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Ensemble coding in the nucleus accumbens 

PATRICIO O'DONNELL 
Albany Medical College, Albany, New York 

The nucleus accumbens may be involved in cognitive functions via its control of thalamocortical ac­
tivity feeding back to the prefrontal cortex. Functional neuronal ensembles, or changes in the spatial 
and temporal distribution of active and inactive neurons, may mediate information processing in the 
accumbens. Neurons are considered active during the plateau depolarizations, or up state, that most 
nucleus accumbens neurons exhibit. Action potential firing can occur only during these events in these 
neurons. Inputs controlling the distribution and timing of up events (i.e., limbic afferents and dopa­
mine) may determine the spatiotemporal pattern of accumbens neuronal ensembles and, therefore, of 
thalamoprefrontal cortical activity. 

Cognitive functions have been attributed to the nucleus 
accumbens (NAcc) for some time, although the precise 
nature of its involvement remains unknown. Indeed, the 
ventral striatum has been recently defined as a cognitive 
pattern generator (Graybiel, 1997). Pennartz, Groenewe­
gen, and Lopes da Silva (1994) have proposed that NAcc 
functions are based on the organization of neuronal en­
sembles. Connectivity patterns in different subterritories 
of the NAcc can determine the spatial distribution ofneu­
rons that can be linked in an ensemble. However, these 
ensembles need to be adaptable to a changing complex en­
vironment. Thus, for them to be relevant to behavior, they 
should also rely on functional properties ofNAcc neurons 
rather than on just its hardwiring. This would be similar to 
what in the hippocampus has been referred to as ensemble 
coding (Eichenbaum, Wiener, Shapiro, & Cohen, 1989; 
M. A. Wilson & McNaughton, 1993). Here, I present a 
theoretical model on the modulation of information pro­
cessing in the NAcc based on previous experimental work 
that can account for ensemble coding. The spatial and 
temporal distribution of active and inactive neurons can 
be established and reinforced by several inputs, yielding 
to dynamic ensembles ofNAcc neurons that may account 
for its role in controlling prefrontal cortex (PFC) cognitive 
functions. 

Evidence supporting an involvement of the NAcc in 
cognition has been obtained from several lines of research. 
Behavioral studies have shown NAcc neurons firing in 
relation to reward (Apicella, Ljungberg, Scarnati, & 
Schultz, 1991; Schultz, Apicella, Scarnati, & Ljungberg, 
1992; Shidara, Aigner, & Richmond, 1998). Suppression 
of NAcc activity by either a lesion or an application of 
local anesthetics impairs a number of behaviors, includ­
ing prepulse inhibition of the acoustic startle response 

This work was supported by National Institute of Mental Health 
Grant MH57683. Correspondence should be addressed to P. O'Don­
nell, Department of Pharmacology and Neuroscience, Albany Medical 
College (A-136), 47 New Scotland Ave., Albany, NY 12208 (e-mail: 
patricio.o'donnell@ccgateway.amc.edu). 

(Kodsi & Swerdlow, 1997), hoarding (Stern & Passing­
ham, 1994), spatial learning (Annett, McGregor, & Rob­
bins, 1989), food intake patterns (Clifton & Somerville, 
1994), memory (Gal, Joel, Gusak, Feldon, & Weiner, 
1997; Seamans & Phillips, 1994), and switching strate­
gies in different tasks (Gal et aI., 1997; Reading & Dun­
nett, 1991), among many others. Furthermore, manipula­
tions of transmitters in the NAcc alter social recognition 
(Ploeger, Willemen, & Cools, 1991), exploratory locomo­
tion (Floresco, Seamans, & Phillips, 1997; Maldonado­
Irizarry & Kelley, 1994; Mogenson&Wu, 1991a, 1991b), 
learning paradigms (Chu & Kelley, 1992; Maldonado­
Irizarry & Kelley, 1995; Westbrook, Good, & Kiernan, 
1997), latent inhibition (or the ability to ignore irrelevant 
stimuli; Solomon & Staton, 1982), prepulse inhibition 
(Wan, Geyer, & Swerdlow, 1994; Wan & Swerdlow, 1993, 
1996), feeding and oral behaviors (Maldonado-Irizarry, 
Swanson, & Kelley, 1995; Prinssen, Balestra, Bemelmans, 
& Cools, 1994), reward-related behaviors (Chu & Kelley, 
1992), and the responses to a novel environment (Hooks 
& Kalivas, 1995). Several of these behaviors may also be 
attributed to prefrontal cortical function (Fuster, 1997). 
Thus, given the organization of circuits in which the NAcc 
participates (Groenewegen & Berendse, 1994; O'Don­
nell, Lavin, Enquist, Grace, & Card, 1997), at least some 
of NAcc functions may be mediated via its involvement 
in reentrant circuits controlling PFC activity. 

