly prompt relapse to drug use in drug abusers.

M E T H O D S

Surgery

In 19 male (280–350 g) Long-Evans rats (Charles River, Raleigh,
NC), a catheter was surgically implanted in the jugular vein. An array
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of 16 microwires (50 �m diam of each uninsulated wire tip; California
Fine Wire, Grove City, CA) was implanted in the NAcc according to
the atlas of Paxinos and Watson (1997). The surgery, coordinates, and
procedures used for postoperative maintenance were described in a
previous report (Peoples and West 1996).

Cocaine self-administration sessions

Prior to the onset of each self-administration session, a nonre-
tractable response lever was mounted on a side wall of the chamber.
Each lever press in the presence of an audible tone (3.5 kHz, 70 dB or
750 Hz, 70 dB counterbalanced across animals) produced an intrave-
nous infusion of cocaine (0.35 mg/kg infusion), terminated the tone,
and started an intertone interval (3–6 min). If lever pressing did not
occur during the 2-min tone presentation period, the tone was termi-
nated and an intertone interval began. Timing of tones was pro-
grammed to approximate the timing of spontaneous self-infusions of
the same dose that rats exhibit in a fixed-ratio 1 (FR1) schedule of
reinforcement. Further details concerning the cocaine self-administra-
tion session are described in a previous report (Ghitza et al. 2003).
Two to 4 wk of self-administration training preceded a 3- to 4-wk
period of drug abstinence during which the subjects were withdrawn
from self-administration. Two rats received 1 wk of self-administra-
tion training, and for two others, 2 wk of abstinence followed training.
These four rats were included in the study because behavioral anal-
yses indicated that they exhibited typical cocaine self-administration
behavior consistent with that of the other subjects. Single unit activity
of core and shell neurons was recorded over one to three recording
sessions during the second or third week of cocaine self-administra-
tion training (when animals maintained stable cocaine self-adminis-
tration), during extinction sessions, and during reinstatement sessions.
The procedures used for electrophysiological recording and waveform
discrimination are described in previous reports (Peoples and West
1996; Peoples et al. 1999b).

Extinction and reinstatement sessions

Following a 3- to 4-wk period of drug abstinence, one to three
extinction sessions were conducted as described previously (Ghitza et
al. 2003). In this study, a test of reinstatement of cocaine self-
administration was conducted on the day after the final extinction
session. This test of reinstatement was conducted in a subset of
subjects (n � 9) to assess whether the subjects would engage in
reinstatement of cocaine self-administration.

Histology

The histological procedures used to verify the location of each
recorded neuron were described in a previous report (Ghitza et al.
2003). Briefly, the location of each wire was marked by a small
electrolytic lesion and was plotted (by an investigator blind to the
recorded neuronal activity) on the coronal plate (Paxinos and Watson
1997) that most closely corresponded to its anterior-posterior (A-P)
position. Neurons recorded by particular wires were histologically
confirmed to be located in either the NAcc core or shell subterritories
(Fig. 1) by eliminating all lesion centers within 150 �m of any border.

NAcc subterritories were defined, and subterritorial distribution of
phasic firing was analyzed in two ways. An analysis was conducted
wherein subterritories were defined as in the three subterritory clas-
sification of Zahm and Brog (1992), in which neurons were localized
to shell, core, or rostral pole. In a separate analysis, the subterritorial
distribution of phasic firing was assessed according to the two sub-
territory classification used by Jongen-Relo et al. (1994) and Reidel et
al. (2002), in which the shell and core subsume the medial and lateral
regions of the rostral extent of the accumbens.

Construction of peri-event time histograms

Rapid-phasic changes in firing that occurred within seconds of the
instrumental drug-seeking response were determined by constructing
rasters and peri-event time histograms (PEHs) that display neuronal
discharges within the 6 s before and after each lever press. Cocaine-
reinforced and unreinforced lever presses were used as the drug-
seeking responses (nodes) around which all histograms were con-
structed. In separate PEHs, unreinforced lever presses were used to
ensure that changes in firing were also evaluated in the absence of
factors coincident with the delivery of drug. For each neuron, one
histogram was constructed, either from a drug self-administration or
extinction session. Obtaining histograms from either type of session
was justified as follows: 1) previous data have shown that these
instrumental response related firing patterns are not pharmacological
correlates, and their occurrence in many cases depends on drug-
seeking behavior whether or not drug is delivered (Peoples et al.
1997); 2) analysis of 10 neurons recorded in both self-administration
and extinction revealed no difference between the two types of session
in each neuron’s histogram appearance or B/(A � B) values (see next
paragraphs) calculated from histograms (Figs. 4C and 5C); and 3) an
equivalent proportion of core and shell neurons were recorded under
cocaine self-administration and extinction conditions to ensure that

