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Function of the nucleus accumbens
within the context of the larger striatal system

SHERI J. Y. MIZUMORI, WAYNE E. PRATT, and KAY E. RAGOZZINO
University of Utah, Salt Lake City, Utah

There is accumulating evidence that the nucleus accumbens plays an important role in spatial navi-
gation, and it has been suggested that the accumbens functions to integrate spatial and reward infor-
mation to affect behavioral performance (e.g., Lavoie & Mizumori, 1994). Here, a hypothesis is proposed
that more specifically takes into consideration the nature of the contribution of the accumbens. Specif-
ically, it is argued that the accumbens operates in conjunction with the caudate-putamen to provide or-
ganisms with a response reference system whereby the success of current behavioral strategies can be
evaluated. The accumbens is postulated to carry out this function with respect to current changes in
the sensory (spatial) environment, whereas the caudate-putamen evaluates the effectiveness of current
responses, relative to response efficacy predicted by past experience. The striatum as a whole, then,
endows the navigation system with a response-based mechanism by which memory representations
and current environmental information (from the neocortex) can guide future spatial behaviors.

Our understanding of the neurobiology of spatial nav-
igation has been maturing at a rapid rate in recent years
(see, e.g., Burgess, Recce, & O’Keefe, 1994; Eichen-
baum, 1996; McNaughton et al., 1996; Mizumori, 1994;
Mizumori, Lavoie, & Kalyani, 1996; Muller, Stead, &
Pach, 1996; Poucet & Benhamou, 1997; Sharp, Blair, &
Brown, 1996; Taube, Goodridge, Golob, Dudchenko, &
Stackman, 1996; Wiener, 1996). Neurophysiological in-
vestigations typically focus on the role of hippocampal
place cells and head direction cells of the limbic thala-
mus and neocortex. Place cells are those that selectively
discharge when animals traverse discrete areas of an
environment. Head direction cells preferentially dis-
charge when animals orient their head along certain (hor-
izontal) trajectories in space and not along others. Both
cell types appear to rely on the integration of visual and
self-motion information, although the relative depen-
dence on these inputs may vary. Full appreciation of the
limbic contribution to spatial learning cannot be achieved
unless one also understands how limbic information is
used to guide an animal’s behavior. To this end, Lavoie
and Mizumori (1994) and, more recently, many others
(e.g., Kawagoe, Takikawa, & Hikosaka, 1998a; Redish &
Touretzky, 1997; Sharp et al., 1996) have argued that at
least the nucleus accumbens portion of the striatum may
integrate limbic spatial information with reinforcement
consequences to regulate navigational behavior. Such a
claim is consistent with a currently held view that the nu-
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cleus accumbens is involved in the acquisition of new
spatial information.

Below, we briefly summarize evidence suggesting a spa-
tial contribution by the nucleus accumbens and then pro-
pose that the accumbens and the dorsal striatum (caudate-
putamen in rats) may function in coordination to modify
the future selection of adaptive behaviors. The coordina-
tion is hypothesized to reflect the operation of a response
reference system whereby the expected reinforcement out-
come associated with a particular cognitive/behavioral
strategy is compared with that currently being experi-
enced. Within this common functional domain, the accum-
bens and the caudate-putamen may make individual con-
tributions. The accumbens may be preferentially involved
in the initial (acquisition of) reward —space associations,
such as that which occurs when animals enter new envi-
ronments. By comparison, the caudate-putamen is more
directly influenced by past memories, thereby allowing
for a mechanism by which animals can evaluate the ex-
tent to which previously effective behavioral patterns re-
main appropriate. Both accumbens and caudate-putamen
outputs eventually inform neocortical selection of specific
response options.

A Role for the Nucleus Accumbens
in Spatial Learning

Disruption of nucleus accumbens function seems to
have selective effects on learning and memory. Pretrain-
ing interventions produce significant impairments in a
variety of spatial tasks (see, e.g., Annett, McGregor, &
Robbins, 1989; Floresco, Seamans, & Phillips, 1996a,
1996b; Gal, Joel, Gusak, Feldon, & Weiner, 1997; Ploeger,
Spruijt, & Cools, 1994; Seamans & Phillips, 1994; Suth-
erland & Rodriguez, 1989). Many of these same studies
also demonstrate that the accumbens does not impair learn-
ing of nonspatial variants of the same tasks. Furthermore,
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posttraining compromise of the functioning of the ac-
cumbens produces transient or no impairment of the spa-
tial function. These latter conditions are important to note,
since the accumbens is well known for its role in moti-
vation (Robbins & Everitt, 1996) and motor activity (Mo-
genson & Yang, 1991). Thus, analogous to what has been
shown for the hippocampus (e.g., Kim & Fanselow, 1992;
Morris, Garrud, Rawlins, & O’Keefe, 1982; Olton,
Walker, & Gage, 1978; Scoville & Milner, 1957; Zola-
Morgan & Squire, 1990), the nucleus accumbens appears
to be importantly involved in the acquisition of new spa-
tial information.