INTEGRATION OF INFORMATION 
IN THE NUCLEUS ACCUMBENS 

The connectivity pattern of the NAcc allows for the in­
tegration of cognitive and emotion-related inputs to con­
trol PFC activity. The NAcc can control thalamo-PFC ac­
tivity by way of its projections to the ventral pallidum (VP) 
and substantia nigra (Figure 1; O'Donnell et aI., 1997; 
Zahm, Williams, & Wohltmann, 1996). The NAcc receives 
converging inputs from a variety of limbic structures, in­
cluding the hippocampus and amygdala (Finch, 1996; 
Groenewegen et aI., 1991; O'Donnell & Grace, 1995). 
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Figure 1. Schematic organization of circuits including the nu­
cleus accumbens that underlie its control of prefrontal cortical 
activity. Circles represent structures involved in such circuits. 
The nucleus accumbens receives glutamatergic projections from 
a variety of neocortical and allocortical areas, including the me­
dial and orbital prefrontal cortices (PFC), hippocampal forma­
tion (Hipp), amygdala (Amy), and entorhinal cortex (Erh). Its ef­
ferent projection targets primarily the ventral pallidum (VP) and 
substantia nigra pars reticulata (SNR). Pallidal and nigral neu­
rons project to several different targets. Those relevant to PFC 
function include the mediodorsal and reticular thalamic nuclei 
(Thal). 

The information provided by these afferents (i.e., contex­
tual and spatial from the hippocampus, emotional from 
the amygdala) may interact with that arriving from the 
PFC. The outcome of these interactions within the NAcc 
controls VP inhibition of the thalamo-PFC system and de­
termines the level and distribution of activity in mediodor­
sal (MD) thalamic neurons projecting to the PFC. 

These interactions are based on physiological proper­
ties ofNAcc neurons. The majority of output neurons in 
the NAcc exhibit a bistable membrane potential, charac­
terized by an alternation between a very polarized resting 
membrane potential (down state) and depolarized plateaus 
(up state) (O'Donnell & Grace, 1995). This phenomenon 
has also been observed in dorsal striatal medium spiny 
neurons (Calabresi, Mercuri, Stefani, & Bernardi, 1990; 
C. J. Wilson & Groves, 1981; C. J. Wilson & Kawaguchi, 
1996); in both the ventral and the dorsal striatum, the 
down state is considered the resting membrane potential, 
whereas the up state depends on synaptic input activity 
(O'Donnell & Grace, 1995; C. J. Wilson & Kawaguchi, 
1996). Up events can only be observed using in vivo in­
tracellular recordings, whereas in vitro intracellular record­
ings yield neurons with membrane potentials within the 
range of the down state (O'Donnell & Grace, 1993). In the 
NAcc, up events are dependent on the integrity of hip­
pocampal afferents, as shown by the inability to record 
bistable neurons in rats bearing a fimbria-fornix transec-