FIG. 1. Histologically verified microwire tip placement. Rat atlas plates
representing the nucleus accumbens (NAcc) in serial coronal sections (Paxinos
and Watson 1997). Number at top right of each plate represents anterior-
posterior (A-P) distance from bregma. Core/shell differences in prepress or
postpress firing were identical using the Zahm and Brog (1992) or the
Jongen-Relo et al. (1994) approaches. Shell and core are demarcated here and
in all figures as defined by Paxinos and Watson (1997). Histologically
confirmed NAcc microwire tip placements are designated by triangles (shell)
or asterisks (core). In the rostral pole, a core/shell border neuron is designated
by a filled circle. Fifteen of the neurons in this study yielded a minority of the
single unit recordings of 70 neurons reported previously (Ghitza et al. 2003).
In that study, there were no significant differences in the relative magnitude of
discriminative-stimulus (SD) tone-evoked activity along the rostral-caudal axis
of the medial shell that was sampled.
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neurons from each NAcc subregion were equally represented under
each condition.

Using these histograms, the magnitude of changes in firing was
standardized and calculated for all NAcc neurons. Accumbens neu-
rons that exhibited rapid changes in firing related to the instrumental
response did not exhibit these changes in firing prior to �3 s before
the lever press. Therefore the period between �6 to �3 s prior to each
lever press served as the baseline period.

For changes in firing that commenced prior to the lever press, a ratio,
B/(A � B), was calculated for every neuron as a measure of change in
firing relative to baseline. Histograms were constructed around only lever
press nodes that were separated by �6 s from other lever presses. A was
equal to the mean firing rate of the neuron during the baseline time
window (�6 to �3 s) before each lever press. Analysis of the firing
window began at �3 s. The firing window was determined as follows. 1)
The onset of the firing window was defined as the first of four consecutive
100-ms bins in which the neuron exhibited at least a 20% change from
baseline firing rate. These criteria were used to rule out any spurious
fluctuations in spontaneous activity and yet to be sensitive enough to
detect even relatively small changes. 2) The offset of the firing window
was defined as either the first of four consecutive 100-ms bins after the
onset of the firing window when the neuron no longer exhibited at least
a 20% change from baseline or as the time of the lever press (defined as
time 0), whichever occurred first. B was equal to the firing rate of the
neuron during the firing window. The use of percentage change in firing
to determine the onset and offset of firing patterns is consistent with
methodology described in the literature (Carelli and Ijames 2001; Carelli
et al. 2000).

For changes in firing that commenced following the lever press, a ratio,
B/(A � B), was calculated for every neuron in the following manner. A
was equal to the baseline firing rate (�6 to �3 s before each lever press).
The firing window was determined as follows. 1) The onset of the firing
window was defined as the first of four consecutive 100-ms bins in the 6 s
following the lever press in which the neuron exhibited at least a 20%
change from baseline. 2) The offset of the firing window was defined as
the first of four consecutive 100-ms bins after the onset of the firing
window when the neuron no longer exhibited at least a 20% change in
firing relative to baseline. B was equal to the mean firing rate of the
neuron during the firing window.

Thus prepress firing was separated from postpress firing for pur-
poses of interpreting their possible correlations with behavior, al-
though some neurons exhibit changes in firing both before and after
the lever press (Peoples et al. 1997).

Some neurons failed to exhibit a change of 20%, but to include
them in the analysis, along with all other neurons, a standard firing
window was assigned to them. This was defined as the average firing
window exhibited by neurons that showed at least a 20% change (1
prepress and 1 postpress firing window).

To evaluate group differences between core and shell neurons from
different animals, planned comparisons using a one-tailed Mann-
Whitney U test with an � level of 0.01 to reduce type I error (Castellan
and Siegel 1988) were conducted between these groups of neurons to
assess differences in the magnitude of their lever press–related activ-
ity. Since the firing patterns of core and shell neurons from different
animals are independent, the matched pairs of each Mann-Whitney U
test were statistically independent. One-tailed tests were used to test
the hypotheses that the magnitude of prepress- and postpress-related
activity around the unreinforced lever press was greater in the accum-
bens core than in the shell. In addition, to test whether or not any core
and shell differences exist during SD-triggered drug-taking behavior,
one-tailed tests were used to compare magnitude of prepress and
postpress firing around the cocaine-reinforced response across core
and shell subterritories.