In addition to the studies suggesting a possible role for
the accumbens in spatial learning, there are other reports
describing failures to find spatial deficits following ac-
cumbens lesions. For example, Floresco et al. (1996a)
showed that lidocaine-induced inactivation of the accum-
bens prior to training resulted in no impairment in the
learning of a spatial variant of the water maze task. One
explanation for this discrepancy in the literature is that
the Floresco et al. (1996a) study targeted the shell sub-
region of the accumbens, whereas other studies (e.g.,
Ploeger et al., 1994) targeted not only the shell but also
the core subarea. It has been suggested that the core and
shell regions subserve different behavioral systems (e.g.,
Maldonado-Irizarry & Kelley, 1995; Weiner, Gal, Raw-
lins, & Feldon, 1996).

The similarities between the spatial behavioral conse-
quences of nucleus accumbens lesions and those of hip-
pocampal lesions (O’Keefe & Nadel, 1978) suggest that
these two structures are part of the same functional system.
The following question then arises: Are there unique
contributions of each structure? Before this question can
be answered in full, it is argued below that it would be
prudent to consider the possibility that the accumbens is
part of a larger striatal functional system that is impor-
tant for adaptive spatial behaviors.

The Nucleus Accumbens Within
a Larger Striatal System

Results from many levels of analysis indicate that the
accumbens should be considered to be functionally re-
lated to the caudate-putamen complex (dorsal striatum
in rats). In terms of behavioral evidence, similar spatial
acquisition deficits were observed following medial cau-
date-putamen or accumbens lesions when rats were
trained according to place-learning paradigms in water
mazes (Devan & White, 1997; Furtado & Mazurek,
1996; Whishaw, Mittleman, Bunch, & Dunnett, 1987) or
radial mazes (see, e.g., Colombo, Davis, & Volpe, 1989).
Caudate-putamen-lesioned rats were also impaired on a
spatial reversal task in which the rats learned to select goal
arms not selected during initial (pre)training (Mitchell,
Channell, & Hall, 1985). It was proposed that one ex-
planation for the spatial deficit is a disruption of the under-
lying mechanisms of response-reinforcer associations,
since lesioned rats did not show the normal overshadow-
ing effect that one expects to observe when response—
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reinforcement training follows stimulus—reinforcement
training. It would be of interest to determine whether nu-
cleus accumbens lesions produce similar overshadowing
deficits.

The Mitchell et al. (1985) study illustrates a current
enigma regarding the contribution of the caudate-putamen
to learning. That is, in apparent contrast with the evidence
that the caudate-putamen is involved in spatial process-
ing, other studies not only suggest a preferential role of
the caudate-putamen in stimulus-response or egocentric
learning, but also show no deficits in spatial learning.
Cook and Kesner (1988) and Kesner, Bolland, and Dakis
(1993) reported that caudate-lesioned rats were impaired
in their ability to learn to turn in a particular direction from
a start location. White and colleagues (McDonald &
White, 1993; Packard, Hirsh, & White, 1989) found that
caudate-putamen lesions impaired rats’ ability to associ-
ate a particular response with the presentation of a light
cue on a radial maze. More recently, Packard and Mc-
Gaugh (1996) showed that reversible caudate-putamen
inactivation reduced response strategy use by rats trained
on a T-maze. Finally, Knowlton, Mangels, and Squire
(1996) described Parkinson’s patients who were impaired
on a stimulus—response type of task in which a fixed set
of stimuli were probabilistically related to one of two re-
sponses. These same studies provide evidence (by pro-
ducing double and triple dissociation effects) that the
caudate-putamen is not important for context-dependent
(spatial) learning.