tion or by the temporary suppression of up events follow­
ing lidocaine injection into the fimbria-fornix (O'Donnell 
& Grace, 1995). During the down state, firing threshold 
is 25-30 m V from resting potential; thus, PFC-originated 
synaptic responses are unlikely to result in action poten­
tial firing (Figure 2; O'Donnell & Grace, 1995). On the 
other hand, during the hippocampal-driven up state, the 
membrane potential is so close to firing threshold that 
even a small-amplitude excitatory postsynaptic potential 
(EPSP) from cortical afferent activation may be able to 
result in action potential firing (Figure 2; O'Donnell & 
Grace, 1995). We have interpreted these results as context­
sensitive hippocampal input gating PFC throughput in 
the nucleus accumbens. Up events can be considered 
then as active periods, or windows of opportunity during 
which relatively discrete excitatory inputs to the NAcc 
can yield spike firing. The spontaneous firing observed 
during the up state (O'Donnell & Grace, 1995) could be 
attributed to the arrival of such inputs. The role of other 
limbic afferents, such as those originating in the amyg­
dala or entorhinal cortex, on up events ofNAcc neurons 
remains to be addressed. 
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Figure 2. Most nucleus accumbens neurons exhibit a bistable 
membrane potential. During the down state, synaptic responses 
to cortical afferent activation are relatively small and do not re­
sult in action potential firing. This representative tracing shows 
an up event from a nucleus accumbens neuron. Small sponta­
neous EPSPs are indicated with the arrows labeled "not gated" 
during the down state (-79 mV). The up state (-65 mV) is de­
pendent on hippocampal inputs (represented by broken upward 
arrows underneath the tracing), and cortical afferent activity 
may yield action potential firing only during this period. This is 
due to the relative proximity of the up state to firing threshold. 
Action potentials in the tracing are occurring spontaneously, but 
they are probably due to synaptic responses that do not require 
large amplitude to reach firing threshold. They are indicated 
with the arrows labeled "gated." 
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Figure 3. Hippocampal gating of prefrontal cortical throughput in the nucleus accumbens 
is essential to establish ensembles of active neurons. By putting neurons in their up state 
(thick open circles; thin circles represent neurons in the down state), hippocampal inputs 
(broken arrows) translate contextual and spatial information into a pattern of neuronal ac­
tivity in the nucleus accumbens. By way of accumbal projections to the ventral pallidum (VP) 
and substantia nigra, and from there to the mediodorsal thalamic nucleus (Thai) and pre­
frontal cortex (PFC), the distribution of active ceDs in the nucleus accumbens def"mes the ac­
tivation of PFC. This results in the selection of the appropriate ensemble in the PFC, shown 
as shadowed circles. 

The spatial distribution of up events in the NAcc de­
termines the topology of thalamocortical activity con­
trolling the PFC. According to the context, there will be 
a different set ofNAcc neurons in their up, or active, state; 
NAcc infomiation to the VP-thalamocortical system can 
only arise from neurons in their up state (Figure 2). Thus, 
the factors controlling which cells are up or down and 
the timing of their transitions will control thalamocorti­
cal activation of the PFC. The distribution ofNAcc neu­
rons in the up state at any given moment may determine 
the spatial distribution of active thalamocortical units 
driving PFC cell firing (Figure 3). In this way, ensemble 
coding in the NAcc may command the neuronal ensem­
bles in the PFC. 

The temporal pattern of up events is also important. 
To establish a spatially distributed ensemble of active neu­
rons, the synchrony of up events may be more relevant 
than single action potential synchronization (Figure 4). By 
bringing the membrane potential of selected units close 
to firing threshold, up events may be the behaviorally rel­
evant factors determining cell activity in the NAcc; ac­
tual cell firing is then a matter of probabilities during up 
events. There are at least two potential sources of up-event 
synchrony: (I) the excitatory inputs responsible for the 
transitions to the up state do so simultaneously in several 

neurons, or (2) lateral transfer of information among NAcc 
neurons via gap junctions. Although a hypothetical syn­
chrony of inputs may playa role in determining syn­
chrony of up events, gap junctions in the striatum and 
NAcc can be modulated by a number of neurotransmit­
ters including DA and nitric oxide, as well as cortical in­
puts (Cepeda et aI., 1989; O'Donnell & Grace, 1993, 
1997). Gap junctions can provide a direct route for slow 
signals, such as up events, to cross from one neuron to an­
other (O'Donnell & Grace, 1993). In this way, a variety 
of inputs to the NAcc can modulate both the temporal 
and the spatial distribution of up events. 

