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Authors’ note: In behavioral sections of the present review the term basal
ganglia is often used to refer to the caudate nucleus and putmen (i.e., dorsal
striatum). These structures are perhaps primary, but they are certainly not se-
lective components of a group of subcortical structures that make up the basal
ganglia. The broader term is used here simply in the interest of attracting the
widest general readership of investigators interested in basal ganglia function.

■ Abstract Although the mammalian basal ganglia have long been implicated in
motor behavior, it is generally recognized that the behavioral functions of this subcor-
tical group of structures are not exclusively motoric in nature. Extensive evidence now
indicates a role for the basal ganglia, in particular the dorsal striatum, in learning and
memory. One prominent hypothesis is that this brain region mediates a form of learning
in which stimulus-response (S-R) associations or habits are incrementally acquired.
Support for this hypothesis is provided by numerous neurobehavioral studies in differ-
ent mammalian species, including rats, monkeys, and humans. In rats and monkeys,
localized brain lesion and pharmacological approaches have been used to examine the
role of the basal ganglia in S-R learning. In humans, study of patients with neurode-
generative diseases that compromise the basal ganglia, as well as research using brain
neuroimaging techniques, also provide evidence of a role for the basal ganglia in habit
learning. Several of these studies have dissociated the role of the basal ganglia in S-R
learning from those of a cognitive or declarative medial temporal lobe memory system
that includes the hippocampus as a primary component. Evidence suggests that during
learning, basal ganglia and medial temporal lobe memory systems are activated simul-
taneously and that in some learning situations competitive interference exists between
these two systems.
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INTRODUCTION

In the early 1900s, Kinnier Wilson coined the term extrapyramidal system to de-
scribe a mammalian basal ganglia system that interacts with brain-stem structures
independently from the pyramidal tract to influence motor behavior. Wilson’s em-
phasis on the role of the basal ganglia in motor behavior was driven by his early
discoveries (1912, 1914) and those of Vogt (1911), revealing motor disorders in
humans following damage to this brain region. The recognition that Parkinson’s
disease (a progressive neurodegenerative disease characterized by limb rigidity,
tremors, and difficulty initiating movement) is fundamentally a disorder of basal
ganglia function provided further evidence of the important role of this brain region
in motor behavior. Decades of subsequent research on the behavioral functions of
the mammalian basal ganglia have revealed a group of structures whose functions
are diverse in nature, and it has long been recognized that behavioral classification
of the basal ganglia strictly as a motor system is not tenable. Rather, evidence
indicates that one nonmotor function of the basal ganglia involves participation
in learning and memory. This view was partly espoused in early experimental
research in animals investigating the effects of caudate nucleus lesions on per-
formance of delayed response and alternation behavior (e.g., Battig et al. 1960;
Butters & Rosvold 1968; Chorover & Gross 1963; Divac 1968, 1972; Divac &
Oberg 1975; Gross et al. 1965; Kirkby 1969) and on performance of conditioned
avoidance behavior (e.g., Allen & Davidson 1973, Kirkby & Polgar 1974, Neill &
Grossman 1970, Prado-Alcala et al. 1975, Winocur 1974, Winocur & Mills 1969).
The present review describes findings obtained primarily over the past decade
supporting a role for the basal ganglia in mammalian learning and memory. Fol-
lowing a brief consideration of relevant anatomy and neurochemistry, the role of
the basal ganglia in learning and memory is described based on findings from
studies employing brain lesion and behavioral pharmacology approaches in exper-
imental animals. It should be noted that there is also extensive research examining
the role of the basal ganglia in learning and memory with electrophysiological
techniques in behaving animals (e.g., Aosaki et al. 1994, Graybiel et al. 1994,
Hikosaka et al. 1989, Jog et al. 1999, Mizumori et al. 2000, Rolls et al. 1983,
Wiener 1993) and with neural computational modeling (e.g., Beiser et al. 1997,
Berns & Sejnowski 1998, Gillies & Arbuthnott 2000). However, an adequate de-
scription of these two latter approaches is difficult given the prescribed limits of the
present review, and therefore the reader is encouraged to examine this important
additional literature. Following review of research in lower animals, the role of the
basal ganglia in human learning and memory is described. This area of research
involves neuropsychological studies of humans with neurological disorders that
primarily compromise the basal ganglia (e.g., Parkinson’s disease, Huntington’s
Chorea) and findings from experiments using brain neuroimaging techniques.

One description of the role of the basal ganglia in learning and memory in both
lower animals and humans has been offered in the context of a multiple-systems
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approach to memory organization (e.g., Knowlton et al. 1996a, Mishkin & Petri
1984, Packard et al. 1989). According to this idea, the basal ganglia mediate a form
of learning and memory in which stimulus-response (S-R) associations or habits
are incrementally acquired. In several studies in which a neuroscientific approach
has been used, the putative S-R habit mnemonic function of the basal ganglia has
been dissociated from that of a cognitive medial temporal lobe memory system
in which the hippocampus is a major component (Packard 2001). Therefore, the
present review also includes a consideration of how relatively independent basal
ganglia and medial temporal lobe memory systems may interact in learning and
memory.

BASAL GANGLIA: BRIEF ANATOMICAL
CONSIDERATIONS

In 1664 anatomist Thomas Willis termed a prominent subcortical region of the
telencephaloncorpus striatum. Neuronal tracing techniques developed by Nauta
and colleagues in the mid-1950s allowed for elucidation of connectivity of the
broadly defined corpus striatal region, and the term basal ganglia was adopted to
refer to a group of subcortical structures that included as primary components the
caudate nucleus and putamen (the caudate-putamen are fairly undifferentiated in
the rat but are separated by the internal capsule in primates), the globus pallidus,
and the claustrum. Heimer and colleagues (e.g., Heimer & Van Hoesen 1979)
subsequently adopted the term ventral striatum to delineate the most ventral aspects
of the striatum (i.e., nucleus accumbens and portions of the olfactory tubercle)
from more dorsal regions (i.e., caudate nucleus or dorsal striatum). Thus, the core
structures of the mammalian basal ganglia include the dorsal striatum, ventral
striatum, and globus pallidus. In addition, the substantia nigra, ventral tegmental
area, and the subthalamic nucleus may be considered associated basal ganglia
structures via their reciprocal connections with the core structures (for reviews see
Ohye et al. 1996, Parent 1986).

The present review is restricted to addressing the role of the mammalian dor-
sal striatum (caudate nucleus and putamen) in learning and memory. However,
it should be noted that several lines of evidence also suggest a role for the ven-
tral striatum (e.g., nucleus accumbens) in learning and memory. This hypothe-
sis was originally offered by Mogenson and colleagues (1980), who proposed
that projections to the ventral striatum from limbic brain regions provide an in-
terface between motivational states and behavioral action. Consistent with this
idea, the mnemonic functions of the nucleus accumbens have been associated
with forms of memory that are mediated by limbic structures that target the ven-
tral striatum (i.e., hippocampus and amygdala) and, importantly, are unaffected
by damage to the dorsal striatum (for reviews see Cador et al. 1989, Setlow
1997).
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The basal ganglia receive input from virtually all regions of the cerebral cortex,
and these corticostriatal pathways are topographically organized (e.g., McGeorge
& Faull 1989, Veening et al. 1980). The discovery of corticobasal ganglia loops
delineates an important feature of the anatomical organization of the mammalian
basal ganglia, and these pathways have been elegantly described in the monkey
(for review see Alexander et al. 1986). Specific cortical regions project to the
dorsal and ventral striatum, and pallidal output from the basal ganglia loops back
into these same cortical regions via various thalamic nuclei. Evidence suggests
that at least five parallel corticobasal ganglia loops exist (for review see Kimura &
Graybiel 1995). With regards to learning and memory functions, one interesting
recent hypothesis is that fronto-cortical-striatal loops are used by the basal ganglia
to essentially train the cortex to produce learned motor responses in the presence
of a particular pattern of sensory information (Wise et al. 1996). However, it is
important to note that, although basal ganglia output is clearly looped via the
globus pallidus and thalamus back to specific cortical sites, pallidal and nigral
outputs also directly project to downstream brain-stem structures that allow for
rapid access to spinal control of motor responses.

