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Abstract
Given the increasing research emphasis on putative accumbal functional compartmentation, we
sought to determine whether neurons that demonstrate changes in tonic firing rate during cocaine
self-administration are differentially distributed across subregions of the NAcc. Rats were
implanted with jugular catheters and microwire arrays targeting NAcc subregions (Core, Dorsal
Shell, Ventromedial Shell, Ventrolateral Shell, Rostral Pole Shell). Recordings were obtained after
acquisition of stable cocaine self-administration (0.77 mg/kg/0.2mL infusion; fixed-ratio 1
schedule of reinforcement; 6 hour daily sessions). During the self-administration phase of the
experiment, neurons demonstrated either: 1) tonic suppression (or decrease), 2) tonic activation
(or increase) or 3) no tonic change in firing rate with respect to rates of firing during pre- and
post-drug phases. Consistent with earlier observations, tonic decrease was the predominant firing
pattern observed. Differences in the prevalence of tonic increase firing were observed between the
core and the dorsal shell and dorsal shell-core border regions, with the latter two areas exhibiting a
virtual absence of tonic increases. Tonic suppression was exhibited to a greater extent by the
dorsal shell-core border region relative to the core. These differences could reflect distinct
subregional afferent processing and/or differential sensitivity of subpopulations of NAcc neurons
to cocaine. Ventrolateral Shell firing topographies resembled those of core neurons. Taken
together, these observations are consistent with an emerging body of literature that differentiates
the accumbens mediolaterally and further advances the likelihood that distinct functions are
subserved by NAcc subregions in appetitive processing.
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The nucleus accumbens (NAcc), commonly regarded as the brain’s limbic-extrapyramidal
motor interface (Nauta & Domesick,1978; Mogenson et al., 1980), has been shown to be
involved in the processing of natural rewards (Hernandez & Hoebel, 1988; Smith & Sneider,
1988; Robbins et al., 1989; Schultz et al., 1992; Damsma et al., 1992; Young et al., 1992;
Salamone, 1992) and drug taking behaviors (Caine et al., 1995; Carlezon & Wise, 1996; Di
Chiara, 1998; Cornish & Kalivas, 2000; Robinson & Berridge, 2000; Nicola et al., 2000).
Substantial advances have begun to resolve physiological distinctions between the two
principal compartments of the NAcc, the core and shell, and their differential involvement in
drug reward (Deutsch & Cameron, 1992; Pennartz et al., 1992; Robledo & Koob, 1993;
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Jongen-Relo et al., 1994b; Pontieri et al., 1994; Voorn et al., 1994; O’Donnell & Grace,
1995; Ikemoto et al., 1995; Pontieri et al., 1995; Meredith, 1999; Rodd-Henricks et al.,
2002). Measurements of the physiological changes that occur in the NAcc in acute
preparations (DeFrance et al., 1985a,b; White & Wang, 1986; White, 1987, 1990; Boeijinga
et al., 1990, 1993; White et al., 1993; O’Donnell & Grace, 1993; White et al., 1995; Nicola
et al., 1996; Blaha et al., 1996: Nicola & Malenka, 1997; Floresco et al., 2001a) or during
drug self-administration (Pettit & Justice, 1989, 1991; Pettit et al., 1990; Carelli et al., 1993,
2000; Chang et al., 1994, 2000; Gratton & Wise, 1994; Kiyatkin & Stein, 1995; Wise et al.,
1995; Peoples et al., 1998; Peoples et al., 1999; Ghitza et al., 2003, 2004) have provided
critical insight into the mechanisms by which its ensembles of neurons are implicated in
drug-taking behavior.

The present study investigated accumbens output signals in the rat using the single-unit
extracellular recording technique, wherein microwires were placed throughout the NAcc in
order to determine whether electrophysiological differences exist across its subregions.
These neural recordings yielded tonic firing patterns, i.e., firing rates over the duration of a
cocaine self-administration experiment, which consisted of: 1) a 30 minute pre-drug baseline
period, 2) a six hour self-administration session and 3) a 60 minute post-drug period. The
tonic decrease pattern was defined by firing rates which decrease relative to pre-drug levels
during the self-administration phase of the experiment and typically return to or exceed pre-
drug levels in the post-drug phase. Conversely, neurons which demonstrated elevated firing
rates during the self-administration phase relative to pre- and post-drug phases were
described as exhibiting tonic increases.

Until now, few studies have addressed whether tonic decrease and tonic increase firing
patterns are differentially expressed throughout accumbal subregions (Ghitza et al., 2006)
and none has comprehensively evaluated the full extent of shell, which has recently been
shown to exhibit differential sites in primary drug reinforcement (Ikemoto, 2005).
Differences in the prevalence of tonic firing patterns may provide further evidence of
functional differences between core and shell subterritories and hence indicate more precise
targets for pharmaceutical therapies aimed at treating drug addiction and other
neuropathologies involving corticostriatopallidothalamic circuits.