DOPAMINE AND INFORMATION 
PROCESSING IN THE 

NUCLEUS ACCUMBENS 

The NAcc receives a very dense dopamine (DA) inner­
vation that has been associated with a number ofbehav­
iors. For example, DA levels change in the NAcc during 
feeding and drinking (Yoshida et aI., 1992), if the ani­
mals have to work for food by leverpressing (Salamone, 
Cousins, McCullough, Carriero, & Berkowitz, 1994), 
during sexual behaviors (Damsma, Pfaus, Wenkstern, 
Phillips, & Fibiger, 1992; Pleim, Matochik, Barfield, & 
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Figure 4. Ensemble coding in the nucleus accumbens requires synchronization of up states 
in a group of neurons. Upper panel: If up events are not synchronized, accumbens output to 
the VP will not be time-locked. This is shown as ditTerent lengths in the arrows pointing from 
the accumbens to the VP. Absence of synchronization will result in PFC being activated at 
ditTerent time points (shown as ditTerent angles of cone shadows in circles representing PFC 
neurons). Tracings representing the activity of four hypothetical bistable neurons (labeled 
with Greek letters) are shown to the left. The hypothetical neurons labeled a, f3, or rreceive 
PFC input during up events and therefore are allowed to send this information down to the 
VP. Two other hypothetical accumbens neurons receive PFC inputs during the down state 
(thin open circles) and are not gated. The neuron labeled 13 represents cells that fire in re­
sponse to other inputs during the up state. Since up events in the nucleus accumbens are not 
synchronized, PFC neurons will not be simultaneously activated, resulting in failure of es­
tablishing a functional ensemble. Lower panel: If up events were synchronized, the simulta­
neous activity in these four neurons would constitute a functional ensemble, yielding syn­
chronized activation of a distributed set of thalamocortical neurons. 
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Auerbach, 1990), and in response to a novel environment 
(Hooks & Kalivas, 1994; Rebec, Grabner, Johnson, Pierce, 
& Bardo, 1997). Also, latent inhibition depends on DA 
transmission in the NAcc (Gray et al., 1995), and NAcc 
cell firing correlates with the timing of cocaine self­
administration (Peoples & West, 1996). In monkeys, ven­
tral striatal DA is involved in signaling anticipation of 
reward and behaviorally relevant stimuli (Schultz, 1992). 

A common factor in all these actions is that they are 
associated with appetitive stimuli, which involve in­
creased DA cell activation (Mirenowicz & Schultz, 1996). 
DA cells are activated on presentation of reward (Schultz 
et al., 1992; Schultz, Dayan, & Montague, 1997). When 
a conditioned stimulus is paired with the reward, once 
the association between the signal and the reward has 
been learned, DA cells will shift their activation to when 
the conditioned stimulus is presented, rather than with 
the reward itself (Schultz, 1986; Schultz, Apicella, & 
Ljungberg, 1993). This has been interpreted as an in­
volvement of DA in prediction of reward. In summary, 
DA neurons can be activated by novel unexpected stimuli 
that attract the attention of the animal (Ljungberg, Api­
cella, & Schultz, 1992), by primary reward in the absence 
of predictive stimuli, or by conditioned stimuli predict­
ing reward (Schultz, 1992). As a result, DA released in 
the basal ganglia and PFC may be signaling that the cur­
rent state of ensembles is associated with reward (and 
therefore worth reinforcing). Ultimately, such control of 
activity in the NAcc modulates PFC activity, and the ap­
propriate ensemble ofPFC neurons will be activated fol­
lowing the NAcc ensemble. Consistent with this hypoth­
esis is the finding that orb ito frontal cortical neurons also 
activate on expectation of reward or during goal-directed 
behaviors (Schoenbaum, Chiba, & Gallagher, 1998). 