The basal ganglia also receive a prominent projection from the thalamus, and
intralaminar thalamic nuclei are recognized as the primary origin of the thalam-
ostriatal pathway. However, projections to the neostriatum originating in various
other thalamic nuclei have also been identified. Overlapping territories exist be-
tween thalamic regions innervated by the output nuclei of the basal ganglia and
thalamostriatal projection neurons, which suggests the presence of feedback cir-
cuitry between these two brain regions (for review see Mengual et al. 1999).

BASAL GANGLIA: BRIEF NEUROCHEMICAL
CONSIDERATIONS

Neurochemically the basal ganglia is characterized by a prominent input from
midbrain dopaminergic pathways originating in the substantia nigra and ventral
tegmental area, primarily innervating the dorsal and ventral striatum, respectively
(for reviews see Graybiel 1990, Gerfen & Wilson 1996). Corticostriatal, thalam-
ostriatal, and afferent projections from limbic structures including the amygdala
and hippocampus utilize excitatory amino acid neurotransmission and are pre-
dominantly glutamatergic (Fonnum et al. 1981). Medium spiny output neurons of
the neostriatum, composing approximately 90% of striatal neurons, use gamma-
amino butyric acid as a neurotransmitter. An additional prominent component of
basal ganglia neurochemistry is a large population of cholinergic interneurons
(Lynch et al. 1972). For each of these systems, the full complement of receptor
subtype families that have been indented for each neurotransmitter are present in
varying densities and distribution patterns in the basal ganglia. Finally, several
neuropeptides are also localized in the basal ganglia, including various opioids,
cholecystokinin, substance P, somatostatin, and neurotensin.
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NEUROANATOMICAL AND NEUROCHEMICAL
ORGANIZATION OF THE BASAL GANGLIA:
PATCH AND MATRIX

In the mid-1980s, a series of important findings demonstrated the existence of two
neural compartments in the mammalian neostriatum that are neurochemically and
anatomically differentiated and are commonly termed the striatal patch and matrix
(for review see Gerfen 1992). Neurochemically, the patch compartments of the
striatum (also termed striosomes) are characterized by low levels of acetylcholine
and high levels of various opiates and substance P. In contrast, the matrix compart-
ment is characterized by cholinergic and somatostatin-containing neurons. Both
striatal compartments receive dopaminergic input, although dopamine pathways
originating in the ventral tegmental area and substantia nigra appear to primar-
ily innervate the patch and matrix, respectively. Anatomically, corticostriatal and
thalamostriatal projections are closely associated with the striatal matrix, while
projections from limbic structures to the striatum (e.g., hippocampus, amygdala)
appear to primarily innervate striatal patches. Investigation of the functional sig-
nificance of the neurochemical and anatomical differentiation observed between
these two striatal compartments represents an evolving area of basal-ganglia re-
search. With regards to the role of the basal ganglia in learning and memory, one
hypothesis is that the striatal matrix primarily mediates the mnemonic functions
of the dorsal striatum (White 1989a).

ROLE OF THE BASAL GANGLIA IN LEARNING AND
MEMORY: A THEORETICAL FORMULATION

As previously mentioned, one account of the role of the basal ganglia in learning
and memory posits that the caudate nucleus mediates a form of learning and
memory in which S-R associations or habits (e.g., Thorndike 1933, Hull 1943) are
incrementally acquired (Knowlton et al. 1996a, Mishkin & Petri 1984, Packard
et al. 1989; for a similar early proposal based on human studies see Phillips & Carr
1987). This hypothesis was originally proposed largely on the basis of evidence that
lesions of the monkey putamen impair simultaneous visual discrimination learning
(e.g., Buerger et al. 1974). In this task, animals are presented concurrently with
two objects (i.e., stimuli), and selection of the same object within a given pair
(i.e., response) is followed by food reward. According to S-R learning theory,
the satisfying or annoying nature of the reinforcer simply serves to strengthen
or weaken learning and is not itself represented in the associations formed (i.e.,
Thorndike’s 1933 Law of Effect).

The hypothesis that the basal ganglia mediate S-R habit learning has gained
support from studies in rats (e.g., Graybiel 1998; Jog et al. 1999; Kesner et al. 1993;
McDonald & White 1993, 1994; Packard et al. 1989; Packard & McGaugh 1992,
1996; Packard & Teather 1997, 1998; White 1997), monkeys (e.g., Fernandez-Ruiz
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et al. 2001, Kimura 1995; Teng et al. 2000), and humans (e.g., Butters et al. 1994;
Heindel et al. 1988; Knowlton et al. 1996a; Martone et al. 1984). In particular,
several of these studies have used dissociation methodology to provide support for
the hypothesis that the basal ganglia and hippocampus are parts of independent
memory systems that mediate the acquisition of S-R habits and cognitive (e.g.,
Tolman 1932) forms of memory, respectively.