The dependent variable in this study was magnitude of lever
press–related activity, measured as the absolute value of the difference
between 0.5 (no change from baseline) and the B/(A � B) value. This
standardized measure of magnitude of lever press–related firing was

applied to all neurons. Mann-Whitney U tests were conducted because
these data did not exhibit a normal distribution. Note that although
B/(A � B) values themselves exhibit nearly a normal distribution
(Figs. 2 and 3), they are not measures of magnitude per se.

To calculate effect size estimates for the nonparametric tests, the
raw data were transformed into rank values for which the partial �2

statistic was calculated as described by Morse (1999). Mann-Whitney
U tests were conducted to evaluate core and shell differences using
both the NAcc subterritorial designations of Zahm and Brog (1992)
and Jongen-Relo et al. (1994).

Analysis of durations of prepress or postpress firing

For neurons that exhibited little or no change in firing around the lever
press, analyses of onset or offset of a response were not possible.
Therefore, to obtain a valid measure of duration, only neurons that
exhibited at least a twofold change in such firing were subjected to these
particular analyses. Duration of prepress or postpress firing was defined
as the difference between the onset and the offset of the firing window.

R E S U L T S

Behavior

Animals learned to discriminate the SD tone, shown by the
tone’s ability to selectively induce lever pressing in extinction

FIG. 2. Magnitude of prepress change in neural activity as a function of
NAcc region. Magnitude of prepress change in neural activity of each neuron
is expressed as B/(A � B) value (bottom of the x-axis), where B is mean firing
rate (impulses/s) in the firing window prior to the unreinforced lever press, and
A is mean firing rate in the –6 to –3 s preceding the lever press (baseline
window). Top of the x-axis indicates twofold, fourfold, etc. increases above, or
decreases below, baseline value. Dashed vertical line at 0.5 value indicates no
change from baseline. Magnitude of prepress changes in firing was signifi-
cantly greater for core neurons than for shell neurons (P � 0.0005). Note the
greater prevalence of substantial increases (�0.5) in firing of core, relative to
shell, neurons.
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(Ghitza et al. 2003). However, during late conditioning ses-
sions, the high rate of lever pressing in the absence of the tone
(mean of 6 � 1.5 unreinforced lever presses/min) suggests that
lever pressing was not exclusively under programmed stimulus
control, but likely was controlled by internal factors such as
blood level of drug (Yokel and Pickens 1974). On the final
training session, the mean percentage of tone presentations
during which rats lever pressed was 96.2 � 2.1%. By the end
of tone discrimination training, all rats self-administered levels
of cocaine that remained stable throughout the session at �2–3
mg/kg calculated blood level of drug; this drug level was lower
than that observed in a FR1 schedule (Peoples et al. 1997,
1999a). During the reinstatement session, all rats engaged in
reinstatement of drug-seeking behavior and maintained a 2–3
mg/kg calculated blood level of drug. Behavioral data of these
animals during extinction were described in a previous report
(Ghitza et al. 2003).

Differences in magnitude of lever press–related firing across
NAcc regions

Single neuron activity is reported only for histologically
confirmed NAcc microwire tip placements (Fig. 1). Fifteen of
the neurons in this study yielded a small portion of the single
unit recordings from 70 neurons reported previously (Ghitza et
al. 2003). Two analyses of subterritorial differences in firing
were conducted, one based on the two subterritory classifica-

tion by Jongen-Relo et al. (1994) and the other based on the
three subterritory classification of Zahm and Brog (1992). The
first analysis, based on the two subterritory classification,
indicated that baseline firing rate did not significantly differ
between core (mean � 1.05 impulses/s) and medial shell
neurons (mean � 0.82 impulses/s; z � �1.678, P � 0.047;
1-tailed Mann-Whitney test).