Although the involvement of the NAcc in reward is 
well documented, there is a large body of evidence also 
implicating this brain region in reactions to aversive stim­
uli (Salamone, Cousins, & Snyder, 1997). It is well known 
that DA in the NAcc is elevated by stress (Abercrombie, 
Keefe, Di Frischia, & Zigmond, 1989; Bertolucci­
D' Angio, Serrano, Driscoll, & Scatton, 1990) and during 
aversive conditioning (Wilkinson et al., 1998). Further­
more, intraaccumbens administration of glutamate antag­
onists alters avoidance behaviors (Ericson, Svensson, & 
Ahlenius, 1990), and NAcc DA is involved in leverpress­
ing to avoid an electric shock (McCullough, Sokolowski, 
& Salamone, 1993). However, electrophysiological stud­
ies have found that DA neurons in the ventral tegmental 
area (VTA) increase their firing rate during appetitive, 
rather than aversive, stimuli (Mirenowicz & Schultz, 
1996), keeping this issue not yet resolved. In any event, 
the potential participation ofNAcc DA in behavioral re­
sponses to both appetitive and aversive stimuli may 
imply an action in the motivational aspects common to 
both mechanisms (Salamone, 1992). Thus, DA in the 
NAcc may be involved in acquiring positive and avoid­
ing aversive stimuli (Salamone, 1991). 

Despite extensive studies, however, the nature of DA 
actions in the NAcc at a cellular level is still poorly un­
derstood. DA can exert its actions by binding to a variety 
of receptors, typically grouped in the D, family (D, and 
D5) or the D2 family (D2' D3, and D4)' The actions ofDA 
in the NAcc may depend on which receptor subtype is 
involved, but the uneven distribution of these receptor sub­
types usually complicates the interpretation of studies 
addressing this issue. Although receptors of both families 
can be found in postsynaptic membranes of striatal and 
NAcc neurons, they can be colocalized in a population of 
neurons and segregated in others. However, the proportion 
of neurons with colocalized or distributed DA receptor 
subtypes is intensely debated (Gerfen, 1984; Surmeier, 
Reiner, Levine, & Ariano, 1993). DA receptors in output 
neurons have a variety of actions at postsynaptic level. Ad­
ministration ofDA agonists may result in either depolar­
ization (Akaike, Ohno, Sasa, & Takaori, 1987; Bernardi, 
Cherubini, Marciani, Mercuri, & Stanzione, 1982; Herr­
ling & Hull, 1980; O'Donnell & Grace, 1996; Shi, Zheng, 
Liang, & Bunney, 1997; Uchimura, Higashi, & Nishi, 
1986) or hyperpolarization (Herrling & Hull, 1980; 
Uchimura et al., 1986) in striatal, NAcc, or PFC cells, 
depending on the recording conditions. Even when cells 
are depolarized, the threshold for action potential firing 
is also shifted to more depolarized values (Akaike et al., 
1987; 0 'Donnell & Grace, 1996). As a consequence, DA 
reduces the overall probability of firing in NAcc neurons, 
an action mediated in vitro by D, and D2 receptor coac­
tivation (O'Donnell & Grace, 1996). These findings re­
semble results of pioneering experiments using in vivo 
intracellular recordings from PFC neurons showing that 
DA iontophoretic administration elicits membrane de­
polarization along with suppression of firing (Bernardi, 
Calabresi, Mercuri, & Stanzione, 1984; Bernardi et al., 
1982). These results illustrate that DA actions in the NAcc 
or striatum cannot be simplified to a plus or a minus sign. 