On comparing the lesion sites that produced spatial- or
response-learning deficits, it can be seen that lesions of
the dorsolateral sector of the caudate-putamen produced
response-learning deficits, whereas ventromedial le-
sions produced the spatial deficits that are similar to
those observed following nucleus accumbens lesions. It
is worth noting, however, that the above studies did not
systematically compare the dorsolateral caudate-putamen,
the ventromedial caudate-putamen, and the nucleus ac-
cumbens in the same study, much less in the same be-
havioral task. One study that did provide this important
comparison found that lesions of the accumbens and of
the ventromedial caudate-putamen abolished a sucrose-
based conditioned place preference in rats (Everitt, Morris,
O’Brien, & Robbins, 1991). Dorsolateral caudate-putamen
lesions had no effect. The finding by McDonald and White
(1994) complement those of the Everitt et al. study in
that dorsolateral caudate-putamen lesions enhanced the
control that spatial cues had on navigation. It appears,
then, that the behavioral evidence supports the view that
the ventromedial caudate-putamen and the accumbens
operate within a similar functional system and that this
may be somewhat distinct from that of the dorsolateral
caudate-putamen.

The effect of discrete striatal lesions on different forms
of learning is consistent with known regional variability
in anatomical connections and neurochemical compart-
ments. The ventromedial portion of the caudate-putamen
is more similar to the nucleus accumbens than to the dorso-
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lateral aspect of caudate-putamen in many respects. The
border between the ventral caudate-putamen and the ac-
cumbens is rather indistinct. Both areas receive meso-
cortical, allocortical, amygdaloid, and ventral tegmental
input (Beckstead, Domesick, & Nauta, 1979; Kelley &
Domesick, 1982; McGeorge & Faull, 1989). At a cellu-
lar level, the primary output neuron of each area is the
medium spiny neuron, which sends a main efferent to the
pallidum and which also give rise to locally distributed
collaterals that remain in the vicinity of the cell body
(Kawaguchi, Wilson, & Emson, 1990; Kitai, Preston,
Bishop, & Koscis, 1979). Histochemically, it has been
shown that large aspiny neurons dispersed among the
medium spiny output neurons serve as cholinergic inter-
neurons (Butcher & Woolf, 1984). Similarities in terms
of extrinsic and intrinsic connection patterns have sug-
gested to some that it may be futile to functionally dis-
tinguish, especially, the ventromedial caudate-putamen
and the nucleus accumbens (e.g., Gerfen, 1992; Heimer,
Zahm, & Alheid, 1995).

The main anatomical distinction of the dorsolateral
caudate-putamen is that, unlike the ventromedial caudate-
putamen and the nucleus accumbens, there is somato-
topically organized input from the primary motor and
primary somatosensory cortex, with preferential (but not
exclusive) termination in the dorsolateral caudate-putamen
(Flaherty & Graybiel, 1993; Kemp & Powell, 1970). Neu-
rophysiological recordings have verified this functionally
by revealing topographically organized sensorimotor
cellular responses, primarily in the dorsolateral caudate-
putamen (Cho & West, 1997).

Recordings from neurons of the nucleus accumbens
and the caudate-putamen in freely navigating rats further
support the notion of functional overlap between these
two striatal regions. Both areas appear to be sensitive to
reinforcement, spatial aspects of navigation-related be-

haviors, and specific movement elicited by the animal
(Lavoie & Mizumori, 1994; Mizumori & Cooper, 1995;
Mizumori, Ragozzino, & Cooper, 1999; Mizumori, Ragoz-
zino, Leutgeb, & Cooper, 1998; Mizumori, Unick, &
Cooper, 1996). Reinforcement-related neural represen-
tations are manifested by significant modulation of firing
rates during encounters of rewards, as well as by appar-
ent “expectation” of reward encounters in both the accum-
bens and the caudate-putamen (see Figure 1 for exam-
ples). Moreover, both caudate-putamen and accumbens
neurons discriminate rewards of different magnitudes.
With specific regard to the nucleus accumbens, evidence
was also found to suggest that integration of reward and
spatial information occurred at the single cell level, since
some units showed reward sensitivity, but only at certain
locations on the maze. Although evidence for such reward-
location integration has not yet been observed in the rat
caudate-putamen, such integration was recently proposed
for the monkey caudate nucleus (Kawagoe, Takikawa, &
Hikosaka, 1998b).