Core neurons (n � 31) exhibited a greater prepress change
in firing than medial shell neurons in the seconds preceding the
unreinforced lever press (n � 31; z � �3.28, P � 0.0005;
1-tailed Mann-Whitney U test; Fig. 2). Analysis of effect size
revealed a partial �2 value of 0.171, which is greater than the
minimum value (0.14) considered to be a large effect size
(Cohen 1988). Moreover, core neurons exhibited a greater
postpress change in firing than medial shell neurons in the
seconds following the unreinforced lever press (z � �3.01,
P � 0.0015; 1-tailed Mann-Whitney U test; Fig. 3). The partial
�2 value (0.141) indicated a large effect size. In general, the
magnitude of both prepress and postpress changes in firing
rate, particularly increases, were greater for core than medial
shell neurons (Figs. 2 and 3). Core neurons also exhibited
greater prepress changes in firing than medial shell neurons
during the seconds preceding the cocaine-reinforced lever
press (z � �3.244, P � 0.0005; 1-tailed Mann-Whitney U
test), particularly increases. The partial �2 value (0.280) indi-
cated a large effect size.

The second analysis was based on the three subterritory
classification, in which the accumbens core and shell were
caudal to the rostral pole. During the seconds surrounding the
unreinforced lever press, core neurons (n � 30) exhibited
greater prepress (z � �2.718; P � 0.0035; 1-tailed Mann-
Whitney U test) and postpress (z � �2.441; P � 0.0075;
1-tailed Mann-Whitney U test) changes in firing than medial
shell neurons (n � 20). Core neurons also exhibited greater
prepress changes in firing than medial shell neurons during the
seconds preceding the cocaine-reinforced lever press (z �
�2.695, P � 0.003; 1-tailed Mann-Whitney U test).

In contrast, core neurons did not exhibit a greater postpress
change in firing than medial shell neurons during the seconds
following the cocaine-reinforced lever press using the two
subterritory classification (z � �0.176, P � 0.436; 1-tailed
Mann-Whitney U test) or the three subterritory classification
(z � �0.230, P � 0.417; 1-tailed Mann-Whitney U test). At
the instant of the cocaine-reinforced lever press, the pump
signals onset of the cocaine infusion, and tone offset occurs.
The lack of a subterritorial difference in postpress firing fol-
lowing the cocaine-reinforced lever press may reflect the pres-
ence of either or both of these events accompanying the
reinforced response.

Duration of NAcc lever press–related neural activity

The mean durations of pre- and postpress changes in firing
were evaluated for neurons that exhibited at least a twofold
change relative to baseline. The mean duration of NAcc pre-
press changes in firing was 1.45 � 0.2 s. The mean onset of the
prepress firing change was 1.55 s prior to the lever press, and
the mean offset was 0.1 s prior to the press. The mean duration
of NAcc postpress changes in firing was 2.27 � 0.5 s (Figs. 4
and 5). The mean onset of the postpress change in firing was

FIG. 3. Magnitude of postpress change in neural activity as a function of
NAcc region. Magnitude of postpress (unreinforced) change in neural activity
of each neuron is expressed as B/(A � B) value (details as in Fig. 2).
Magnitude of postpress changes in firing was significantly greater for core
neurons (typically increases) than for shell neurons (P � 0.0015).
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0.2 s following the lever press, and the mean offset was 2.47 s
following the press.

D I S C U S S I O N

Extracellular recordings of single NAcc core and medial
shell neurons during drug-seeking behavior revealed subterri-
torial differences in firing rate changes that occurred within
seconds of the drug-seeking response. With respect to unrein-
forced lever presses, core neurons exhibited greater prepress as
well as postpress changes in firing rate than medial shell
neurons. These firing patterns were unrelated to factors coin-
cident with drug delivery because the responses were executed
in the absence of drug delivery and the discriminative stimulus
(SD) tone that signaled cocaine availability. Interestingly, an
analysis of cocaine-reinforced lever presses also revealed that
the magnitude of prepress changes in firing rate was greater for
core neurons than for medial shell neurons. The prepress
changes exhibited predominantly by core neurons were typi-
cally increases in firing rate, and may reflect either a motoric or
a planning component of drug-seeking behavior. These firing
rate changes were correlated with the execution of both con-
ditioned cue-induced and unreinforced drug-seeking responses.

The postpress firing rate changes that were observed in this
study following unreinforced lever presses are intriguing be-
cause they occurred in the absence of drug delivery or any

exteroceptive cues (e.g., tone, light, pump) that accompanied
infusions in previous studies (Carelli and Deadwyler 1996;
Carelli et al. 1993; Chang et al. 1994; Peoples et al. 1997).
Carelli (2000) has previously shown that postpress firing
changes occur in response to conditioned stimuli predictive of
drug delivery. The present changes in firing rate that followed
unreinforced lever presses in core neurons cannot be mediated
by cue-related neural processing and therefore may reflect
qualitatively different processes. Perhaps the animal evaluates
reward-outcome information immediately after pressing,
which, via a core-associated network, influences subsequent
instrumental behavior (Corbit et al. 2001). The prelimbic
cortex may be an additional component of this circuitry and
may be involved in retrieving information about this reward-
outcome relationship (Corbit and Balleine 2003).