Materials and Methods
Surgery

Male Long-Evans rats (n=32; Charles River Laboratories, USA) were individually housed
with a reversed 12 hr light/dark cycle (lights on at 7:00 A.M.), handled daily and food
restricted to maintain target body weights between 330 - 350 g (≥90% adult body weight).
Rats were anesthetized with an injection of sodium pentobarbital (50 mg/kg body weight,
i.p.; Abbot Laboratories, North Chicago, IL, USA). Animals were also injected with
atropine methyl nitrate (10 mg/kg i.p.; Sigma, St. Louis, MO, USA) and Penicillin G
(75,000 i.u./0.25 mL i.m.; Wyeth Laboratories, Philadelphia, PA, USA). Rats were kept on a
heating pad to maintain body temperature while anesthetized. Periodic injections of sodium
pentobarbital (5 - 10 mg/kg, i.p.) or ketamine hydrochloride (60 mg/kg, i.p.; Fort Dodge
Laboratories, Fort Dodge, IA, USA) were administered to maintain anesthesia over the
course of surgery. A jugular catheter was fed through a spring leash and affixed to a skull-
anchored headstage via a J-shaped cannula (Weeks, 1962). Microwire array headstages
(Shaptech Services, Heightstown, NJ, USA) consisted of two attached rows of miniature
connector strips soldered to two rows of eight quad-teflon-coated 50 μm stainless steel
microwires (California Fine Wire, Grover City, CA, USA) separated by 0.3 – 0.5 mm.
Microwire placements targeted the scope of accumbal subregions (targeted range [mm]: 0.7
to 3.0 A-P, 0.6 to 2.6 M-L, D-V: −6.0 to −8.5; Paxinos & Watson, 1997). Precautions were
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taken throughout catheterization, stereotaxic surgery and post-surgical housing of rats to
maintain aseptic conditions. The treatment of animals was in accordance with the Guide for
the Care and Use of Laboratory Animals (NIH publication) and approved by the Rutgers
University Animal Care & Facilities Committee.

Post-operative
Subjects were individually housed in a steel-grid chamber for a minimum of seven days.
Thereafter, and at least three days prior to the start of self-administration training, animals
were transferred into Plexiglas chambers (38 cm l × 20 cm w × 29 cm h) which henceforth
served to accommodate housing, training and testing of subjects. Each Plexiglas chamber
was enclosed within one of four ventilated, sound-attenuating isolation chambers (63.5 ×
63.5 × 63.5 cm) in an experiment room to which white noise was provided continuously in
order to minimize the likelihood of extraneous noises influencing the subjects’ behavior. In
order to maintain catheter patency when not engaged in self-administration sessions, rats
were infused every 15 min with heparinized bacteriostatic saline (0.2 mL/hour) by a timer-
equipped, motor driven syringe pump (Razel Scientific Instruments, Stamford, CT, USA).
Two types of swivels were used to maintain continuous intravenous access and animal
mobility: an electronic swivel (Airflyte, Inc., Bayonne, NJ, USA), which was used during
recording sessions, and a simple fluid swivel (Brown et al., 1976), used when experiments
were not in progress. Occasionally, an ultra-short acting barbiturate (methohexital sodium,
10 mg/kg, i.v.; Eli Lilly, Indianapolis. IN, USA) was utilized to anesthetize subjects during
the attachment of the electronic swivel or to confirm catheter patency. A tethering system,
consisting of the J-shaped stainless steel cannula and metal spring leash, was used to protect
the catheter, transfer rotational force to the swivel and provide strain relief for the electrical
harness and catheter.

Training
Immediately before the start of a self-administration session, food and water were removed
from the chamber and a non-retractable, black Plexiglas response lever was installed on the
side wall via a set screw which fixed the lever’s stainless steel post to an aluminum
mounting block, maintaining the lever approximately 5 cm above grid floor and 1 cm from
the wall. The onset of the session was signaled by the illumination of a stimulus light
mounted above the response lever. Each reinforced lever press resulted in a 0.2 mL
intravenous infusion of cocaine hydrochloride (NIDA) solution, a 7.5 second tone which
corresponded with the duration of syringe pump operation and a 40 second time-out period
during which stimulus light was off and lever presses had no programmed consequence.
Training sessions were conducted seven days per week, each limited to 80 infusions or 6
hours, whichever was first attained. The average cocaine dose administered, given
differences in subjects’ body weights, ranged between 0.70 - 0.91 mg/kg/infusion with a
mean drug dose of 0.77 ± 0.01(S.E.M.) mg/kg/infusion. This resulted in an inter-infusion
interval with a median of 7.36 ± 0.01(S.E.M.) minutes, excluding the loading phase, which
consisted of the first 8 - 10 presses, characteristically at short intervals (Pickens &
Thompson, 1968). Each day, drug accumulation curves were evaluated to confirm that stable
lever press behavior, and hence drug levels, were maintained throughout the self-
administration session. Assuming first-order pharmacokinetics, calculated drug levels were
determined over successive infusions by the equation Bn = (Bn-1 + D)e−KTn (Yokel &
Pickens, 1974), in which Tn = the time since previous cocaine infusion (min), D = infusion
dose (mg/kg), Bn-1 = cocaine level at time of last infusion (mg/kg) and K = rate constant
(0.693/t1/2) reflecting the metabolic half-life for cocaine (Nayak et al., 1976). Thus, by
plotting calculated drug levels at each cocaine-reinforced lever press, drug curves were
generated yielding each subject’s within-session pharmacologic profile. Daily drug curves
confirmed the acquisition and maintenance of consistent, uninterrupted lever press behavior.
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After acquisition, subjects were trained for 12 - 18 self-administration sessions before neural
recordings commenced.

Electrophysiological Recording Sessions
Neural recordings began 30 minutes before (i.e. pre-drug phase) the start of the self-
administration phase and continued, upon removal of the response lever, for 1 hour
afterward (i.e. post-drug phase). The neural signal from individual microwires was led
through a field effect transistor in the headset of an electronic harness (NB Labs, Denison,
TX, USA), then through the Airflyte electronic swivel. From the swivel the signal continued
to a preamplifier (Riverpoint Electronics, Goldsboro, NC, USA) where it was differentially
amplified against another microwire that exhibited no neural waveforms. The signal was
then conducted through a bandpass (roll-off below 1000 Hz = 1.5 dB/octave and above
11000 Hz = 6 dB/octave; gain = 700) filter/amplifier (Riverpoint Electronics). The amplified
signal was then sent to a remote computer where the signal was digitized (Datawave
Technologies [Longmont, CO, USA]; 50 kHz sampling frequency per recorded wire), time
stamped (0.1 msec resolution) and stored for off line analysis.