The rodent results presented above are consistent with
the primate neurophysiological literature, which suggests
that striatal neurons are engaged in processing informa-
tion about learned events (e.g., presentation of a reward);
their discharge seems to be evoked by the “expectation”
of such events (see, e.g., Apicella, Legallet, & Trouche,
1997). Factors that contribute to the (neural) expectation
response include not only whether an event is going to
occur, but also the location of the event or target stimu-
lus (Hikosaka, Sakamoto, & Usui, 1989), as well as the
direction of impending behavioral acts (Alexander &
Crutcher, 1990). Recently, Kawagoe et al. (1998a) showed
that the directional preferences of striatal cells vary, de-
pending on the reward context. These data are consistent
with earlier reports that striatal unit firing depends more
on the context in which actions occur than on the spe-
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Figure 1. Illustration of changes in firing rate by a caudate-putamen cell as a function of encounters with
large or small amounts of reward, which were found at the ends of alternating maze arms (7, = the time
at which the animal reached the ends of the maze arm). This cell showed a significant increase in firing
prior to encounters of large reward, but not of small rewards.
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cific response of the animal (e.g., Gardiner & Kitai, 1992;
Kimura, 1990; Rolls, 1994; Rolls, Thorpe, & Maddison,
1983; Schultz & Romo, 1992).

A second behavioral correlate common to the nucleus
accumbens and the caudate-putamen of rats during nav-
igational activity is localized discharge that resembles
the place fields recorded from hippocampal neurons
(O’Keefe & Dostrovsky, 1971). That is, many striatal
neurons selectively fire when rats move in particular di-
rections through restricted portions of the maze environ-
ment (Figure 2). Also, similar to hippocampal place
fields, striatal place fields appear to be visually depen-
dent, in that they show dramatic changes in their charac-
teristics when animals perform tasks in darkness. A no-
ticeable difference, however, between hippocampal and
striatal place fields is that the striatal fields tend to be more
broad, often extending over multiple arms of a radial
maze. Although possible, it is unusual to find a striatal
place field that is restricted to a single maze arm. The
latter pattern is more typical for hippocampal place fields,
when recorded from rats tested according to the same be-
havioral paradigm, although broad hippocampal place
fields are also found (e.g., Mizumori, McNaughton,
Barnes, & Fox, 1989). The comparatively low spatial se-
lectivity by striatal place cells may reflect the fact that stri-
atal spatial codes also include nonspatial context-relevant
information. Despite differences in spatial selectivity, stri-
atal place fields are as reliable as hippocampal fields.

A third behavioral correlate common to the caudate-
putamen and the nucleus accumbens is sensitivity to spe-
cific movements made by the animal. That is, cells se-
lectively increase or decrease discharge during behavioral
acts such as making 180° turns at the ends of maze arms
or during forward translational movements (Figure 3).
Many of these movement-sensitive neurons also discrim-
inate movements in different directions, such as right turns
from left turns or forward movement in one direction
from similar movements in other directions. None of these
movement correlates appears to be sensitive to changes
in the visual spatial environment. It is worth noting that,
at this time, it is unclear whether the above unit-behavioral
correlates are characteristic of the entire extent of the
caudate-putamen, since in our initial studies, there was
a bias toward recording mostly from the ventromedial
caudate-putamen.

The striking similarities between the nucleus accum-
bens and a significant portion of the caudate-putamen in
terms of behavioral dependence and anatomical defini-
tion of extrinsic and intrinsic connections, as well as the
neurobehavioral correlates of single unit activity, provide
strong evidence that at least the ventromedial caudate-
putamen and the nucleus accumbens operate within a
single functional system.

The Striatum as a Response Reference System
Rolls (1994) and Wise, Murray, and Gerfen (1996)

have recently proposed that the striatum can perform

both stimulus—response learning and context-dependent
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learning by selectively employing two distinct patterns
of cortical inputs. One afferent pattern includes the so-
matotopically organized motor and somatosensory in-
puts (Cho & West, 1997; Flaherty & Graybiel, 1993; Kemp
& Powell, 1970). Other sensory afferents are also topo-
graphically organized, with visual and auditory input
being predominant in the ventromedial caudate-putamen
and the accumbens. Activation of these somatotopic sen-
sory afferents may initiate striatal involvement in stimulus—
response learning.