ROLE OF THE BASAL GANGLIA IN LEARNING
AND MEMORY: LESION STUDIES

Beginning in the early 1960s, numerous studies conducted in experimental ani-
mals used brain-lesion techniques to implicate the mammalian basal ganglia in
performance of delayed alternation and response tasks (e.g., Battig et al. 1960;
Butters & Rosvold 1968; Chorover & Gross 1963; Divac 1968, 1972; Divac &
Oberg 1975; Gross et al. 1965; Kirkby 1969). Several investigators subsequently
demonstrated that lesions of the basal ganglia impair acquisition of various types
of conditioned avoidance behavior in rats (e.g., Allen & Davidson 1973, Kirkby
& Polgar 1974, Neill & Grossman 1971, Prado-Alcala et al. 1975, Winocur 1974,
Winocur & Mills 1969), providing further evidence of a potential mnemonic role
for this brain region (for early reviews on putative learning and memory functions
of the caudate nucleus see Chozick 1983, Oberg & Divac 1979). However, the
conclusion that the effects of a pretraining lesion on task acquisition result from
an impairment of learning and memory per se must always be offered cautiously,
as such lesions may potentially disrupt nonmnemonic functions (e.g., sensory,
motivational, and/or motoric) that contribute to task performance. One strategy
for dissociating lesion effects on mnemonic versus nonmnemonic factors is to
employ pairs of learning tasks that share the same motivational, sensory, and mo-
toric characteristics. The first use of dissociation methodology to directly test the
hypothesized selective role of the basal ganglia (dorsal striatum) in S-R habit learn-
ing involved a study in which two eight-arm radial maze tasks were used (Packard
et al. 1989). In the standard win-shift version of the radial maze task introduced by
Olton & Samuelson (1976), rats obtain food rewards by visiting each arm of the
maze once within a daily training session, and re-entries into maze arms that were
previously visited are scored as errors. In a newly developed win-stay version of
the radial maze task, rats obtained food rewards by visiting four randomly selected
and illuminated maze arms twice within a daily training session, and visits to unlit
maze arms are scored as errors. Performance in the win-shift task requires rats
to remember those arms that have been previously visited within a daily training
session, and this task is essentially a prototypical test of spatial working memory
(e.g., Olton & Papas 1979) and/or may involve the use of a Tolmanian (1932)
cognitive mapping strategy (e.g., O’Keefe & Nadel 1978). In contrast, acquisition
of the win-stay task requires rats to learn to approach lit maze arms, and this task
is essentially a simultaneous visual discrimination that may involve acquisition of
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a Hullian (1943) S-R habit. When rats are trained on these two tasks following
electrolytic lesions of the dorsal striatum, a dissociation is observed; dorsal stri-
atal lesions impair acquisition of the win-stay task and do not affect acquisition
of the win-shift task. Interestingly, lesions of the hippocampal system (fimbria-
fornix) produce the opposite pattern of results, providing evidence of a double
dissociation of the mnemonic functions of the dorsal striatum and hippocampal
system (Packard et al. 1989). These findings were subsequently replicated in a
study employing neurotoxic dorsal striatal and hippocampal lesions (McDonald
& White 1993). Importantly, when rats are well trained in the win-stay radial maze
task and subsequently exposed to reinforcer devaluation (via pairing of the food
reward with nauseating lithium chloride injections), they continue to approach
illuminated maze arms (Sage & Knowlton 2000). This finding suggests that rep-
resentation of the food reward is not guiding learned behavior in this task; rather,
performance of the caudate-dependent win-stay task involves acquisition of an
S-R (light-approach) and not a stimulus-stimulus (light-food) association.

An additional study utilized two water maze tasks to investigate the selective
role of the basal ganglia in S-R memory (Packard & McGaugh 1992). In these
tasks, analogous to those originally introduced by Morris (1984), two rubber balls
protruding above the water surface served as cues. One ball (correct) was located
on top of a platform that could be used to escape the water, and the other ball
(incorrect) was located on top of a thin rod and thus did not provide escape. The
two balls also differed in visual appearance (i.e., vertical versus horizontal, black
versus white stripes). In a cognitive version of the task, the correct platform was
located in the same spatial location on every trial, but the visual appearance of the
ball varied. Therefore, this version of the task requires rats to learn to approach the
correct ball on the basis of spatial location, and not visual pattern. In an S-R habit
version of the task, the correct platform was located in different spatial locations
across trials, but the visual pattern was consistent. Therefore, this task could be
acquired by learning an approach response to the visual cue. Lesions of the dorsal
striatum impair acquisition of the S-R habit task, without affecting acquisition
of the spatial task (Packard & McGaugh 1992). In another version of the water
maze task, rats were trained to swim to a visibly cued escape platform located
in a constant spatial location (McDonald & White 1994). Following acquisition
of the task, the nature of the learned behavior was probed by moving the visible
platform to a novel spatial location. On the probe trial, half of the control rats
swam to the old platform location (indicating the use of spatial memory), and half
swam to the visibly cued platform in the new location (indicating the use of S-R
memory). In contrast, all of the rats with dorsal striatal lesions swam to the old
spatial location, indicating an impairment in S-R learning. Again, it is of interest
to note that, in both of the water maze studies described above, lesions of the
hippocampal system (fimbria-fornix) produced the opposite pattern of results (i.e.,
a selective impairment of spatial memory).

Numerous other studies have used irreversible pretraining lesions of the ba-
sal ganglia to demonstrate impairments in the acquisition of learning tasks that
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theoretically could be acquired by an S-R habit memory system. For example, in
rats, caudate nucleus lesions impair the acquisition of two-way active avoidance
behavior (e.g., Green et al. 1967, Kirkby & Kimble 1968, Neill & Grossman 1971),
simultaneous tactile discriminations (Colombo et al. 1989), simple straight-alley
runway behavior (Kirkby et al. 1981, Salinas et al. 1998), invariant reference
memory in a four-arms baited, four-arms unbaited radial maze task (Colombo et al.
1989, Packard & White 1990), conditional visual (Reading et al. 1991, Winocur
& Estes 1998), and auditory (Adams et al. 2001) discrimination learning.

In addition to studies employing irreversible brain lesions, recent research us-
ing intracaudate infusion of drugs that produce temporary neural inactivation (i.e.,
tetrodotoxin or lidocaine) also reveal a role for the basal ganglia in learning and
memory (Lorenzi et al. 1995, Packard & McGaugh 1996). In one study (Packard
& McGaugh 1996), a plus-maze task that figured prominently in the historic de-
bate between S-R and cognitive learning theorists (for review see Restle 1957)
was used to examine the role of the caudate nucleus in response learning. Potegal
(1972) originally proposed that the caudate nucleus mediates egocentric response
learning, and several experimental findings support this idea (e.g., Abraham et al.
1983, Brasted et al. 1997, Cook & Kesner 1988, Kesner et al. 1993, Mitchell &
Hall 1988, Robbins & Brown 1990, Thompson et al. 1980). In the aforementioned
plus-maze study (Packard & McGaugh 1996), rats were trained in a daily session
to obtain food from a consistently baited goal box (west) and were trained to ap-
proach this maze arm from the same start box on each trial (south). Following
seven days of training (i.e., on day eight), rats were given a probe trial in which
they were placed in the start box opposite to that used during training (north).
On the probe trial, rats that entered the west arm (i.e., the spatial location where
food was located during training) were designated place learners, and rats that
entered the east arm (i.e., made the same body turn response that had been rein-
forced during training) were designated response learners. Prior to the probe trial,
rats received intradorsolateral caudate injections of the local anesthetic lidocaine,
in order to examine the role of this brain region in the expression of previously
learned behavior. On the day-eight probe trial, rats receiving vehicle or lidocaine
injections into the dorsolateral caudate were predominantly place learners, pro-
viding further evidence that the functional integrity of the dorsolateral caudate is
not necessary for expression of spatial or place learning. However, with extended
training in the cross-maze, intact rats switch from the use of place learning to a
response-learning tendency (Hicks 1964, Ritchie et al. 1950). Therefore, the rats
were trained for an additional seven days, given a second probe trial on day 16, and
again received intracerebral injections of lidocaine prior to the probe trial. On this
second probe trial, rats receiving vehicle injections into the dorsolateral caudate
were predominantly response learners, revealing a switch from the use of place
to response learning with extended training. In contrast, rats receiving intrador-
solateral caudate injections of lidocaine prior to the second probe trial exhibited
place learning, demonstrating a blockade of the expression of response learning.
This finding also indicates that when the shift from the use of place to response
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learning occurs the place representation can be brought back into use by blockade
of the caudate nucleus response-learning system. Consistent with the double disso-
ciations between basal ganglia and hippocampal mnemonic function observed in
studies using irreversible lesions, intradorsal hippocampal infusions of lidocaine
selectively impaired the expression of place learning (Packard & McGaugh 1996).