Data Analysis
Post-hoc analyses of the neural data were conducted using cluster analysis software
(Datawave Technologies) to isolate neural waveforms as described previously (Peoples &
West, 1996). During the self-administration session animals exhibited a predictable operant
behavioral pattern which resulted in elevated drug levels that remained stable until drug
access was terminated. Mean firing rates during baseline and post-drug phases of the
experiment were compared to those during the self administration phase.

Analysis of Firing Patterns
The Wilcoxon Matched pairs test (Siegel, 1956; Schultz et al., 1992) was used in the
comparison of each neuron’s firing rates between any two blocks of time: baseline, drug
phase, or post-drug phase. Baseline firing rate was taken from the last 20 min before the
start of the self-administration phase, and post-drug firing rate was taken from the last 20
min of the post-drug phase. Firing rates during two twenty minute periods were evaluated
during the self-administration phase, immediately after the first hour (i.e. after drug loading)
and the final twenty minutes of the drug phase. These two periods were chosen to assure any
within-phase differences in firing were not attributable to differences in drug level. The two
20 minute periods were used to compare firing rates during the drug phase with pre-drug and
post-drug phases. Neurons that exhibited both a criterion decrease in firing rate (see below)
during the two drug periods relative to baseline firing and a criterion increase in firing
during the post-drug period (relative to the second drug period) were operationally defined
as showing “tonic decrease” firing. Neurons whose firing rate increased during the two drug
periods relative to baseline firing and subsequently decreased in firing during the post-drug
period (relative to the second drug period) were categorized as showing “tonic increase”
firing. Therefore, all tonic responsive neurons exhibited : 1) post-load firing rate changes
that persisted into late drug phase and 2) a reversal of any self-administration phase firing
change within an hour of withdrawal of drug availability. The above comparisons between
experiment phases were made for every neuron by dividing each block into 40 consecutively
numbered bins (0.5 minute bin width) and evaluating the number of discharges from
comparably numbered bins which were entered into the test as matched pairs. The alpha
level was set at 0.05 (unidirectional) as the criterion in order to be sensitive to changes that
were consistent across bins. Thus, the test was used not for drawing inferential statistical
conclusions, but rather because of its rigor in identifying consistency in individual neurons’
changes in firing rate. Analyses of test validity (not shown) revealed that 85% of neurons
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identified as demonstrating a tonic change exhibited the same direction of change on ≥ 80%
of bins entered as matched pairs.

Histology
Subjects were injected with a lethal dose of sodium pentobarbital before anodal current (50
mA, 4 seconds) was passed through each of the microwires in the array. Rats were then
transcardially perfused with a 10% formalin solution, decapitated and the brains removed
and soaked in a formalin/sucrose solution. Fifty μm coronal sections of the brains were then
mounted on slides and treated with a 5% solution of potassium ferrocyanide and 10% HCl to
stain iron deposits left by the wire tips (Green, 1958). The sections were then counterstained
with a 0.2% solution of Neutral Red and coverslipped. Tissue lesions were then analyzed
using light microscopy to locate the precise anatomical location of each wire tip on its
closest corresponding atlas plate (Paxinos & Watson, 1997). Lesion marks that could not be
traced to the wire track identifying the exact wire number in the array were discarded.

Lesions were localized to the subterritories of the nucleus accumbens as described by Zahm
& Brog (1992). The precise location of the wire tip was estimated to be at the center of a
lesion mark. An independent observer, blind to whether unitary data had been recorded from
any particular wire, evaluated the histological placement of microwires. A stringent criterion
required that any lesion center that was within 150 μm of any border be characterized as a
“border” neuron. Those that bordered extra-accumbal structures were eliminated from the
data pool. Border neurons that lay between core and shell were treated as separate
categories: those found at or ventral to −7.6 mm D-V were considered ventral border
neurons while those dorsal to −7.6 mm D-V were considered dorsal border neurons.

The shell was subdivided into dorsal, ventromedial and ventrolateral regions. Wires placed
in the ventromedial shell subregion were confined to the area: 1) at or posterior to 2.3 mm
and anterior to 0.7 mm A-P, 2) ventral to −7.3 mm D-V, and 3) medial to 1.4 mm M-L.
Wire tips within shell regions dorsal to this area were categorized as dorsal shell wires,
while those located lateral to this region were categorized as ventrolateral shell wires.
Rostral Pole neurons were defined by tip locations anterior to 2.3 mm A-P. This additional
compartment of the shell reflects the only difference in anatomical boundary designations
from our earlier report (Ghitza et al, 2006), which incorporated portions of the present data
with neural recordings from animals tested with a discriminative stimulus protocol to
compare the firing rates of medial shell with core. Because ventral shell was not a target of
the discriminative stimulus investigation, it was not the subject of regional comparisons in
the 2006 report, nor were intra-accumbal border neurons. Thus, analyses of the seven
subregions described above are herein reported for the first time.

While our goal was a complete assessment of all sectors of the accumbens, we were
compelled to accept some limitations. Efforts were made to survey the extent of the core,
with the exception of its ill-defined border with the ventral sector of the dorsal striatum
(Heimer & Alheid, 1991; Zaborszky et al., 1985) and lateral regions in which placements
into the anterior commissure are probable. Unlike the shell, which has received considerable
attention in recent years related to its putative functional heterogeneity (Ikemoto, 2003,
2007; Ikemoto et al., 2005), the core survey in the present analyses was treated as a single
region.

Statistical Analysis of Firing Pattern Prevalence
Chi-square tests (2×2; α = 0.05; Runyon et al., 1996 were employed to determine whether
differences existed in the prevalence of responsive neurons between subterritories for both
tonic increase and tonic decrease categories. The percentage of responsive neurons from
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each of the subregions of the shell (i.e. dorsal, ventromedial and ventrolateral) was
compared to the percentage of responsive neurons from the core. The prevalence of
responsive neurons in the core was also compared to the percentage of responsive neurons
found in the rostral pole shell and dorsal and ventral border regions within the nucleus
accumbens. Between-region analyses considered either tonic decrease (or not, including
non-responsive and increased) or tonic increases (or not, including non-responsive and
decreased). In addition, a histological record of all recorded microwires was maintained
(regardless of whether neural data was recorded from a given wire) to determine whether
differences exist in the likelihood of recording neural data across subregions.