Dissociation of NAcc core and shell function in
addiction-related neuronal processes

The present differences between NAcc subterritories related
to the execution of drug-seeking behavioral responses may be
attributed to their distinct connectivity. The core receives
inputs from the dorsal prelimbic cortex and projects preferen-
tially to the dorsolateral ventral pallidum (Brog et al. 1993;
Gorelova and Yang 1997; Pinto and Sesack 2000). The dorso-
lateral ventral pallidum projects via the subthalamic nucleus
and substantia nigra pars reticulata to the ventromedial (VM)
motor thalamic nucleus (Zahm 1999); it also projects to the
mesencephalic locomotor region (Mogenson and Yang 1991).
This neural circuit is thus closely aligned with somatomotor
portions of the basal ganglia (Brog et al. 1993; Heimer et al.
1991). Recent evidence indicates that the core, along with the
dorsal prefrontal cortex and ventral tegmental area (VTA), may

FIG. 5. Examples of prepress and postpress changes in firing in NAcc shell
neurons. A: example of a shell neuron exhibiting an increase in firing following
the unreinforced lever press (denoted by Unr. Press). B: example of a shell
neuron exhibiting a postpress decrease in firing, which was the most common
among shell postpress firing patterns. C1 and C2: example of a single shell
neuron (meeting all criteria of Peoples et al. 1999a) exhibiting similar firing
patterns around the unreinforced lever presses in both extinction (C2) and
reinstatement (C1) as evidenced by similar B/(A � B) values under both
conditions (0.27 for C1 and 0.32 for C2, both values reflecting a postpress
decrease in firing; 0.67 for C1 and 0.71 for C2, both values reflecting a prepress
increase in firing).

FIG. 4. Examples of prepress and postpress changes in firing in NAcc core
neurons. A: example of a core neuron exhibiting an increase in firing prior to
the unreinforced lever press (denoted by Unr. Press at time 0). This change in
firing was the most common among prepress firing patterns. The ordinate of
each peri-event time histogram displays average firing rate (impulses/s); N
denotes the number of unreinforced lever presses the animal made during the
course of the experimental session. Trials are shown chronologically from the
bottom row to the top row of each raster. All axes are labeled similarly in Figs.
4 and 5. Overlaid waveforms in Figs. 4 and 5 represent the neurons whose
activity is depicted in the histograms. Histograms were constructed around
only unreinforced lever press events that were separated by �6 s from other
lever presses. B: example of a NAcc core neuron exhibiting a postpress
increase in firing. Among core neurons, this change in firing was the most
common among postpress firing patterns. C1 and C2: example of a single core
neuron (meeting all criteria of Peoples et al. 1999a) exhibiting similar firing
patterns in both extinction and reinstatement as evidenced by similar B/(A �
B) values (0.64 for C1 and 0.66 for C2) under both conditions. The greater
number of discharges in the raster of C2 than in the raster of C1 reflects the
greater number of unreinforced lever presses made by the animal during
reinstatement (C2) than during extinction (C1).
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be part of a somatomotor-related circuit involved in the exe-
cution of drug-seeking responses (Cornish and Kalivas 2000;
McFarland and Kalivas 2001; McFarland et al. 2003).

In contrast, the medial shell exhibits a pattern of connectiv-
ity consistent with that of the extended amygdala (Alheid and
Heimer 1988; Brog et al. 1993; Heimer et al. 1991). Recent
evidence suggests that the shell may be involved in processing
learned information regarding the motivational significance of
reward-related SD (Ghitza et al. 2003). Since the onset of the
SD-evoked firing patterns preceded movement onset and since
these firing patterns occurred even in the absence of move-
ment, they were not correlated with the execution of drug-
seeking responses per se. Instead, these firing patterns may
encode the motivational salience of the SD, as evidenced by the
firing rate changes that shell neurons exhibited to the reward-
predictive SD, but that were typically absent following presen-
tation of a stimulus with no reward-predictive value.