Finally, recent evidence also indicates that pretraining neurotoxic lesions of
monkey basal ganglia (i.e., ventrocaudal neostriatum) impair concurrent visual-
discrimination learning and leave visual-recognition memory intact (Fernandez-
Ruiz et al. 2001). Similarly, conjoint damage to the hippocampus and ventrocaudal
neostriatum (but not hippocampus alone) impairs concurrent and pattern-discrimi-
nation learning (Teng et al. 2000). Therefore, the selective impairment of S-R habit
learning that has been revealed following lesion damage to the basal ganglia in
rats is also observed following neostriatal damage in monkeys. Taken together,
these findings suggest that the mnemonic functions of the basal ganglia generalize
across mammalian species, an idea that is also supported by research on humans
(e.g., Knowlton et al. 1996a).

BASAL GANGLIA, LEARNING, AND MEMORY:
FUNCTIONAL HETEROGENEITY

Several early studies on the role of the basal ganglia in learning and memory
were guided in part by anatomical evidence demonstrating the existence of the
corticostriatal pathways. One hypothesis that has continued to garner support is
that the mnemonic function of the caudate nucleus is organized based on the
nature of the topographical cortical input this structure receives. For example, in
experimental animals lesions of either the frontal cortex or the medial region of the
caudate nucleus to which it projects produce similar impairments in performance
of delayed alternation and response tasks (e.g., Divac 1972; Kolb 1977; Rosvold
1968, 1972). Moreover, lesions of regions of the caudate nucleus that receive visual
or olfactory input selectively impair conditioned emotional responding based on
visual or olfactory stimuli, respectively (Viaud & White, 1989; see Pisa & Cyr
1990, Winocur 1974 for additional examples of regional specificity of the dorsal
striatum in learning).

One suggestion with regard to functional heterogeneity of the mnemonic role
of the basal ganglia is that S-R habit learning may selectively involve lateral re-
gions of the dorsal striatum, whereas the medial dorsal striatum may mediate a
cognitive form of memory that appears similar to that typically associated with
the hippocampus. This idea is based in part on evidence that lesions of the medial,
but not lateral, dorsal striatum, impair the use of spatial navigation in a hidden-
platform water maze task (e.g., Devan & White 1999, Furtado & Mazurek 1996,
Whishaw et al. 1987) and bias rats toward the use of S-R memory in a water maze
task in which competing place- and cue-learning preferences are simultaneously
assessed (Devan et al. 1999, Devan & White 1999). It should be noted that in
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some of these water maze studies, medial dorsal striatal lesions did not completely
prevent spatial learning (Devan et al. 1999, Devan & White 1999, Whishaw et al.
1987). Moreover, there is behavioral evidence that appears inconsistent with the
idea that medial dorsal striatal lesions produce mnemonic deficits identical to those
produced by hippocampal system lesions. For example, large lesions of the dorsal
striatum that include lateral and medial regions (Packard et al. 1989, 1992), as well
as lesions restricted to the medial dorsal striatum (Sakamoto & Okaichi 2001), do
not impair acquisition of hippocampus-dependent win-shift behavior in the radial
maze. Moreover, in the previously described spatial and S-R visual-discrimination
water maze tasks (Packard & McGaugh 1992), medial dorsal striatal lesions se-
lectively impaired acquisition of the S-R task, whereas fimbria-fornix lesions pro-
duced the opposite effect. Similarly, lesions of the medial caudate impair the S-R
component of a sequential learning task, without affecting the use of spatial in-
formation, whereas hippocampal lesions produce the opposite effect in this task
(DeCoteau & Kesner 2000). Finally, recent evidence suggests that separate lesions
of the medial or lateral dorsal striatum each impair acquisition of an S-R audi-
tory conditional-response association task (Adams et al. 2001). In sum, findings
of a number of studies suggest the existence of functional heterogeneity within
the dorsal striatum in learning. However, further research is clearly necessary to
determine whether such heterogeneity is limited to modality-specific S-R memory,
or whether medial regions of dorsal striatum may in part mediate more cognitive
forms of information processing.

ROLE OF THE BASAL GANGLIA IN LEARNING AND
MEMORY: POSTTRAINING DRUG STUDIES

An additional experimental approach that has been used to assess the mnemonic
functions of the basal ganglia involves posttraining manipulations of this structure.
Studies using localized intracerebral posttraining treatments have contributed sig-
nificantly to our understanding of the neuroanatomical and neurochemical bases of
memory. Early experimental findings (Breen & McGaugh 1961, Burnham 1904,
Duncan 1949, Zubin & Barrera 1941) supported the hypothesis (Hebb 1949,
Muller & Pilzecker 1900) that memory is in a labile state immediately following
a training experience, and over time the information is consolidated into a more
permanent state. Consistent with consolidation theory, a critical feature of these
treatments is that they are time dependent, that is, they are most effective when
administered shortly after training and lose effectiveness as the training-treatment
interval is increased. The time-dependent nature of posttraining treatments also
indicates that the effects on retention are not due to a proactive influence on mo-
tivational, sensory, or motoric processes (for reviews see McGaugh 1966, 1989,
2000).

Early research utilized posttraining electrical stimulation to implicate the basal
ganglia in memory processes (for review see Kesner & Wilburn 1974). Subsequent
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research using posttraining pharmacological treatments has implicated dopamin-
ergic, cholinergic, and glutamatergic neurotransmission in dorsal striatal memory
processes. With regard to dopamine, studies employing 6-hydroxydopamine le-
sions to deplete striatal dopamine initially suggested a role for the nigrostriatal
dopamine pathway in the mnemonic functions of the basal ganglia (e.g., Neill
et al. 1974, White 1988, Zis et al. 1974; see also Major & White 1978).

Memory enhancement produced by posttraining intracaudate infusion of the
indirect catecholamine agonist amphetamine in conditioned emotional-response
tasks provides direct evidence of a role for striatal dopamine in memory con-
solidation (Carr & White 1984, Viaud & White 1989). Posttraining intracaudate
injections of various dopamine receptor agonists (i.e., amphetamine, D1 receptor,
and D2 receptor agents) also enhance memory in the win-stay radial maze task and
have no effect in the win-shift task (Packard & White 1991). Similarly, posttraining
intracaudate amphetamine injections enhance memory in an S-R visible platform
water maze task, but they have no effect on memory in a hidden platform (spatial)
task in the same apparatus (Packard et al. 1994, Packard & Teather 1998). In both
of these latter studies, posttraining intradorsal hippocampal infusions of dopamine
agonists produced the opposite pattern, a selective enhancement spatial memory.