Although membrane depolarization or changes in cell 
excitability have important consequences, DA has other 
physiological actions that add to the complexity of its ef­
fects. These include the modulation of responses to other 
inputs in its target areas. DA may control the efficacy of 
synaptic inputs to these regions presynaptically, given 
the presence of presynaptic DA receptors on glutamater­
gic terminals. DA receptor activation (pharmacologi­
cally by agonists or physiologically by stimulation ofDA 
cells) can modulate synaptic responses to cortical affer­
ent activation in the striatum (Bernardi et al., 1984; Cal­
abresi, Benedetti, Mercuri, & Bernardi, 1988). In the 
caudate-putamen (CPU), this is believed to occur through 
activation of D2 receptors (Brown & Arbuthnott, 1983; 
Calabresi et al., 1988); however, in the NAcc, the data are 
conflicting. Some reports have suggested that D2 recep­
tors may reduce the amplitude ofEPSPs elicited by acti­
vation of PFC afferents in vitro (O'Donnell & Grace, 
1994), whereas others have proposed "atypical" D, recep­
tors (i.e., not linked to adenylate cyclase and requiring 
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Figure 5. Dopamine contributes to up-state synchronization in accumbens neurons via its control of gap 
junction permeability and by acting as a state stabilizer. This diagram shows the circuit and representative 
tracings from five neurons, as shown in Figure 4. Massive DA ceD firing results in phasic DA release (thick ar­
rows). In addition to changes in accumbens neuron membrane potential and release of other transmitters (see 
text), DA controls the ceD-tlH:eD communication via gap junctions. Gap junctions are indicated as paraDel 
lines connecting the circles representing individual neurons in the accumbens. By being permeant at the right 
time, gap junctions may aDow for up events in coupled ceDs to synchronize. This is represented in four ofthe 
five representative traces shown in the left. The nearly simultaneous transitions define a functional ensemble 
and are transmitted to VP/SN and thalamus, resulting in a specific pattern ofthalamocortical activation. The 
topography of VP neurons inhibited by the ensemble of active NAcc neurons is shown with a symbol resem­
bling the spatial location of active NAcc neurons. A similar symbol in the thalamus circle represents the topog­
raphy of thalamocortical ceDs disinhibited by this ensemble. The simultaneity ofthalamocortical activation is 
shown as cone shadows in active PFC neurons having the same angle. 

exceedingly high doses of antagonists to block the re­
sponses) mediating this DA-induced decrease in synap­
tic response (Harvey & Lacey, 1996; Nicola, Kombian, 
& Malenka, 1996). Interestingly, it has been recently re­
ported that presynaptic control of glutamatergic affer­
ents by DA in the CPu does not affect all stimulated af­
ferents, suggesting that DA may exert some extent of 
selection among these inputs (Flores-Hernandez, Galar­
raga, & Bargas, 1997). Another action ofDA bearing on 
information processing properties in the NAcc and CPu 
resides in its control of gap junction permeability (Cepeda 
et aI., 1989; O'Donnell & Grace, 1993). Gap junctions 
can serve as low-pass filters, optimized for cell-to-cell 
transfer of slow signals. Thus, permeant gap junctions 
could contribute to synchronization of up events among 
coupled neurons, and DA may be involved in establishing 
or maintaining neural ensembles by this action (Figure 5). 

Whether a neuron is in the up or down state will affect 
considerably the overall action DA exerts on it. It is tempt-

ing to interpret both postsynaptic and presynaptic ac­
tions of DA as inhibitory in nature. However, since DA 
cells fire en bloc in the presence of reward, novelty, or 
reward-predicting stimuli (Schultz, 1997), an inhibitory 
action of DA would result in a "freezing" behavioral ef­
fect. HQwever, DA and DA agonists are known as behav­
ioral activators instead (Pierce & Kalivas, 1995; Segal & 
Mandell, 1974), even ifthey are locally administered into 
the NAcc (Swanson, Heath, Stratford, & Kelley, 1997). 
A solution to this paradox may lie in potential different 
effects of activation of Dl or D2 receptors depending on 
the state of the neuron membrane potential. A series of 
studies from Michael Levine's lab has demonstrated spe­
cific DA-glutamate interactions in striatal neurons, de­
pending on the receptor subtype involved. In short, Dl 
receptor activation potentiates NMDA-receptor-mediated 
responses, whereas D2 receptor activation decreases 
AMPA-receptor-mediated responses (Cepeda, Colwell, 
Itri, Chandler, & Levine, 1998; Levine, Altemus, et aI., 
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1996; Levine, Li, Cepeda, Cromwell, & Altemus, 1996). 
Other lines of evidence also support a link between 
NMDA and Dl receptors; for example, the D1-receptor­
related DARPP-32 phosphoprotein has been shown to 
phosphorylate NMDA receptors (Greengard, Snyder, 
Fisone, & Aperia, 1995). Furthermore, tyrosine hydrox­
ylase (TH) terminals in the NAcc are associated with 
NMDA processes (Gracy & Pickel, 1996). An inter­
action between Dl and NMDA receptors may have im­
portant functional consequences. During the up state, 
NMDA receptors are less inactive (their Mgz+ inhibition 
is partly removed by depolarization); thus, Dl activation 
may contribute to maintain up events by enhancing long­
lasting NMDA responses. On the other hand, during the 
down state D1-reinforced NMDA responses will be inef­
fective, and Dz receptors may be able to shunt moderate­
amplitude AMPA synaptic responses effectively. In 
short, by contributing to hold the down state negative 
and, at the same time, enhancing synaptic responses dur­
ing the up state, DA can be seen as a "state-stabilizer." If 
DA is a state stabilizer and DA cells are typically acti­
vated en bloc, this will result in a reinforcement of the 
current ensemble by tagging the distribution of neurons 
in their up or down state. In other words, DA may con­
tribute to establish a cell ensemble appropriate for a par­
ticular context by gap junction modulation and by stabi­
lizing membrane potential states (Figure 5). Neurons 
driven to their up state by contextual or any other input 
are kept "ready to go" by this effect of DA. Such an ac­
tion ofDA, which is massively released in relation to re­
warding (and perhaps also aversive) stimuli, may add a 
motivational value to NAcc ensembles controlling PFC 
function. 