During exposure to an SD predictive of unconditioned stim-
ulus (US) availability, a circuit that includes the medial shell
and its input from the basolateral amygdaloid complex and
VTA may play a role in attributing incentive salience to a
rewarding US. This neural representation persists across ex-
tended drug abstinence, may play a role in the maintenance of
drug dependence, and can render drug abusers vulnerable to
relapse long after initial drug withdrawal (Ghitza et al. 2003;
Robinson and Berridge 1993, 2003).

The medial shell projects via the ventromedial ventral pal-
lidum and the mediodorsal thalamus to the dorsal prefrontal
cortex that innervates the core (Brog et al. 1993; Heimer et al.
1991; Usuda et al. 1998; Zahm and Heimer 1990). Moreover,
the medial shell projects to parts of the VTA that innervate the
core and adjacent regions of the dorsal striatum (Berendse et al.
1992b; Brog et al. 1993; Haber et al. 2000; Otake and Naka-
mura 2000; Zahm 2000). Thus shell processing could ulti-
mately modulate core output via feed-forward information
from this medial-shell associated neural circuitry (Haber et al.
2000; Pennartz and Kitai 1991; Zahm 2000). Interestingly, the
medial shell has been shown to be involved in dopamine-
mediated potentiation of the ability of conditioned stimuli to
trigger instrumental actions (Wyvell and Berridge 2000), per-
haps via its feed-forward output to core-associated somatomo-
tor circuitry. This distinct connectivity of NAcc subterritories
together with our data showing SD-related firing in medial shell
(Ghitza et al. 2003) versus instrumental response-related firing
in core (this study) provide a neurophysiological basis for
functionally distinct but integrative involvement of core and
medial shell in addiction and relapse. Such neurophysiological
processes may mediate the motivational impetus, on exposure
to drug-predictive stimuli, to seek and take drugs.

A C K N O W L E D G M E N T S

We thank L. King for conducting histological procedures and E. Prado, M.
Sreevatsava, and B. Lussier for technical assistance.

G R A N T S

This research was supported by National Institute on Drug Abuse Grant
DA-06886.

R E F E R E N C E S

Alheid GF and Heimer L. New perspectives in basal forebrain organization
of special relevance for neuropsychiatric disorders: the striatopallidal, amyg-

daloid and corticopetal components of substantia innominata. Neuroscience
27: 1–39, 1988.

Berendse HW, Galis-de Graaf Y, and Groenewegen HJ. Topographical
organization and relationship with ventral striatal compartments of prefron-
tal corticostriatal projections in the rat. J Comp Neurol 316: 314–347,
1992a.

Berendse HW, Groenewegen HJ, and Lohman AHM. Compartmental
distribution of ventral striatal neurons projecting to the ventral mesenceph-
alon in the rat. J Neurosci 12: 2079–2103, 1992b.

Brog JS, Salyapongse A, Deutch AY, and Zahm DS. The patterns of afferent
innervation of the core and shell in the “accumbens” part of the rat ventral
striatum: immunohistochemical detection of retrogradely transported fluoro-
gold. J Comp Neurol 338: 255–278, 1993.

Carelli RM. Activation of accumbens cell firing by stimuli associated with
cocaine delivery during self-administration. Synapse 35: 238–242, 2000.

Carelli RM and Deadwyler SA. Dual factors controlling activity of nucleus
accumbens cell-firing during cocaine self-administration. Synapse 24: 308–
311, 1996.

Carelli RM and Deadwyler SA. Cellular mechanisms underlying reinforce-
ment-related processing in the nucleus accumbens: electrophysiological
studies in behaving animals. Pharmacol Biochem Behav 57: 495–504, 1997.

Carelli RM and Ijames SG. Selective activation of accumbens neurons by
cocaine-associated stimuli during a water/cocaine multiple schedule. Brain
Res 907: 156–161, 2001.

Carelli RM, Ijames SG, and Crumling AJ. Evidence that separate neural
circuits in the nucleus accumbens encode cocaine versus “natural” (water
and food) reward. J Neurosci 20: 4255–4266, 2000.

Carelli RM, King VC, Hampson RE, and Deadwyler SA. Firing patterns of
nucleus accumbens neurons during cocaine self-administration in rats. Brain
Res 626: 14–22, 1993.

Castellan NJ Jr and Siegel S. Nonparametric Statistics for the Behavioral
Sciences. New York: Academic, 1988.