In addition to evidence indicating a role for striatal dopamine in memory, ex-
tensive evidence from rats trained in various conditioned avoidance behaviors
indicates a role for cholinergic mechanisms within the basal ganglia in memory
consolidation (e.g., Deadwyler et al. 1972; Haycock et al. 1973; Neill & Grossman
1971; Packard et al. 1996; Prado-Alcala et al. 1972, 1981; Prado-Alcala & Cobos-
Zapian 1977, 1979). Specifically, posttraining intradorsal striatal infusions of mus-
carinic cholinergic receptor agonist and antagonist drugs typically enhance and
impair memory, respectively. Recent studies have also implicated glutamatergic
function in dorsal striatal memory processes. Posttraining intracaudate infusions
of glutamate and the NMDA receptor antagonist AP5 enhance and impair mem-
ory in an S-R visible platform water maze task, respectively (Packard & Teather
1997, 1999). Evidence also suggests a role for metabotropic glutamate receptors in
caudate-dependent memory in the visible platform task (Packard et al. 2001). As
observed following administration of dopaminergic drugs, the effects of posttrain-
ing intracaudate infusion administration of glutamate, AP5, and mGluR agents
are task dependent; similar infusions have no effect on memory in a hidden plat-
form water maze task. Finally, a potential role for GABAergic transmission in
basal ganglia memory processes was initially suggested by findings indicating
that posttraining infusions of the GABA receptor antagonist picrotoxin into the
substantia nigra impairs memory (Kim & Routtenberg 1976), and recent research
has demonstrated memory-impairing effects of picrotoxin infused directly into the
dorsal striatum (Salado-Castillo et al. 1996).

In view of the evidence implicating dopamine, acetylcholine, glutamate, and
GABA in the mnemonic functions of the basal ganglia, important questions re-
main concerning the neural mechanisms that integrate the action of these neu-
rotransmitters. According to one hypothesis (White 1989a, White et al. 1994),
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glutamatergic corticostriatal projections provide the dorsal striatum with sensory
information underlying the formation of S-R associations, whereas GABAergic
output to the globus pallidus mediates the motor or response element of habit
memory. Dopaminergic input to dorsal striatum is hypothesized to provide a rein-
forcing signal that effectively stamps together S-R associations. Evidence indicat-
ing that 6-hydroxydopamine lesions of the nigrostriatal dopamine pathway block
the memory-enhancing effects of posttraining intracaudate infusion of cholinergic
agents suggests the existence of acetylcholine-dopamine interactions in striatal
memory processes (White et al. 1994).

It is important to note that the putative reinforcing action of dopamine on the
formation of S-R habits in the dorsal striatum is differentiated from the rewarding
properties of this neurotransmitter. Extensive evidence suggests that affective or
rewarding properties of dopamine are mediated by release of this transmitter in the
ventral striatum (e.g., via ventral tegmental area projections to the nucleus accum-
bens). The proposed role of the ventral tegmental-accumbens dopamine pathway
in stimulus-reward learning (e.g., Shultz et al. 1997, Sutton & Beninger 1999,
Wickens 1990), in which affective information may be represented in memory,
may be different than the reinforcing action of this neurotransmitter in S-R habit
learning, in which affective information is not represented in the underlying asso-
ciative structure (for a discussion of theoretical distinctions between the concepts
of reward and reinforcement see White 1989b). This suggestion is consistent with
evidence indicating that 6-hydroxydopamine lesions of the dorsal striatum do not
block the primary rewarding affective properties of dopamine agonists as measured
in conditioned place preference behavior or impair the acquisition of conditioned
reinforcement tasks that putatively involve stimulus-reward learning (e.g., Cador
et al. 1989).

Further research is necessary to elucidate the synaptic and cellular mecha-
nisms by which dopamine, acetylcholine, and glutamate influence dorsal striatal
memory processes. Interestingly, each of these transmitter systems has been impli-
cated in various forms of synaptic plasticity [i.e., long-term potentiation (LTP) and
long-term depression (LTD)] that have been identified in the basal ganglia (e.g.,
Calabresi et al. 1992, Centonze et al. 1999, Charpier & Deniau 1997, Garcia-
Munoz et al. 1992, Lovinger et al. 1993, Kerr & Wickens 2001), although the
relationship between neostriatal LTP and/or LTD and the mnemonic functions of
this brain region is currently unknown.

ROLE OF THE BASAL GANGLIA IN HUMAN
LEARNING AND MEMORY

Investigation of the role of the basal ganglia in human learning and memory has
provided some convergence with data from experimental animals. The fact that the
cerebral cortex is highly developed in humans (especially frontal lobe) suggests
that corticostriatal loops may subserve even more complex functions in humans.
Patients with basal ganglia disorders exhibit impairments in a number of cognitive
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tasks (for review see Glosser 2001). Cognitive impairment is a primary feature of
Huntington’s disease, which involves cell loss in the caudate and putamen. Patients
with Parkinson’s disease also exhibit a variety of cognitive deficits, though not
typically as severe. In Parkinson’s disease, cell death in the substantia nigra leads
to a loss of dopaminergic input to the caudate and putamen. In both of these patient
groups, motor deficits are the most obvious consequences of basal ganglia disease.
However, as has been described in experimental animals, the demonstration of
nonmotor deficits following basal ganglia dysfunction also suggests a broader role
for this brain region in human behavior, one that clearly includes learning and
memory functions.

PROBABILISTIC CLASSIFICATION LEARNING

The deficits in habit learning that have been demonstrated in experimental animals
with damage or dysfunction in the caudate nucleus appear to have an analog in
humans with basal ganglia dysfunction. However, the maze tasks that have been
used with rats may not readily lend themselves to studies of human learning and
memory. For instance, although the caudate-dependent win-stay radial maze task
is learned gradually and incrementally across many trials in rats (McDonald &
White 1993, Packard et al. 1989), it seems likely that humans would surmise that
the illuminated maze arms are selectively baited within a few trials. In order to
tap into a human habit learning system, it may be necessary to circumvent the
use of explicit or declarative memory. For example, by using a learning task in
which cues and outcomes are probabilistically related, explicit memory for what
has occurred on each particular trial is not as useful as a general sense of the
relationship between cues and outcomes gleaned across numerous training trials.

One version of a probabilistic classification task involves a weather prediction
game (Knowlton et al. 1994). There are four cues in the task (i.e., cards with
geometric shapes), and these cues predict one of the outcomes approximately
60–85% of the time. Subjects are told that on each trial they will be seeing a
set of cues on a computer screen and that their task is to guess whether the cues
predict sun or rain. If the subjects make a correct response, they hear a high tone
and see a smiling face on the screen, and if their response is incorrect they hear
a low tone and see a frowning face on the screen. Although subjects often feel
as if they are simply guessing, they nevertheless generally exhibit learning in this
task over 50–100 trials, as evidenced by a tendency to choose the more highly
associated outcome. Evidence suggests that damage to the basal ganglia results
in a deficit in this probabilistic classification task, as patients with Huntington’s
disease and Parkinson’s disease are impaired in task acquisition (Knowlton et al.
1996a). Although the locus of cell loss is different in the two diseases—Parkinson’s
disease affects the dopaminergic input to the striatum and Huntington’s disease
affects cells in the striatum itself—it appears that in either disorder the circuitry
that is required for learning the stimulus outcome associations is disrupted. The
deficit is particularly noteworthy in patients with Parkinson’s disease because these
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patients are able to show evidence of normal declarative memory for the training
episode.

It is important to note that in various caudate-dependent learning tasks, rats
with lesions of the hippocampal system exhibit intact (or in some cases facilitated)
acquisition. Therefore, if learning underlying the probabilistic classification task is
analogous to caudate-dependent S-R learning, then it should be acquired normally
by patients with damage to structures in the medial temporal lobe that are critical
for declarative memory. In fact, it does appear that temporal lobe amnesic patients
perform normally on this task (Knowlton et al. 1994, Reber et al. 1996). Thus, a
double dissociation between declarative memory and habit learning is observed
when patients with Parkinson’s disease are compared to amnesic patients. This
double dissociation parallels the findings with experimental animals, which sug-
gests that habit learning may be a mnemonic function of the basal ganglia that is
conserved across species.