Results
In trained animals, behavior prior to the start of the self-administration phase of experiments
was typically characterized by quiescence with occasional grooming. Once the lever was
installed and operant behavior commenced, an initial brief period of rapid lever pressing (i.e.
load-up) was followed for the remainder of the self-administration phase by regularly spaced
self-infusions, which ranged between 6 - 8 minutes (Fig. 1). Between cocaine-reinforced
lever presses animals engaged in focused stereotypy, consisting of nose poking, forelimb
treading and repetitive head movement. Focused stereotypy typically spanned most of the
inter-infusion interval with, in some cases, circling behavior oriented towards the lever
occurring in the last half minute before the subsequent lever press. Behavior during the early
minutes of the post-drug phase was characterized by locomotion about the chamber,
followed, as drug levels declined, by behavior similar to that observed during the pre-drug
phase of the experiment.

In order to record neural activity at approximately the same point in the animals’ drug
training experience (i.e. after substantial self-administered drug exposure), rats were
exposed to long daily access (6h) for a minimum of 2 weeks before neural recordings were
conducted. The relatively high cumulative cocaine intake prior to recordings showed little
variance across subjects (491.687 + 19.203[S.E.M.] mg/kg). Training experience also
differed minimally (86.681 + 0.870[S.E.M.]hours) over two weeks leading up to recording
days.

Accumbens neural waveforms exhibited amplitudes which ranged between 100 - 300 μV.
The average signal-to-noise ratio was 3.08 ± 0.08 (S.E.M.) with the majority (130/137;
95%) of waveform amplitudes exceeding respective noisebands by 200% (S:N range = 1.82
- 6.90). Neither mean waveform amplitudes nor signal-to-noise ratios differed among
accumbal subregions. Waveforms of all neurons met the minimal criteria for admission as
single units into the present data pool, including an absence of discharges in the first 2 msec
of the inter-spike interval histogram (Moore et al., 1966; Kosobud et al., 1994), consistent
with the natural refractory period of a single neuron. The overall mean pre-drug (i.e.
baseline) firing rate for accumbal neurons was 0.53 ± 0.12 (S.E.M.) Hz. Mean firing rates
during the pre-drug phase did not differ among subregions [F(6,130) = 0.236, P = 0.96]
(Table 1).

Anatomical Distribution of Accumbal Neurons
A total of 512 wires implanted in 32 subjects yielded recordings of 297 basal forebrain
neurons, 137 of which were from wires (n = 124) histologically confirmed to be located in
the nucleus accumbens. No wires were recorded more than once; above totals comprise
autocorrelogram-confirmed single-unit data from solitary FR1 cocaine self-administration
sessions, ensuring that no unitary data was twice-weighted in the sampling.

Fabbricatore et al. Page 6

Eur J Neurosci. Author manuscript; available in PMC 2010 December 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Accumbal Subterritorial Distribution—Seventy six percent (104/137) of the accumbal
neurons were histologically confirmed to be in one of the three subterritories of the NAcc.
Among these, the majority were placed in the shell (n = 74), while the remainder were
placed primarily in the core (n = 25) but a few were found to be in the rostral pole (n = 5).
All rostral pole neurons proved to be in the shell subregion (Paxinos & Watson, 1997).

Accumbal Shell Subregional Distribution—The majority of neurons recorded from
the shell were localized to the ventrolateral shell (n = 49). The dorsal and ventromedial shell
subregions yielded 12 and 13 of the recorded accumbal neurons, respectively.

Accumbal Border Neurons—Thirty three accumbal neurons could not be assigned a
subterritorial designation due to their proximity to the boundary between shell and core.
They were instead considered as a dorsal border group (n = 19) and a ventral border group
(n = 14). As such, a total of 7 NAcc compartments were evaluated in the present study:
dorsal shell, ventromedial shell, ventrolateral shell, rostral pole shell, core, dorsal border and
ventral border (Fig. 2; Fig. 3).

Tonic Firing Patterns
Two of the accumbal neurons from the current data pool, one from the core and one from
the ventrolateral shell, were excluded from tonic analyses due to the possibility that signal
decreases observed late in the experiment could not unequivocally be attributed to declined
rates of firing (but perhaps electrode drift) and therefore 135 neurons are henceforth
described in the present analysis. Neural recordings analyzed over the whole experiment
time-frame revealed that 62% (84/135) of accumbal neurons showed either decreased rates
of firing (tonic decrease) or increased rates of firing (tonic increase) during the self-
administration phase. Specifically, 47% (63/135) were decreases and 16% (21/135) were
increases.

Tonic category by subjects analysis—Of the 32 rats in the study, all (but one)
contributed single digit quantities of unitary data to the pool (range: 1-12 neurons; average
neurons/rat: 4.16 ± 0.48 [S.E.M.]). The one rat with 12 neurons yielded recordings with
varying tonic firing categories from 4 different subregions. Of all subjects in the data set, 5
rats (16%) had a only a single wire which recorded a neural signal in the accumbens, with a
mixture of tonic increase (one), decrease (two) and no tonic change (two) categories. Among
the remaining rats with multiple accumbal recordings, only 3 rats (9%) exhibited
unidirectional tonic firing changes across accumbal wires (total=7 [2 + 2 + 3]), while all
other rats (24) exhibited multiple tonic categories across wires, many of which (42%)
exhibited both tonic increases and tonic decreases. This observation of opposite signs in
tonic firing directionality among accumbal wires implanted in the same subject reflected
subregional prevalences in wire placement, consistent with the findings of the present study.
The two rows of wires in the array were most often positioned to yield data from different
subregions in the same rat, and often wires positioned medially exhibited tonic decreases,
with lateral wires showing tonic increases. Thus, neural sampling within rats tended to
reflect the characteristic neurophysiological response of the same anatomical target recorded
in other rats, rather than a global trend (e.g. ubiquitous firing decrease) within a particular
rat.