Activation of mesoaccumbens, mesocortical, or ni­
grostriatal systems may also have actions on the ensem­
ble coding of their target areas that are independent of 
DA. Classical studies have shown EPSPs in CPu, NAcc, 
and PFC in response to stimulation ofDA cells (Calabresi 
et aI., 1990; Hull, Bernardi, & Buchwald, 1970; Kitai, 
Sugimori, & Kocsis, 1976; Mercuri, Calabresi, Stanzione, 
& Bernardi, 1985), although a large part ofthis excitatory 
component of the response can be abolished by a corti­
cal lesion (C. 1. Wilson, Chang, & Kitai, 1982), suggest­
ing that most of it may be due to activation of fibers of 
passage. These responses may vary depending on whether 
the cell is in the up or down state. We have recently shown 
that VTA stimulation induces transitions to a long-lasting 
down state, which usually preceded by an EPSP (O'Don­
nell & Lewis, 1998). Part of these excitatory responses 
may be due to non-DA components of these projections. 
DA cells have been proposed to comprise only a subset 
of these projections (van der Kooy, 1981); this has been 
recently substantiated in a monkey study employing sev­
eral injections of retrograde tracers combined with TH 
immunostaining (Williams & Goldman-Rakic, 1998). 
Furthermore, DA neurons in culture can establish func-

tional glutamatergic synapses (Sulzer et aI., 1998). Ifthis 
proves true in vivo, a burst of action potentials in DA neu­
rons may release DA and glutamate, and this excitatory 
amino acid will bring the membrane potential of NAcc 
neurons closer to firing threshold, or even reach it in those 
NAcc cells in their up state. On the other hand, it would 
not be sufficient for any significant consequence in cells 
in the down state. In this way, a hypothetical corel ease of 
glutamate and DA may reinforce the action of DA, re­
sulting in the activation of a selected ensemble of neurons 
in the NAcc. 

DYNAMIC ENSEMBLES 
IN THE NUCLEUS ACCUMBENS 

The ensembles of active neurons determined by the 
distribution of neurons in their up state could represent 
a very effective means of assembling "preset" patterns 
of striatal activation. In the CPu, motor ensembles could 
provide a way to reformulate the proposed "motor pro­
grams." The concept of motor programs was introduced 
to account for the presetting of a final common pathway 
required in ballistic movements (Brooks, 1979; Keele, 
1968), but it has been criticized as a "black-box concept" 
(Alexander, DeLong, & Crutcher, 1992). Our proposal 
of ensemble coding in the basal ganglia may provide a 
means by which preset patterns of activation may be 
stored, accounting for functions attributed to motor pro­
grams while avoiding their computational pitfalls. In the 
ventral striatum, neural ensembles would be related to 
cognitive rather than purely motor function. So, they could 
be the equivalent of a "cognitive program." Ensembles are 
dynamic; they change moment to moment depending on 
contextual variations and to adjust accordingly the be­
havioral output. Behavioral experiments based on reward 
in monkeys have suggested that the ventral striatum can 
keep track of progress of learned behavioral sequences 
leading to reward (Shidara et aI., 1998). Release ofDA by 
mesoaccumbens terminals may reinforce cognitive en­
sembles in the same way nigrostriatal DA may reinforce 
motor ensembles. 