A second afferent pattern is one in which spatially di-
verse but functionally related areas of the association
cortex converge onto restricted zones of the striatal in-
frastructure. Wise et al. (1996) and Rolls (1994) suggest
that the convergent pattern of striatal activation supports
context-dependent learning. The suggestion that the topo-
graphic sensory and motor afferent pattern mediates the
less flexible response learning, whereas the convergent
pattern mediates the flexible processing characteristic of
context-dependent learning, is entirely consistent with
what has been suggested by Merzenich and colleagues
in regard to neocortical plasticity (e.g., Merzenich &
DeCharms, 1996). In situations in which there are more
topographically constrained patterns of anatomical con-
nectivity, a limitation is placed on the combinatorial re-
sults that are possible, and well-defined sensory-response
relationships might predominate. By comparison, the com-
binatorial power of convergent systems is extensive, en-
dowing the system with the high degree of flexible pro-
cessing necessary for unique integration of a vast array
of (sensory, motor, reward, and other associational)
information.

Although response learning and more flexible cogni-
tive processing may utilize different striatal afferent sys-
tems, it is possible that the different afferent systems im-
plement similar intrastriatal computational functions.
Both sensory and association types of inputs are thought
to innervate GABAergic, medium spiny projection neu-
rons that are found throughout the striatum. These cells
have a unique membrane property in which the bistable
membrane potential can exist in up or down states. The
down state is caused by a massive inwardly rectifying
potassium current that serves as a shunt for weak or non-
synchronous inputs. Transition between states is regulated
by the temporal and spatial pattern of excitatory afferents,
and not by local synaptic inhibition (Wilson, 1995). Tem-
porally coherent cortical afferents synchronize the onset
of the up states across neuron ensembles (Stern, Jaeger,
& Wilson, 1998). Dopamine signals concerning rein-
forcement conditions (presumably from the substantia
nigra and the ventral tegmental area) may then serve to
modulate the synaptic efficiency of medium spiny neurons
with repeated experience (Houk, 1995; Schultz, Api-
cella, Romo, & Scarnati, 1995). Such similarities in the
intrinsic organization of the accumbens and the caudate-
putamen (both dorsolateral and ventromedial segments)
suggest that they may be part of the same computational
system.
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Figure 2. Examples of the spatial distribution of firing by accumbens neurons (A) and caudate-putamen
neurons (B). A comparison of the left and the right spatial plots in panel A illustrates the range of spatial
selectivity observed for accumbens place neurons, from broadly turned place cells (left) to location-specific
place cells (right). Dots indicate locations on the maze that were visited by the rat. The size of the circles is
proportional to the local firing rate of the cell, and vectors indicate the direction of movement through the
field. Note that even the broadly tuned place cells showed directional specificity—in this case, in the out-
ward direction. The place cell on the right revealed its location sensitivity when animals made 180° turns
at the ends of the NW, SE, and E maze arms. This is shown more clearly by the accompanying peri-event
histograms: The left histogram shows that peak firing occurred during turns made within the place field,
and not during turns made out of the place fields. Similar to accumbens place cells, caudate-putamen place
cells (B) exhibited a range of spatial selectivity, from broad (left) to specific (right). Broadly tuned caudate-
putamen place cells showed clear directional selectivity: This cell fired almost exclusively when the rat
moved in the inward direction.



NUCLEUS ACCUMBENS FUNCTION WITHIN LARGER STRIATAL SYSTEM 219

A To = BEGINNING OF OUTWARD MOVEMENT To = BEGINNING OF INWARD MOVEMENT
50 50
N
z
w
g
[+ 4
) .
| adads i, ! . SCTR ™ 7 T T VTN N i
-2.5 0 25 -2.5 0 2.5
TIME (SEC) TIME (SEC)
B. To = REACHED ENDS OF ARMS T, = BEGINNING OF TURNS
30 30
N
=
w
: ﬁl iy
! I_I A In |n|| \
-2.5 2.5 -2.5 0 2.5
TIME (SEC) TIME (SEC)
C_ To = REACHED ENDS OF ARMS To = BEGINNING OF INWARD MOVEMENT
15 15
N
z
£ I
31 i 'inu
“i" ‘Im abg Ul ‘J MI
UL el L b

2 2. 5 -2.5
TIME (SEC) TIME (SEC)