Subregional prevalence of tonic decreases—Firing pattern profiles characterized as
tonic decreases were similar between shell and core subregions (Fig. 4). Using a 2 × 2 chi-
square test (α = 0.05; df = 1), no differences in the prevalence of tonic decrease neurons
were observed between the core and any of the shell subregions. Additionally, the core was
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compared to both the dorsal and ventral border neuron groups. The dorsal border region
showed a greater prevalence of tonic decreases than the core (χ2 = 4.41; p < 0.05) (Fig. 5).

Subregional prevalence of tonic increases—Firing pattern profiles characterized as
tonic increases were similar between shell and core subregions (Fig. 4). The same analysis
was conducted between subregions for tonic increase neurons as was done for tonic decrease
neurons. The prevalence of tonic increases was greater in the core than in both the dorsal
shell (χ2 = 6.00; p < 0.02) and dorsal border region (χ2 = 9.01; p < 0.01). (Fig. 6)

Probability of Recording Neural Signals Across Subregions
The rigorous histological analysis in the present study required the localization of all 512
wires irrespective of whether a neural recording was obtained from each one. Of the 264
wires positioned in the nucleus accumbens, nearly half (47%; 124/264) yielded neural
recordings. Thirteen of these wires were determined, after conducting waveform analyses, to
have recorded two neurons (separable by their distinct waveforms and confirmed using
cross-correlational analysis). Histological examination of these wire tip locations provided
little information about differences in cell density across subregions because the two-unit
wires were located in 5 different subregions of the accumbens.

Is one more likely to record neural activity from one subregion versus another? An analysis
was conducted which evaluated for each subregion the percentage of wires from which
neural recordings were obtained relative to those that yielded no neural recordings. Relative
to the overall accumbens recording probability of 47%, neural vs. non-neural wires differed
by no more than 3 percentage points in any subregion (core 44%; dorsal shell 48%;
ventromedial shell 48%; ventrolateral shell 46%; rostral pole shell 50%) with one exception:
63% of the wires in the dorsal border region yielded neural recordings.

Discussion
The majority (62%) of accumbal neurons exhibited significant firing rate changes during the
self-administration phase; these changes were distributed throughout accumbal subregions:
core, dorsal shell, ventromedial shell, ventrolateral shell, rostral pole shell, dorsal border and
ventral border subregions. Significant shell/core differences were demonstrated among tonic
increase neurons, with core exhibiting greater firing rate activation than dorsal shell. In
addition, relative to core, neurons of the dorsal border region exhibited both a significantly
greater percentage of tonic decrease firing and a significantly lower percentage of tonic
increase firing. Thus, an overall trend towards suppression was observed in the tonic firing
of medial NAcc neurons, characterized by a virtual absence of tonic increase firing
throughout its anteroposterior extent. Conversely, tonic increase firing patterns were found
predominantly in lateral NAcc subregions (e.g. core, VL shell) (Fig. 7).

These data, by incorporating a more refined analysis of the shell and including intra-
accumbal shell/core border areas, extend the findings of our earlier report (Ghitza et al.,
2006). While the 2006 paper identified subterritorial differences in firing between shell and
core, the more expansive regional analysis of the present data set revealed that the
prevalence of medial shell and core tonic firing patterns are not just different from one
another, but that a general neurophysiological distinction exists mediolaterally in the
accumbens, with shell partitioned into a functionally heterogeneous structure.

Tonic change patterns reflect the marked shift in experimental contingencies upon lever
installation, as the session progresses from the first 30 min of pre-drug recording to the self-
administration phase. This shift is characterized by increased behavioral activation, the onset
of appetitive responding and consequent elevation of drug level. Evidence that tonic change
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patterns are attributable to both pharmacological factors and behavioral processing has been
reported (Fabbricatore et al., 1998). The fact that the predominant response of accumbal
neurons is a tonic decrease in firing rate is consistent with a pharmacologic interpretation.
Data from microdialysis studies have revealed that dopamine (DA) levels increase at the
start of self-administration experiments and remain elevated until the drug availability is
terminated (Pettit & Justice, 1989, 1991; Pettit et al., 1990), and substantial
electrophysiological literature, using in vitro and in vivo anesthetized preparations, suggests
that medium spiny neurons are inhibited in the presence of both cocaine and DA. Since
cocaine results in elevated DA levels, and firing rate changes associated with cocaine can be
duplicated with iontophoresed DA, it is plausible that elevated DA levels mediate the
inhibition of accumbal neurons (Yim & Mogenson, 1982; Yang & Mogenson, 1984,
Uchimura et al., 1986; White et al., 1992; Henry & White, 1995) during drug self-
administration. The minority of neurons that exhibit tonic increases may be oriented in the
accumbens in such a way that they are: 1) disinhibited by dopaminoceptive GABAergic
collaterals/interneurons in the surrounding area or 2) differentially influenced by dopamine
neuromodulation, with elevated DA creating a more permissive environment for
glutamatergic signals at these NAcc synapses (Nicola & Malenka, 1997; reviewed in: Nicola
et al., 2000) and/or at dopaminergic afferents (Kalivas & Duffy, 1998; Fiorello & Williams,
2000). This may be mediated by the differential expression of D1-like and D2-like DA
receptor subtypes, which exert opposite effects on adenylate cyclase-mediated signal
transduction (Kebabian & Calne, 1979; Stoof & Kebabian, 1981; Sibley & Monsma, 1992)
and hence the directionality of post-synaptic membrane potential. The fact that spontaneous
excitation in striatal spiny neurons is not commonly observed in in vitro and in vivo
anesthetized preparations (Wilson & Kawaguchi, 1996; Hernández-López et al., 1997;
O’Donnell 2003) lends support to the role of cortico-limbic afferent contributions
(O’Donnell & Grace, 1994; White & Kalivas, 1998, p.143) to tonic increase firing patterns.