Chang JY, Sawyer SF, Lee RS, and Woodward DJ. Electrophysiological
and pharmacological evidence for the role of the nucleus accumbens in
cocaine self-administration in freely moving rats. J Neurosci 14: 1224–
1244, 1994.

Cohen J. Statistical Power Analysis for the Behavioral Sciences (2nd ed.).
Hillsdale, NJ: Lawrence Erlbaum, 1988.

Corbit LH and Balleine BW. The role of prelimbic cortex in instrumental
conditioning. Behav Brain Res 146: 145–157, 2003.

Corbit LH, Muir JL, and Balleine BW. The role of the nucleus accumbens
in instrumental conditioning: evidence of a functional dissociation between
accumbens core and shell. J Neurosci 21: 3251–3260, 2001.

Cornish JL and Kalivas PW. Glutamate transmission in the nucleus accum-
bens mediates relapse in cocaine addiction. J Neurosci 20: RC89: 1–5, 2000.

Ghitza UE, Fabbricatore AT, Prokopenko V, Pawlak AP, and West MO.
Persistent cue-evoked activity of accumbens neurons following prolonged
abstinence from self-administered cocaine. J Neurosci 23: 7239–7245,
2003.

Gorelova N and Yang CR. The course of neural projection from the
prefrontal cortex to the nucleus accumbens in the rat. Neuroscience 76:
689–706, 1997.

Groenewegen HJ and Russchen FT. Organization of the efferent projections
of the nucleus accumbens to pallidal, hypothalamic, and mesencephalic
structures: a tracing and immunohistochemical study in the cat. J Comp
Neurol 223: 347–367, 1984.

Haber SN, Fudge JL, and McFarland NR. Striatonigrostriatal pathways in
primates form an ascending spiral from the shell to the dorsolateral striatum.
J Neurosci 15: 2369–2382, 2000.

Heimer L, Zahm DS, Churchill L, Kalivas PW, and Wohltmann C.
Specificity in the projection patterns of accumbal core and shell in the rat.
Neuroscience 41: 89–125, 1991.

Jongen-Relo AL, Voorn P, and Groenewegen HJ. Immunohistochemical
characterization of the shell and core territories of the nucleus accumbens in
the rat. Eur J Neurosci 6: 1255–1264, 1994.

Koob GF and Bloom FE. Cellular and molecular mechanisms of drug
dependence. Science 242: 715–723, 1988.

McFarland K and Kalivas PW. The circuitry mediating cocaine-induced
reinstatement of drug-seeking behavior. J Neurosci 21: 8655–8663, 2001.

McFarland K, Lapish CC, and Kalivas PW. Prefrontal glutamate release
into the core of the nucleus accumbens mediates cocaine-induced reinstate-
ment of drug-seeking behavior. J Neurosci 23: 3531–3537, 2003.

1613DRUG SEEKING–RELATED FIRING PATTERNS OF ACCUMBENS NEURONS

J Neurophysiol • VOL 92 • SEPTEMBER 2004 • www.jn.org



Mogenson GJ and Yang CR. The contribution of basal forebrain to limbic-
motor integration and the mediation of motivation to action. Adv Exp Med
Biol 295: 267–290, 1991.

Mogenson GJ, Jones DL, and Yim CY. From motivation to action: func-
tional interface between the limbic system and the motor system. Prog
Neurobiol 14: 69–97, 1980.

Morse DT. MINSIZE2: a computer program for determining effect size and
minimum sample size for statistical significance for univariate, multivariate,
and nonparametric tests. Educ Psychol Meas 59: 518–531, 1999.

Nauta WJ, Smith GP, Faull RL, and Domesick VB. Efferent connections
and nigral afferents of the nucleus accumbens septi in the rat. Neuroscience
3: 385–401, 1978.

Otake K and Nakamura Y. Possible pathways through which neurons of the
shell of the nucleus accumbens influence the outflow of the core of the
nucleus accumbens. Brain Dev 1: S17–S26, 2000.

Paxinos G and Watson C. The Rat Brain in Stereotaxic Coordinates (3rd ed.).
New York: Academic Press, 1997.

Pennartz CMA and Kitai ST. Hippocampal inputs to identified neurons in an
in vitro slice preparation of the rat nucleus accumbens: evidence for
feed-forward inhibition. J Neurosci 11: 2838–2847, 1991.

Peoples LL and West MO. Phasic firing of single neurons in the rat nucleus
accumbens correlated with the timing of intravenous cocaine self-adminis-
tration. J Neurosci 16: 3459–3473, 1996.