Figure 3. Three examples of movement sensitivity by striatal neurons. T is indicated in the figure. (A) This nu-
cleus accumbens neuron showed elevated discharge when the animal made forward translational movements. More-
over, it can be seen that the movement correlate was specific to times at which the rat moved in the outward direc-
tion on maze arms. This indicates that the movement cell was not merely reflecting behavioral activation per se.
(B) In contrast to the cell shown in panel A, a different accumbens neuron rarely fired during forward translational
movement, but rather increased discharge just prior to stopping at the arm ends.(left panel). This elevated discharge
pattern was maintained until the rat started a 180° turn to return to the central platform of the maze (right panel).
(C) Caudate-putamen cells show patterns of movement sensitivity that are similar to those of accumbens cells. This
cell was recorded from the caudate-putamen, and it selectively fired during inward, forward movements. For all cells,

bin width is 10 msec.
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Our current working hypothesis regarding the striatal
contribution to spatial learning in particular is that the
striatum refines the selection of future action patterns
that are deemed appropriate for the current sensory en-
vironment. Both the accumbens and the caudate-putamen
accomplish this via the initial convergence of afferent cor-
tical information, their own intrinsic processing system,
and the reconvergence of striatally processed informa-
tion in the pallidum that ultimately updates frontal and
parietal/temporal memory (i.e., context-based) represen-
tational systems. Association regions of the mesocortex
and the allocortex provide the striatum with information
concerning the sensory, motor, and reinforcement defi-
nition of the expected context, as well as information
concerning the immediate sensory surround and the cur-
rent behavioral state. (It is likely that the frontal cortex
also receives similar contextual information, enabling it
to provide the striatum with information regarding re-
sponse strategy options appropriate for a specific situa-
tion.) By integrating these kinds of cortical information
with dopaminergic input, the striatum is able to evaluate
the reinforcing consequences of (1) current egocentric
behaviors (e.g., turns, translational movement, etc.),
(2) temporally contiguous environmental stimuli and re-
sponses, (3) spatial dimensions of an expected sensory
environment (e.g., locations), and (4) behaviors guided
by the spatial attributes of an expected environment
(e.g., experience-dependent heading direction).

In accordance with our hypothesis, a primary functional
goal of the striatum is to indicate to the frontal cortex the
effectiveness of the current response strategy option. This
may be accomplished with the aid of dopamine, which ul-
timately reinforces synaptic weights within cortical asso-
ciation areas. Depending on the area affected, such input
could reinforce the continued use of a behavioral strategy
and/or guide the updating, or consolidation, process. Since
reinforcement guides learning, the neural pattern that is
eventually learned should reflect the most recent update of
a behaviorally relevant context. We view this specific con-
tribution of the striatum to learning as providing the or-
ganism with a response reference system whereby com-
parisons are made between the expected success of
learned behavioral strategies and the consequences of be-
haviors currently being expressed. This is a function that
can be generally useful for many forms of learning.

If the response reference system is generally useful,
why is it that selective behavioral deficits are observed,
depending on the lesion site within either the accumbens
or the caudate-putamen? As was argued by Rolls (1994)
and Wise et al. (1996), different learning situations acti-
vate different patterns of striatal afferents. Since the stri-
atal afferents are topographically organized, the lesion
site critically determines the nature of the behavioral
deficit.

It is likely that response learning and spatial learning
use at least some common attributes of the response refer-
ence system. Response learning requires an association

to be made between a well-defined motor act, or a current
external stimulus, and its immediate consequence. Thus,
the dorsolateral striatum is optimally situated to provide
response selection systems of the neocortex with feedback
concerning the consequences of the behavioral strategy
currently being employed. However, response flexibility
is not required and may, in fact, be detrimental to good
performance. Therefore, the most direct way by which
learning can take place is to use the striatal somatotopic
afferent circuit. As a result, behavior is relatively inflex-
ible, habitual in appearance (because the response can be
elicited with short latency), and acquired slowly.

More complex contextual learning (e.g., spatial learn-
ing), on the other hand, is not based on learning explicit
stimulus—response relationships. Rather, out of necessity,
spatial learning activates neural circuits that allow for
flexible processing of sensory and response information:
The hippocampal sensory-based, or spatial, reference
system may ultimately allow animals to organize sensory
information in different ways, whereas the striatal re-
sponse reference system helps animals to flexibly con-
sider different response options in a given environment.
When both systems operate together, perturbations in the
sensory environment or available response options can
be readily accommodated, leading to adaptive behavioral
change.