Medial Accumbens Inhibition
While evidence is herein presented for shell/core differences in firing over the course of the
self-administration experiment, the present data provide additional and unexpected evidence
for distinct regional functions in the NAcc that are neither shell nor core, but in the dorsal
border region between shell and core.

The dorsal border region was shown to exhibit a significantly greater prevalence of tonic
decrease neurons than core. Rather than presenting itself as a transition zone between
subterritories, where one might observe a gradient, the dorsal border region instead appears
to be a distinct zone of inhibition. When evaluated in terms of tonic increases, not a single
neuron of the dorsal border region exhibited elevated firing during the drug phase of self-
administration experiments. Thus, it represents a region where firing rate suppression
predominated, exhibiting the highest percentage of tonic decrease neurons and the lowest
percentage of tonic increase neurons of the accumbal subregions. One factor that might
contribute to this observation is differential DA expression, since tyrosine hydroxylase
activity has been shown to be “very high” in the dorsal border region (Fudge & Haber,
2002).

The functional relevance of dorsal border firing rate suppression may ultimately be resolved
by understanding how and whether it is uniquely connected to other brain structures. It has
been known for some time that the hippocampus sends afferents to the dorsomedial shell
(Kelley & Domesick, 1982) and tract tracing studies have revealed that the afferent pathway
from the parvicellular basal amygdaloid nucleus and the efferent pathway to the peribrachial
region of the midbrain are specific to the dorsal border region (Wright & Groenewegen,
1995; Wright et al., 1996). In addition, compared to the rest of the striatum, this area of the
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NAcc shows the greatest amygdalar and hippocampal afferent interaction (Groenewegen et
al., 1996,1999a), putatively integrating emotional memory and limbic processing related to
the self-administration context. Electrophysiological support for this came from a study by
Mulder and associates (1998) that provided evidence that amygdalar and hippocampal
afferents, while demonstrating differential overall accumbal topographies, not only overlap
in the dorsomedial shell/medial core region, but converge and interact (Mulder et al., 1998).
They found that the hippocampus may gate amygdalar afferent signals in the area where
they converge, which is a rather narrow zone in the medial NAcc that includes the dorsal
border region. This confirms and extends earlier findings which reported convergence of
electrophysiological signals from multiple cortical and limbic afferents to this area (Finch,
1996). Subsequent investigations have revealed the dorsal border region to be the site of
hippocampal monosynaptic convergence with both prefrontal cortical (French & Totterdell,
2002) and amygdalar (French & Totterdell, 2003) innervation.

Lateral Accumbens Excitation
Despite lacking readily distinguishable subregional boundaries (Zahm, 1999), marked
differences in firing rate between medial and lateral areas of the shell provide evidence of
functional heterogeneity within the shell subterritory. Among shell tonic increase neurons,
all but one were restricted to the ventrolateral shell, while none was recorded from the dorsal
shell. These differences are consistent with reports that limbic, cortical, and mesencephalic
innervation of shell subregions are mediolaterally compartmentalized (Wright et al., 1996;
Zahm, 1999; Groenewegen et al., 1999b; Fudge et al, 2002; Ikemoto S, 2007; Schilman et
al., 2008). Subregional outputs also differ, with medial shell efferents projecting to
ventromedial ventral pallidum (Zahm & Brog, 1992) while lateral shell efferents project to
ventrolateral ventral pallidum (Brog et al., 1993; Usuda et al., 1998; Groenewegen et al.,
1999b).

Various cell markers differ in their expression across striatal regions and some have been
shown to be differentially expressed in core and shell (Zahm & Heimer, 1988; Voorn et al.,
1989; Heimer et al., 1991; Voorn et al., 1994). Among them, Calbindin-D28K (CaB)
immunoreactivity differs mediolaterally in accumbens; its expression is low across the
anteroposterior extent of the medial accumbens, highest in core and intermediate in lateral
shell (Zahm & Heimer, 1993; Jongen-Relo et al., 1994a). Interestingly, this corresponded
well with the prevalence of tonic increase firing among accumbal subregions; whereas no
tonic increases were found medially (rostral pole shell, dorsal shell), 38% of core and 19%
of ventrolateral shell neurons exhibited tonic increases. Indeed, CaB has been shown to
modulate neuronal tonic firing rhythmicity by regulating cell membrane Ca2+ channel
permeability (Li et al., 1995). CaB’s capacity to influence post-synaptic electrochemical
events and the extent to which its expression is activity-dependent (Gold & Bear, 1994) in
the NAcc warrants further investigation into its potential role in lateral NAcc tonic increase
firing.

Toward a Functional Characterization of the Accumbal Subregions
The present data reveal a distribution of accumbal firing patterns that corresponds well with
anatomical predictions; medial and lateral regions exhibit differential neurophysiological
signaling during drug self-administration consistent with the segregated circuits to which
they are respectively linked. For example, not only does medial shell receive direct
convergent amygdalar and hippocampal inputs, but several structures which innervate it (i.e.
ventromedial prefrontal and entorhinal cortices; parafascicular and midline thalamic nuclei)
also receive convergent input from amygdala and hippocampus (Friedman et al., 2002).
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Such direct limbic communication tends to be associated with circuits afferent to the medial,
but not lateral, NAcc.