MOTOR SKILL AND PERCEPTUAL-MOTOR LEARNING

In addition to the probabilistic classification task, patients with basal ganglia dys-
function are impaired on other tasks in which procedures or habits may be acquired.
Patients with basal ganglia dysfunction exhibit deficits in motor skill learning, pri-
marily for open loop motor skills that are not under the direct control of visual
feedback (Gabrieli et al. 1997, Harrington et al. 1990). Although the existence of
motor performance deficits can complicate the interpretation of these findings, im-
paired acquisition has been reported in learning paradigms in which motor perfor-
mance problems are unlikely to be the primary cause of a failure to show learning.
For example, patients with Huntington’s disease exhibit reduced weight–biasing
effects (Heindel et al. 1991). In this study, subjects lifted a set of weights and then
later judged the heaviness of a new set of weights. Subjects’ prior experience with
the weights affected their judgments; if they had initially lifted heavier weights,
they judged the test weight to be lighter than if they had initially lifted lighter
weights. This biasing effect may occur because the motor program for lifting the
target weight is influenced by previous experience (i.e., if the subject has just been
lifting heavy weights, the motor system may be prepared to lift heavy weights).
Therefore, a test weight may appear lighter if the motor system is prepared to lift
heavy weights, whereas the same weight may seem heavier if the motor system has
been prepared to lift lighter weights. This biasing effect does not require declar-
ative memory for experience with the weights because patients with Alzheimer’s
disease exhibit bias to the same extent as control subjects. The deficit exhibited
by patients with Huntington’s disease may occur because of a difficulty adapting
motor programs based on experience.

Patients with Huntington’s disease also exhibit deficits in perceptual-motor skill
learning. For example, in the prism adaptation task, subjects wear prism goggles
that effectively shift their visual world. Subjects initially make reaching errors
while wearing prism goggles, but with practice, they are able to reduce the error.
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When subjects remove the goggles there is even a transient error in reaching as
the perceptual-motor system readapts to the normal visual world. Patients with
Huntington’s disease do not adapt as well as control subjects, while patients with
Alzheimer’s disease are able to adapt normally despite their declarative memory
problems (Paulsen et al. 1993). Thus, it appears that changes in motor behavior
based on perceptual input depend on the neostriatum, and not on cortical and
medial temporal lobe regions affected in Alzheimer’s disease.

An additional set of tasks that appear to tap into basal ganglia mnemonic pro-
cessing involves sequence learning (e.g., Laforce & Doyon 2001, Willingham et al.
1996). In the serial reaction-time task (Nissen & Bullemer 1987), for instance, sub-
jects see a series of stimuli such as asterisks appearing on a computer screen, and
their task is to press the key directly below each asterisk as it appears. Unbeknownst
to the subject, the asterisks appear according to a fixed sequence. As subjects
practice the task, their reaction times decrease (i.e., they press the keys faster in
response to the asterisks). In normal subjects, much of this learning is specific to
the sequence, and this can be demonstrated by switching from the fixed sequence
to randomly appearing asterisks. Although this change is not readily apparent to
subjects, their reaction times slow down significantly when this shift occurs. Sub-
jects are not generally able to recognize the sequence after training and may deny
that there was a fixed sequence, even though they exhibit sensitivity to the sequence
through their performance. There are several reports of poor performance by pa-
tients with basal ganglia disorders on the serial reaction-time task. Patients with
Huntington’s disease, for instance, do not exhibit decreases in reaction time when
the fixed sequence is switched to one that is random (Willingham & Koroshetz
1993). One complicating factor is that the movement disorder exhibited by these
patients results in their initial performance being much slower and variable than
that of controls. Although the slower performance of the patients with Huntington’s
disease could on the one hand give them more room to improve, it may also be the
case that their difficulty with simply performing the task overwhelms any sequence-
specific learning that might be present. Nevertheless, the data are consistent with
the idea that the basal ganglia are important for learning a visuomotor sequence.
In contrast, as is the case with other implicit learning tasks, amnesic patients show
normal sequence learning (Nissen & Bullemer 1987, Reber & Squire 1994).

The data from patients with Parkinson’s disease on sequence learning are
less clear. Although several studies have observed impaired sequence learning
in Parkinson’s patients, other studies have not (Helmuth et al. 2000, Smith et al.
2001, Sommer et al. 1999). There are several factors that may contribute to this
inconsistent pattern of results. First, subjects in the patient groups appear to have
differed in the severity of the disease. As Parkinson’s disease primarily involves
degeneration of projections to the putamen (Morrish et al. 1996), it is possible that
patients with early Parkinson’s disease may not exhibit a deficit if sequence learn-
ing depends on the integrity of the caudate nucleus. Second, the sequences used in
different experiments may differ in important ways. For example, some sequences
are not balanced for first-order dependencies. If A, B, C, and D represent the four
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locations in which asterisks appear, the sequence DCBACBDCAB is formed such
that position D is always followed by position C. In contrast, the sequence DCBA-
CADABCDB does not have this property. For each position, all other positions
are equally likely to follow. Sequence-specific speed up would thus indicate that
subjects are learning more than just the dependencies of single items. Sequences
can be constructed that are even more complex, with second-order dependencies
balanced for all groups. Given that there are several aspects of the sequence that
can be learned, it may be that patients with Parkinson’s disease are impaired on
only some types of sequence learning. If so, it would help investigators focus on
the type of information processing mediated by the basal ganglia. For example,
although the serial reaction-time task measures motor response speed, it appears
that learning is more abstract than a sequence of movements. Subjects exhibit
good transfer when switched to another effector (such as the other hand) or if
the locations are mapped onto a different set of keys. However, if the locations
are changed, performance suffers greatly, even if the same pattern of movements
occurs that had occurred during training (Willingham et al. 2000). Thus, it appears
that what may be acquired is a sequence of locations that one should respond to,
rather than a motor sequence.

ROLE OF BASAL GANGLIA IN LEARNING AND
MEMORY: HUMAN NEUROIMAGING STUDIES

In addition to neuropsychological studies, there are several human neuroimag-
ing studies indicating that the basal ganglia is involved in learning skills and
habits. Activation in the caudate nucleus has been observed while subjects are
learning the skill of reading mirror-reversed text (Dong et al. 2000). Interestingly,
the striatal involvement may only be present during learning, with highly skilled
performance primarily activating cortical circuitry (Poldrack & Gabrieli 2001).
Several neuroimaging studies also have demonstrated activation of the basal gan-
glia during learning of the serial reaction-time task (Doyon et al. 1996, Rauch
et al. 1997). In these studies, activation in the caudate nucleus is observed while
subjects are performing the serial reaction-time task with a fixed sequence, com-
pared to blocks of trials for which locations occur randomly. Moreover, activation
in the caudate nucleus is associated with performance of an implicitly learned
sequence, but not when subjects are explicitly told the sequence beforehand and
can therefore consciously anticipate the location of the upcoming stimulus. In an-
other study, positron emission tomography (PET) was used to measure dopamine
release while participants played a video game (Koepp et al. 1998). As subjects
played the game and improved their performance, there was decreased binding of
radiolabeled raclopride (a dopamine antagonist) in dorsal and ventral striatum in
comparison to a control condition. These data suggest that endogenous dopamine
release increased in the neostriatum during practice, consistent with research in
lower animals demonstrating a role for striatal dopamine in S-R habit learning
(e.g., Packard & White 1991).
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INTERACTIONS BETWEEN BASAL GANGLIA
AND MEDIAL TEMPORAL LOBE MEMORY
SYSTEMS: TEMPORAL ASPECTS