Peoples LL, Gee F, Bibi R, and West MO. Phasic firing time locked to
cocaine self-infusion and locomotion: dissociable firing patterns of single
nucleus accumbens neurons in the rat. J Neurosci 18: 7588–7598, 1998.

Peoples LL, Uzwiak AJ, Gee F, Fabbricatore AT, Muccino KJ, Mohta BD,
and West MO. Phasic accumbal firing may contribute to the regulation of
drug taking during intravenous cocaine self-administration. Ann NY Acad
Sci 877: 781–787, 1999a.

Peoples LL, Uzwiak AJ, Gee F, and West MO. Operant behavior during
sessions of intravenous cocaine infusion is necessary and sufficient for
phasic firing of single nucleus accumbens neurons. Brain Res 757: 280–284,
1997.

Peoples LL, Uzwiak AJ, Gee F, and West MO. Tonic firing of rat nucleus
accumbens neurons: changes during the first two weeks of daily cocaine
self-administration sessions. Brain Res 822: 231–236, 1999b.

Pinto A and Sesack S. Limited collateralization of neurons in the rat
prefrontal cortex that project to the nucleus accumbens. Neuroscience 97:
635–642, 2000.

Reidel A, Hartig W, Seeger G, Gartner U, Brauer K, and Arendt T.
Principles of rat subcortical forebrain organization: a study using histolog-

ical techniques and multiple fluorescence labeling. J Chem Neuroanat 23:
75–104, 2002.

Roberts DC, Koob GF, Klonoff P, and Fibiger HC. Extinction and recovery
of cocaine self-administration following 6-hydroxydopamine lesions of the
nucleus accumbens. Pharmacol Biochem Behav 12: 781–787, 1980.

Robinson TE and Berridge KC. The neural basis of drug craving: an
incentive-sensitization theory of addiction. Brain Res Rev 18: 247–291,
1993.

Robinson TE and Berridge KC. Addiction. Annu Rev Psychol 54: 25–53,
2003.

Usuda IK, Tanaka K, and Chiba T. Efferent projections of the nucleus
accumbens in the rat with special reference to subdivisions of the nucleus—
biotinylated dextran amine study. Brain Res 797: 73–93, 1998.

Uzwiak AJ, Guyette FX, West MO, and Peoples LL. Neurons in accumbens
subterritories of the rat: phasic firing time-locked within seconds of intra-
venous cocaine self-infusion. Brain Res 767: 363–369, 1997.

Wise RA and Bozarth MA. A psychomotor stimulant theory of addiction.
Psychol Rev 94: 469–492, 1987.

Wise RA and Rompre PP. Brain dopamine and reward. Annu Rev Psychol 40:
191–225, 1989.

Wyvell CL and Berridge KC. Intra-accumbens amphetamine increases the
conditioned incentive salience of sucrose reward: enhancement of reward
“wanting” without enhanced “liking” or response reinforcement. J Neurosci
20: 8122–8130, 2000.

Yokel AR and Pickens R. Drug level of d- and l-amphetamine during
intravenous self-administration. Psychopharmacologia 34: 255–264, 1974.

Zaborszky L, Alheid GF, Beinfeld MC, Eiden LE, Heimer L, and Palko-
vits M. Cholecystokinin innervation of the ventral striatum: a morphological
and radioimmunological study. Neuroscience 14: 427–453, 1985.

Zahm DS. Functional-anatomical implications of the nucleus accumbens core
and shell subterritories. Ann NY Acad Sci 877: 113–128, 1999.

Zahm DS. An integrative neuroanatomical perspective on some subcortical
substrates of adaptive responding with emphasis on the nucleus accumbens.
Neurosci Biobehav Rev 24: 85–105, 2000.

Zahm DS and Brog JS. On the significance of subterritories in the “accum-
bens” part of the rat ventral striatum. Neuroscience 4: 751–767, 1992.

Zahm DS and Heimer L. Two transpallidal pathways originating in the rat
nucleus accumbens. J Comp Neurol 302: 437–446, 1990.

Zito KA, Vickers G, and Roberts DC. Disruption of cocaine and heroin
self-administration following kainic acid lesions of the nucleus accumbens.
Pharmacol Biochem Behav 23: 1029–1036, 1985.

1614 GHITZA ET AL.

J Neurophysiol • VOL 92 • SEPTEMBER 2004 • www.jn.org