The lateral accumbens, on the other hand, exhibits its own discrete circuitry: core and lateral
shell receive dopaminergic inputs from lateral ventral tegmental area (VTA), whereas
medial shell dopaminergic input arises from posteromedial VTA (Ikemoto, 2007).
Furthermore, unlike medial shell, both core and lateral shell receive dopaminergic
projections from substantia nigra pars compacta (Brog et al., 1993). Parts of the lateral
prefrontal cortex project preferentially to lateral accumbens, with core and lateral shell
receiving inputs from dorsal and ventral agranular insular divisions, respectively (Berendse
et al., 1992a). Core and lateral shell also share topographically restricted projections from
basal amygdala and entorhinal cortex, receiving inputs from the rostral magnocellular basal
nucleus, little or no input from accessory basal nuclei, and input limited to lateral, but not
medial, entorhinal cortex (Brog et al., 1993; Wright et al., 1996; Totterdell & Meredith,
1997). Lateral shell efferents have also been shown to share common mesencephalic targets
with those of the accumbens core, overlap which is not observed in medial shell efferents
(reviewed in Pennartz et al., 1994). Consistent with similar observations throughout the
dorsal and ventral striatum, a revision in the conceptual framework of striatal anatomy in
favor of a mediolateral organization has been proposed (Voorn et al., 2004).

Recent studies using intracranial drug self-administration by Ikemoto and colleagues
(2003;2005) revealed functional evidence for mediolateral compartmentation in the ventral
stratum. They extended earlier reports (Carlezon et al., 1995;Rodd-Henricks et al.,
2002;Sellings & Clarke, 2003) implicating the medial shell in the primary reinforcing effects
of psychomotor stimulant administration by demonstrating that, while infusions to regions
of the medial ventral striatum (medial shell and medial tubercle) reliably maintain
responding, infusions in lateral regions (core, lateral shell, lateral tubercle) do not. These
data and the aforecited anatomical literature are consistent with the present findings
indicating that the lateral shell is more similar to core than to medial shell. While the lateral
accumbens was shown not to be involved in primary drug reinforcement, it (i.e. core) has
been implicated in the expression of locomotor stimulant effects (Boye et al., 2001;Ikemoto,
2002;Sellings & Clarke, 2003) and in the expression of incentive reward value (Kelley et al.,
1997;Salamone et al., 1999;Corbit et al., 2001).

How the medial and lateral accumbens process drug-related appetitive/instrumental
information will ultimately be revealed by understanding the basal forebrain circuitry to
which they are linked. The notion of corticostriatopallidothalamic circuitry is well
established (Alexander et al., 1986; Groenewegen et al., 1991) and considerable progress
has been made in identifying the paths by which information flows in the basal forebrain.
Tract-tracing studies have identified the medial shell’s capacity to affect DA input to the
entire striatum by virtue of its upstream position in basal forebrain circuitry (Berendse et al.,
1992b; Voorn et al., 2004). Convergent contextual, emotional and cognitive information
from limbic and cortical structures is processed through medial accumbens (French &
Totterdell, 2002, 2003), which then accesses downstream striatal structures (i.e. lateral
accumbens, dorsal striatum) via multiple routes: 1) a striatopallidothalamocorticostriatal
circuit (“superior” loop) 2) a striatopallidomesencephalostriatal circuit (“inferior” loop) and
3) intra-accumbal signaling (“direct” route) (Groenewegen et al., 1991; Zahm, 1999, 2000;
Otake & Nakamura, 2000; van Dongen et al., 2005). Lateral accumbal throughput is
positioned to affect dorsal striatal signaling via similar loop processing and together these
observations have led to a further refinement of this circuitry described as a spiral ascending
loop (Haber et al., 2000). The present findings, in which tonic firing rate suppression
occurred medially while rates that were elevated were found laterally, are consistent with the
sequence: reduced medial NAcc inhibitory output, disinhibition of the ventromedial VP
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GABAergic signal to substantia nigra pars compacta (SNc), and a resultant decrease in
DAergic inhibitory output to lateral NAcc. This involvement of the inferior loop may or may
not be mutually exclusive to others mentioned above in accounting for the elevated firing
rates observed in core and ventrolateral shell.

Of further interest will be confirmation of the pathways by which appetitive processing is
transmitted more dorsally in the loop circuitry and the precise neurophysiological changes
which occur over the course of chronic drug exposure. Some progress has been made in this
regard by investigations which have shown that over long term drug self-administration,
progressive drug-related changes in the striatal DA system correspond with the sequence of
connectivity through the spiral loop circuit (Letchworth et al., 2001; Nader et al., 2002;
Porrino et al., 2004, 2007). These changes, which initially occur in medial ventral striatum
and over time affect increasingly more lateral and dorsal striatal targets, may correspond to
shifts toward more compulsive drug responding.