As previously described, numerous studies have dissociated the S-R habit mem-
ory function of the basal ganglia from those of a declarative medial temporal
lobe memory system that includes the hippocampus as a primary component.
Within the context of a multiple-systems approach to memory organization, one
important question concerns the nature of potential interactions between differ-
ent memory systems. In considering this issue, one can start with the observation
that during learning basal ganglia and hippocampal memory systems appear to
be activated simultaneously and in parallel (McDonald & White 1994, Packard
& McGaugh 1996). Recall that, with extended training in a plus maze, expres-
sion of response-learning tendencies comes to overshadow previously dominant
place learning (Hicks 1964, Packard & McGaugh 1996, Ritchie et al. 1950). This
shift indicates that in a learning task for which both memory systems can provide
an adequate solution, the hippocampal system mediates a rapid form of learn-
ing that initially controls behavior but that eventually cedes behavioral control
to a caudate memory system mediating a more slowly developing S-R form of
learning. Consistent with this suggestion, rats that are overtrained in the caudate-
dependent win-stay radial maze task appear to perform based on S-R associations
because reinforcer devaluation does not alter response accuracy or latency (Sage &
Knowlton 2000). However, early in training before asymptotic performance has
been reached, rats do show longer latencies to run down cued arms if the re-
inforcer has been devalued, which suggests that a representation of the food is
present at early stages of learning. In view of evidence that performance on the
hippocampus-dependent win-shift radial arm maze task is affected by reinforcer
devaluation (Sage & Knowlton 2000), it appears that the reinforcer is represented
in what has been learned by the hippocampus about which arms have been visited.

Taken together, these findings raise the possibility that postposttraining injec-
tions of a memory-enhancing agent into the dorsal striatum or hippocampus during
early training might influence the time course of the shift in the use of these two
structures to guide learned behavior. In an experiment designed to address this
implication, rats received postposttraining intradorsal hippocampal or intrador-
solateral caudate infusion of glutamate during early time points (on days 3–5)
of plus-maze training (Packard 1999). Rats receiving vehicle injections predomi-
nantly displayed place learning on an early (day 8) probe trial and response learning
on a later (day 16) probe trial. However, rats receiving postposttraining intrahip-
pocampal infusions of glutamate predominantly displayed place learning on both
the early and late probe trials, which suggests that infusion of glutamate into the
hippocampus strengthened a spatial representation, effectively blocking the shift
to response learning that occurs with extended training. In contrast, rats given
postposttraining glutamate infusions into the caudate-putamen predominantly dis-
played response learning on both the early and late probe trials, which suggests that
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infusion of glutamate into the caudate-putamen accelerated the shift to response
learning that occurs in control rats only following extended training. Therefore,
manipulation of a neurotransmitter system relevant to the mnemonic processes
mediated by both the basal ganglia and hippocampus can bias animals toward the
use of a specific memory system.

Although plus-maze studies in experimental animals clearly demonstrate that
with extended training there is a shift from the use of cognitive to habit memory,
this phenomenon has been observed in animals in which both memory systems
are functional at the initiation of training. However, it is of interest to note that
in patients with Parkinson’s disease, deficits on a probabilistic classification task
are most apparent early in training. After extended training (more than about
150 trials), Parkinson’s patients do tend to approach the performance of control
subjects. It is likely that in this situation, subjects are eventually able to gain
sufficient declarative knowledge of the task structure to further improve their per-
formance and may begin to make optimal choices for some cue patterns rather
than simply probability match. Patients with Parkinson’s disease would presum-
ably gain declarative knowledge of the task along with control subjects. Patients
with amnesia, as well as control subjects, would not be able to acquire this declar-
ative knowledge and thus would be relatively impaired later in training. Indeed,
this pattern has been observed when amnesic patients are given extended training
on this task (Knowlton et al. 1994).

INTERACTIONS BETWEEN BASAL GANGLIA AND
MEDIAL TEMPORAL LOBE MEMORY SYSTEMS:
COMPETITIVE ASPECTS

As simultaneous and parallel activation of basal ganglia and medial temporal lobe
memory systems occurs during learning, one form of interaction between these
systems appears to be competitive or interfering in nature. Sherry & Schacter
(1987) hypothesized that the presence of functional incompatibility, in which an
existing memory system is unable to provide an adequate solution in a situation
involving novel information or task demands, may have driven natural selection
processes that ultimately resulted in the evolution of multiple memory systems. One
can envision a type of racehorse model in which both systems undergo learning-
related changes, with the system that comes up with the most valid and reinforced
response enjoying a strengthening of its control on behavior.

In experimental settings, competitive interference between different memory
systems may be potentially revealed in studies in which pretraining lesions of
a given system result in enhanced acquisition of a task relative to brain-intact
animals. For example, in the caudate-dependent win-stay radial maze task, it is
conceivable that spatial information processed by the hippocampal system, which
provides the rat with information concerning those maze arms in which food has
already been retrieved, may interfere with the task requirement of revisiting maze
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arms in which food was recently removed. Consistent with this hypothesis, lesions
of the hippocampal system facilitate acquisition of caudate-dependent win-stay
radial maze behavior (Packard et al. 1989, McDonald & White 1993). In addition,
pretraining hippocampal system lesions (Matthews & Best 1995) and postpost-
training neural inactivation of the dorsal hippocampus (Schroeder et al. 2002)
facilitate acquisition of caudate-dependent response learning. The enhancing ef-
fect of hippocampal lesions on acquisition of caudate-dependent two-way active
avoidance behavior has also been interpreted as resulting from the removal of spa-
tial information processing that would tend to interfere with the task requirement
of returning to a spatial location in which electrical shock has recently been ad-
ministered (O’Keefe & Nadel 1978). In some learning situations, interference with
hippocampal memory processes by the caudate nucleus may also occur. Consis-
tent with this suggestion, lesions of the caudate nucleus facilitate acquisition of a
spatial Y-maze discrimination task (Mitchell & Hall 1988), perhaps by disrupting
the use of a potentially interfering response-learning strategy.

Investigation of potential neurochemical mechanisms that mediate the interac-
tion between basal ganglia and temporal lobe memory systems is at an early stage
(Gold et al. 2001, Packard 1999). As previously described, in a plus-maze task that
can be acquired using either caudate-dependent response learning or hippocampus-
dependent place learning, postposttraining intracerebral infusions of glutamate can
bias animals toward the use of a particular memory system (Packard 1999). Other
findings suggest that dorsal striatal cholinergic function may also influence the
relative efficiency and use of hippocampal and caudate memory systems. For ex-
ample, increases in acetylcholinetransferase activity in the dorsolateral caudate are
negatively correlated with accuracy in a hippocampus-dependent working memory
task (Colombo & Gallagher 1998). In addition, in vivo microdialysis reveals that
during acquisition of a plus-maze task, a higher ratio of acetylcholine release in
the hippocampus relative to the dorsal striatum is associated with the use of place
learning on a subsequent probe trial (C. McIntyre, C. K. Marriot, P.E. Gold, sub-
mitted). Remarkably, the ratio of acetylcholine release in the hippocampus relative
to the dorsal striatum prior to initial training predicts whether rats will later employ
place or response learning in the plus maze, which suggests that relative levels of
cholinergic activity may in part determine individual differences in the use of these
two memory systems (C. McIntyre, C. K. Marriot, P. E. Gold, submitted).