IMPLICATIONS FOR SCHIZOPHRENIA 
AND PARKINSON'S DISEASE 

Current hypotheses on schizophrenia pathophysiology 
are attempting to bring together disparate findings, such 
as hypofrontality, alteration in DA systems, and a hip­
pocampal deficit (O'Donnell & Grace, 1998). We have 
speculated that the basal ganglia are a brain region in 
which most of the systems implicated in schizophrenia 
may converge. In particular, the integration of inputs 
from the hippocampus, amygdala, and PFC in the NAcc 
makes it a likely candidate to be at the center stage of any 
valid model. Indeed, an alteration in ensemble coding in 
the NAcc may be a consequence of the primary distur-
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bance in schizophrenia, be it a hippocampal or PFC al­
teration. An increase in phasic firing ofDA cells (Grace, 
1991) along with a deficient hippocampal input provid­
ing erroneous contextual information could result in the 
establishment of inappropriate ensembles. The abnor­
mally large DA release would tag and reinforce such in­
adequate ensembles. A failure in establishing contextu­
ally appropriate ensembles may result in activation of 
improper units in the PFC-this being likely to underlie 
symptoms such as hallucinations or delusions (positive 
symptoms) that have been correlated with hippocampal 
dysfunction and increased DA activity (Davis, Kahn, Ko, 
& Davidson, 1991; O'Donnell & Grace, 1998). Con­
versely, antipsychotics would contribute to the reinstate­
ment of some extent of ensemble coding. All clinically 
effective antipsychotics are DA antagonists. They exert 
their actions over repeated administration by inducing 
depolarization block in DA cells (Grace, Bunney, Moore, 
& Todd, 1997). As a result, although the cortical impair­
ments would still be present, the increased phasic DA re­
lease that reinforces the inappropriate ensembles would 
be prevented. 

Parkinson's disease (Pd), on the other hand, could be 
the expression of a failure in the reinforcement of motor 
ensembles due to low DA levels. A consequence of the 
absence of adequate ensemble coding would be an al­
tered sequence of motor commands. The attenuation of 
symptoms by L-DOPA replacement therapy may be the 
result ofDA levels restored to a point sufficient to restore 
motor ensemble coding. However, since the increased 
DA levels are the result of exogenous administration 
rather than derived from DA cell firing, the ensemble se­
quences reinforced may not be altogether appropriate. 
They will not follow the temporal pattern normally in­
duced by DA cell firing. Consistent with this hypothesis 
is the observation that medicated Pd patients exhibit im­
paired motor timing (Harrington, Haaland, & Hermano­
wicz, 1998). A disruption in this delicate balance may 
result in inappropriate motor sequences being enabled. 
In the long run, this may underscore the appearance ofL­
DOPA-induced dyskinesias (Marsden, 1994). Another 
side effect of L-DOPA therapy is the development of 
psychotic episodes. These may be the consequence of ex­
cessive and functionally inappropriate levels of DA in 
limbic areas (including the NAcc), tagging inappropriate 
cognitive ensembles. 

CONCLUSION 

In summary, information processing in the NAcc may 
be seen as a changing ensemble of active neurons, which 
are simultaneously exhibiting their membrane potentials 
in their active (up) state. The spatial distribution of active 
neurons constituting these ensembles is under the con­
trol ofa variety of inputs. DA selects the appropriate on­
going ensembles according to their behavioral relevance; 
this could be either appetitive or aversive, thus requiring 
ensemble reinforcement or ensemble avoidance. Either 

excessive or deficient DA levels may alter the process of 
ensemble coding in the NAcc and striatum, causing an 
alteration in PFC function. 
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