Conclusions
Recent investigations using animal self-administration models have employed techniques
with spatial resolution necessary to discern physiological differences within the shell
subterritory. The present findings extend an emerging literature which revises earlier
concepts of accumbal functional compartmentation by partitioning the ventral striatum on a
mediolateral axis. This accords with a basal forebrain functional schema in which limbic-
cortical information converges in the medial accumbens, feeds forward via superior and
inferior loops to lateral accumbens, then dorsal striatum and ultimately motor cortex.
Chronic drug use perturbations at any particular synaptic population in this complex
circuitry has the potential of innumerable downstream aberrant consequences in the
processing of appetitive/instrumental signaling. Among them is dysfunctional striatal
dopamine signaling and, as some have hypothesized, the shift from volitional to compulsive
drug use. Understanding the functional dynamics of the medial and lateral accumbens in this
circuitry, and the role of dorsal border inhibition within it, will provide valuable insight into
the process by which drug addiction develops, as well as potential sites for pharmaceutical
intervention.
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Figure 1.
Examples of slow phasic reversal firing patterns. Each peri-event time histogram (PETH)
displays the firing pattern of one neuron during the minutes before and after the lever press.
The ordinate of each histogram displays the average firing rate (i.e. average discharges/s
calculated as a function of 0.1-min bins). Time 0 (vertical dashed line) on the abscissa marks
the occurrence of the cocaine-reinforced lever press. (A) Examples of decrease +
progressive reversal firing patterns. (B) Examples of other categories of slow phasic
patterns. Top, increase + progressive reversal; middle, increase + early reversal; bottom,
decrease + early reversal. For each PETH, the inset depicts the corresponding neural
waveform. Calibrations (bars in A, top) of waveforms: 0.25 ms, 0.10 mV (top left
waveform); 0.25 ms, 0.20 mV (all other waveforms).
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Figure 2.
Mediolateral comparison of slow phasic reversal categories. Neurons that were
histologically confirmed to be in either the lateral nucleus accumbens (NAcc) (i.e. core
\ventrolateral shell; n = 74) or the medial NAcc (i.e. dorsal shell\rostral pole shell; n = 17)
were evaluated in terms of whether they exhibited: (i) progressive or late reversal patterns (n
= 32); or (ii) early reversal patterns (n = 14). To determine whether reversal categories are
differentially expressed in the NAcc, a chi-square analysis was conducted. The percentage
of early-reversing neurons was greater in the medial NAcc, whereas progressive/late-
reversing neurons were more prevalent in the lateral NAcc [χ2(exact) = 4.70, degrees of
freedom = 1, *P < 0.05). A post hoc odds ratio analysis confirmed that the differential
probability of observing the two different reversal categories between regions was
significant (oddsPLR/oddsER = 5.37, *P < 0.05). PLR, progressive/late-reversing; ER,
early-reversing; D, dorsal; RP, rostral pole; VL, ventrolateral
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Figure 3.
Examples of rapid phasic firing patterns. Each peri-event time histogram displays the firing
pattern of a different neuron during the seconds before and after the lever press. The
ordinate of each histogram displays average firing rate (i.e. average discharges/s calculated
as a function of 0.2-s bins). Time 0 (vertical dashed line) on the abscissa marks the
occurrence of the cocaine-reinforced lever press, and corresponds with the raster display
above it. (A) A pre-press firing rate increase. (B) A lever press increase. (C) A post-press
increase. (D) A lever press decrease. Insets depict corresponding neural waveforms.
Calibrations (bars in A) of waveforms: insets A, B, and C, 0.25 ms, 0.20 mV; inset D, 0.25
ms, 0.15 mV.
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Figure 4.
Frequency distributions of pre-press (left panel) and post-press (right panel) rapid phasic
firing rate change magnitudes in the medial nucleus accumbens (M-NAcc) vs. the lateral
NAcc (L-NAcc). The magnitude of firing rate change is expressed as B/(A + B) (bottom side
of x-axis). Values from 0.49 to 0 and from 0.51 to 1.00 reflect increasingly larger firing rate
decreases and increases, respectively. Values of 0.50 reflect no change from baseline firing
rate (vertical dashed line). The top side of the x-axis indicates twofold, fourfold, etc.
increases above, or decreases below, baseline firing rate values. The ordinate scale indicates
percentages of the total neurons in the medial (N = 17) and lateral (N = 74) NAcc. The
distribution of pre-press B/A + B increases was greater in lateral NAcc (core/ventrolateral
shell) neurons than in medial NAcc (dorsal shell/rostral pole shell) neurons [t26 = 1.71, P =
0.02).
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Figure 5.
Tonic firing changes in neurons that exhibit slow phasic firing patterns are differentially
expressed among nucleus accumbens (NAcc) subregions. The graph depicts tonic firing data
for neurons that exhibited slow phasic firing changes. Symbols indicate subregional
placement of histologically confirmed NAcc microwires (see key). B/A + B values from 0.49
to 0 and from 0.51 to 1.00 reflect increasingly larger firing rate decreases and increases,
respectively. A rather broad distribution of increases and decreases of slow phasic and tonic
firing magnitudes is revealed for lateral NAcc neurons (e.g. core and ventrolateral shell),
including opposite signs in firing rate change between time bases (i.e. symbols in upper left
and lower right quadrants). For the medial NAcc (i.e. dorsal shell and rostral pole shell) and
dorsal border regions, it is notable that slow phasic changes were exclusively decreases in
neurons that also exhibited tonic decreases (lower left quadrant). D, dorsal; VL,
ventrolateral; RP, rostral pole; V, ventral.
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Figure 6.
Percentage of slow phasic (SP) increases and SP decreases among tonic categories. All tonic
neurons (n = 135) were evaluated by category (increase, decrease, and non-responsive) for
the prevalence of SP increases and decreases within them. SP decreases were observed in
33% of tonic increase neurons, 44% of tonic decrease neurons, and 43% of no tonic change
neurons. SP increases were observed in 43% of tonic increase neurons, 2% of tonic decrease
neurons, and 8% of no tonic change neurons. A 2 × 3 chi-square test revealed that SP
increase and decrease reversal patterns were differentially expressed across tonic categories
[χ2(2) = 17.3338, P < 0.001). An odds ratio analysis confirmed a differential prevalence of
SP increase and decrease patterns between the tonic increase and decrease categories: odds
ratio (95% confidence interval) = 0.0311 (0.0033–0.2892).
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Table 1

Electrophysiological Data by Subregion

SUBREGION N MEAN AMPLITUDE (mV) MEAN SIGNAL:NOISE BASELINE FIRING RATE

Core 24 92 ± 4.1 2.91 ± 0.12 0.42 ± 0.13

Shell - Dorsal 12 91 ± 4.6 2.64 ± 0.12 0.44 ± 0.16

Shell - Ventromedial 13 83 ± 4.6 2.85 ± 0.18 0.63 ± 0.29

Shell - Ventrolateral 48 103 ± 4.2 3.20 ± 0.15 0.59 ± 0.29

Shell - Rostral Pole 5 104 ± 9.3 3.31 ± 0.37 0.15 ± 0.05

Dorsal Border 19 109 ± 8.1 3.10 ± 0.20 0.40 ± 0.09

Ventral Border 14 102 ± 9.5 3.43 ± 0.34 0.82 ± 0.46
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