To return to the issue concerning the difference in
contextual processing by the striatum and the hippo-
campus, we propose that the key difference is that the
striatum places contextual information it receives from
cortical association areas (which includes the sensory
qualities of the environment, as well as the response pa-
rameters and reinforcement contingencies within that
environment) within the framework of motor instruc-
tions, whereas the hippocampus places perhaps similar
contextual information within a learned sensory coordi-
nate system. In other words, the striatum and the hippo-
campus place contextual information within different
coordinate systems, which, by virtue of their distinct pat-
terns of efferent, afferent, and intrinsic connections, are
either response based (striatum) or sensory based (hippo-
campus). This distinction between motor and sensory
coordinate systems for processing incoming sensory input
is not without precedent. A somewhat counterintuitive
view of spatial perception is emerging, which argues that
information codes in the parietal and frontal cortex are
action based (e.g., Colby & Duhamel, 1996; Fogassi et al.,
1992; Gross & Graziano, 1995). According to this view,
incoming sensory information is multiply represented in
terms of the possible actions that can be performed in,
say, a particular place. Neurophysiological evidence in-
deed shows that numerous sensory-dependent behavioral
correlates of cortical neurons occur within some form of
organism-centered coordinate system—for example, head
centered (Colby & Duhamel, 1991), body centered (Gen-
tilucci, Scandolara, Pigarev, & Rizzolatti, 1983), or cen-
ter of gaze (Duhamel, Colby, & Goldberg, 1992).
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Are There Unique Contributions of the
Accumbens and the Caudate-Putamen
to Spatial Learning?

It is likely that the numerous similarities in intrinsic
organization, as well as interconnections with afferent
and efferent structures, by the caudate-putamen and the
accumbens reflect the fact that both are part of a related
functional system, perhaps a response reference system.
Within the functional domain of such a system, the cau-
date-putamen and accumbens may, however, still make
distinct contributions to spatial learning. Such a charac-
terization seems warranted, given that, in addition to
similarities, there are significant differences between the
caudate-putamen and the accumbens. First of all, there
appears to be no clear relationship between patches found
in the accumbens and those found in the caudate-putamen.
For example, although enkephalin patches in the caudo-
medial shell region of the accumbens appear similar to
caudate-putamen patches in terms of afferent connections,
enkephalin patches in the rostral and lateral shell region
appear more similar to the caudate-putamen matrix
(Jongen-Relo, Groenewegen, & Voorn, 1993). Thus, a
comparable relationship between cell clusters and enkeph-
alin patches in the accumbens and the caudate-putamen
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is not observed, suggesting a difference in the intrinsic
neurocomputations that are performed.

A second difference refers to neurophysiological in-
vestigations of the accumbens and the caudate-putamen:
Head direction cells have been observed in the ventro-
medial caudate-putamen (Mizumori & Cooper, 1995;
Mizumori et al., 1998; Mizumori, Unick, & Cooper,
1996; Wiener, 1993), but such cells have not been ob-
served in the nucleus accumbens (Lavoie & Mizumori,
1994). The selective presence of head direction cells in
conjunction with place cells (Mizumori et al., 1998;
Ragozzino & Mizumori, 1998) suggests that the cau-
date-putamen may calibrate an organism’s behavioral
patterns to the external (visual) environment. In fact, it
has been suggested that the caudate-putamen integrates
visual (spatial) feedback to guide and improve the accu-
racy of movements (Mitchell & Hall, 1988). Alterna-
tively, caudate-putamen integration of visual spatial
movement may improve the accuracy with which behav-
iors are monitored.

A third distinction between the accumbens and the
caudate-putamen concerns the source of their limbic cor-
tical input (McGeorge & Faull, 1989). For the ventro-
medial caudate-putamen, the input is more mesocortical

+/-180 -80 0 +90
ANGLE OF DEVIATION (DEGREES)

+/-180 -90 ) +90
ANGLE OF DEVIATION (DEGREES)

Figure 4. Two examples of head direction cells recorded from the ventromedial portion of the caudate-
putamen. About half of the head direction cells recorded showed preferential firing in two of the possible
eight directions, whereas the other half of cells exhibited more selective head direction biases toward a sin-
gle direction. The cell on the left preferred the N and NW directions, and the cell on the right preferred
just the NW direction. Tuning curves (bottom) illustrate the firing rates of these cells as a function of angle
of deviation from the direction associated with the highest firing rate. Maximum rates for left and right

tuning curves are 35 and 60 Hz, respectively.
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in nature than allocortical, emphasizing retrosplenial and
entorhinal influences. In contrast, the nucleus accumbens
receives its limbic cortical input more from allocortical
regions (e.g., the ventral subiculum) than from meso-
cortical areas. The functional consequences of the dif-
fering limbic cortical inputs may not be trivial. Rather, it
may determine the differential contributions of the ven-
tromedial caudate-putamen and the nucleus accumbens
to adaptive navigation. The nucleus accumbens may be
in a more optimal, strategic position to specialize in pro-
cessing new spatial information because it has rather di-
rect and immediate access to a primary hippocampal
output structure (the subiculum), and hippocampal out-
put is hypothesized to reflect the most current evaluation
of changes in spatial contextual information relevant to
new learning (see above). The nucleus accumbens may,
then, have the specific role of associating ongoing be-
havioral strategies/responses and their consequences
with changes in perception of the current spatial context.
The ventromedial caudate-putamen, on the other hand,
by virtue of its innervation by mesocortical structures, may
be more directly influenced by past memories of (i.e., ex-
pected) behaviorally relevant contextual information
than by the most current evaluation of change in spatial
environment. As such, this region may evaluate the ex-
tent to which previously determined effective behavioral
patterns remain effective and appropriate. In this way,
the caudate-putamen not only can inform and update neo-
cortical selection of response options (Wise et al., 1996),
but also can update cortical memory representations of
the expected reinforcement and response significance of
a particular spatial context. Together, the accumbens and
the caudate-putamen regions of the basal ganglia evalu-
ate the success of current behavioral strategies, thereby
endowing the navigation system with a response-based
mechanism by which memory representations (from the
neocortex) can guide future spatial behaviors.

Future Directions

To evaluate the hypothesized distinction between the
nucleus accumbens and the caudate-putamen components
of the striatum, it is important that experiments begin to
employ within-subjects designs as much as possible.
Furthermore, both brain areas should be assessed as an-
imals perform the same behavioral task. One way to ac-
complish this is to compare the behavioral consequences
of reversible inactivation of either the accumbens or the
caudate-putamen in the same animal performing a single
task. Reversible inactivation is preferred over permanent
lesions in this case because it allows within-subjects
comparisons. In addition, the close (anatomical and func-
tional) relationship between these structures makes it
quite possible that functional compensation occurs in
one when the other is permanently damaged.

One prediction of the response reference interpreta-
tion of the striatum’s contribution to spatial learning is
that the nucleus accumbens would impair acquisition of
new spatial learning, while leaving performance of pre-

viously learned spatial information intact. This prediction
is based on the view that a special aspect of behavior to
which the accumbens is sensitive is a change in sensory
(spatial) perception, such as that which can occur during
new learning. In contrast, ventromedial caudate-putamen
inactivation should impair both the acquisition of new
information and the expression of prior learning. During
both acquisition and retention performance, animals must
continually evaluate the effectiveness of the current re-
sponse strategy. Both acquisition and retention perfor-
mance depend on such an evaluation. Floresco, Seamans,
and Phillips (1997) have provided some validation of the
above predictions by showing that inactivation of the
ventral subiculum to accumbens projection impaired per-
formance on goal-directed navigation in novel situations.

Comparing the relative unit-behavioral correlates of
individual or large populations of accumbens and cau-
date-putamen neurons recorded simultaneously during
acquisition and retention performance should also reveal
the nature of the interactions between these subareas of
the striatum. Complementary to the predictions of the ef-
fects of reversible inactivation on behavior, it is predicted
that accumbens and caudate-putamen units (either indi-
vidually or as a neural population code) would show
changes in their relationships to behavior during acqui-
sition. Accumbens units might change because active
new learning involves a continual change in, or updating
of, environmental perceptions as new strategies are tested
and become more efficient. Caudate-putamen units might
change because inherent to learning itself is the contin-
ual evaluation of the consequences of current behavioral
strategies. If the task demands change in a familiar envi-
ronment, both caudate-putamen and accumbens units
should be affected. If the task demands remain the same
but animals are tested in different environments, one might
observe greater changes in accumbens correlates, when
compared with caudate-putamen correlates. In any of these
test phases, it would be of interest to also determine
whether there are learning-induced changes in the tem-
poral correlation of discharge across the accumbens and
the caudate-putamen. If such a correlation is found, it
would further support the view that these two regions
function together to achieve a common goal.
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