Consideration of memory processes that may be active in the probabilistic
classification task suggests that interference between basal ganglia and medial
temporal lobe memory systems is also likely to occur in humans. For example, in
the probabilistic classification task, episodic memory for a particular trial in which
a lower probability outcome occurs would contradict the response based on an S-R
habit that has developed across training. For the very first few responses, the subject
may select an outcome based on their declarative memory of the reinforcement
received when one of the cues present had appeared shortly before. However, as the
cue-response habit strengthens, the striatal memory system could guide behavior
more accurately with potentially less effort. With extended training, there may
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be enough exposure to individual trials to allow declarative knowledge of the
task structure to be acquired. At this point, subjects may begin to choose the
most associated outcome and begin to probability maximize. Consistent with this
suggestion is evidence indicating that patients with medial temporal lobe damage
are relatively impaired following extended training in this task (Knowlton et al.
1994). In addition, in some cases of caudate-dependent sequence learning, explicit
knowledge of the sequence can impair acquisition as measured by reaction time,
which suggests that effortful retrieval of explicit knowledge can interfere with the
performance of the implicitly learned sequence.

Direct evidence for the idea that basal ganglia and medial temporal lobe memory
systems may compete in some learning situations is provided by human neuroimag-
ing studies employing the probabilistic classification task. During learning of the
weather prediction task, activation is present in the caudate nucleus, and there is a
concomitant decrease in medial temporal lobe activation relative to the activation
present when the subject performs a low-level baseline task such as indicating if
more than two cards are present (Poldrack et al. 1999). Furthermore, a recent fMRI
study using a design in which activation can be measured on individual trials has
shown that activation in the caudate nucleus and medial temporal lobe is negatively
correlated within subjects (Poldrack et al. 2001). This study also demonstrates that
at the beginning of learning it appears that subjects rely on medial temporal lobe
structures; this dependence rapidly declines with training and with an increase in
dependence on the striatum.

At present, the factors that may influence the interaction between basal gan-
glia and medial temporal lobe memory systems are not well understood. The use
of various reinforcement/training parameters (e.g., correction versus noncorrec-
tion, spaced versus massed trials) has been shown to influence the relative use of
hippocampus-dependent place learning and caudate-dependent response learning
in the plus-maze task (for review see Restle 1957), and these parameters might af-
fect the interaction between these two memory systems in other situations as well.
The nature of the visual environment (e.g., heterogenous versus homogenous sur-
rounds) also influences the type of learning observed in various maze tasks and
appears to bias the brain toward the use of hippocampus-dependent or caudate-
dependent learning. In the caudate-dependent win-stay radial maze task, for in-
stance, the removal of extra-maze cues enhances task acquisition in brain-intact
rats, an effect that is strikingly similar to the effects of damaging the hippocampal
system and training rats in this task in the presence of abundant extra-maze cues
(Packard & White 1987).

In addition to experimental factors, the neural basis of competitive interference
between basal ganglia and medial temporal lobe memory systems is unknown.
There are reportedly direct connections between the entorhinal cortex and the
neostriatum in the rat that, when stimulated, have been shown to mediate a long
phase of inhibition after initial excitation (Finch et al. 1995). Interestingly, there is
a report that neuronal activity in the human caudate nucleus shows a similar phe-
nomenon while the subject is performing a declarative memory task. In this study,



22 May 2002 10:35 AR AR160-19.tex AR160-19.SGM LaTeX2e(2002/01/18)P1: GJC

BASAL GANGLIA AND MEMORY 583

patients with Parkinson’s disease who had been implanted with depth electrodes
in the head of the caudate for therapeutic reasons performed a yes/no recognition
task for words that had been studied a few minutes before (Abdullaev & Melnichuk
1997). There was a small initial increase in firing as each test word was presented,
followed by 800–1400 msec of a decrease in firing relative to baseline. Communi-
cation between the basal ganglia and medial temporal lobe memory systems may
occur via output projections to frontal cortical regions that in turn project to the
medial temporal lobe. However, there are also direct connections between the basal
ganglia and thalamic nuclei projecting to area TE in the inferior temporal lobe,
which in turn sends heavy projections to the medial temporal lobe (Middleton &
Strick 1996). Although this projection is far smaller than the output to frontal lobe,
it could conceivably play a role in mediating the competition between these two
systems for behavioral output during performance.

Finally, recent evidence suggests that in some learning situations the amyg-
daloid complex may influence the relative use of basal ganglia and medial tem-
poral lobe memory systems. Posttraining intrabasolateral amygdala infusions of
amphetamine appear to activate efferent amygdala pathways that modulate both
caudate-dependent and hippocampus-dependent memory processes (Packard et al.
1994, Packard & Cahill 2001, Packard & Teather 1998). The memory modulatory
role of the basolateral amygdala is related in part to the actions of various stress
hormones and concomitant emotional arousal (for reviews see Cahill & McGaugh
1998, Packard et al. 1995). Recent evidence indicates that amygdala lesions block
the impairing effects of acute stress on spatial memory in the water maze and
enhance the use of caudate-dependent S-R memory in a water maze task that can
be simultaneously acquired by basal ganglia and hippocampal memory systems
(Kim et al. 2001). In addition, in a water plus-maze task, pretraining intrabasolateral
amygdala infusions of anxiogenic drugs result in the predominant use of caudate-
dependent response learning on a later drug-free probe trial (J.C. Wingard & M.G.
Packard, submitted). Taken together, these findings suggest that affective state can
influence the relative use of basal ganglia and hippocampal memory systems and
that the basolateral amygdala may mediate this modulatory effect of emotion on
memory.

BASAL GANGLIA AND TASK SWITCHING

In addition to being a potential site of storage of learned habits or procedures, the
basal ganglia also appears to be able to “switch” between various tasks depending
on the demands present. This process is also known as the ability to shift cognitive
set in response to the environment. Patients with damage to basal ganglia circuitry
exhibit performance costs that are greater than controls when switching from one
task to another. For example, patients with Huntington’s disease were impaired on
a match-to-sample task in which they needed to choose the sample from among
three distracters (Lawrence et al. 2000). These distracters included items that were
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identical to the sample along one dimension (e.g., color or form). The patients made
significantly more errors than controls, chiefly because they picked these similar
distracters. This deficit was even present when there was no delay between the
sample and the choice phase, which suggests that it is not due to a general memory
problem. Rather, it seems that patients with Huntington’s disease have difficulty
shifting attention between dimensions and may simply respond based on matching
along a single dimension. In addition, neuroimaging evidence suggests that frontal
corticostriatal loops are activated when subjects must select between many possible
responses (Desmond et al. 1998). In this study, subjects were required to complete
three letter word stems (e.g., STR—) with the first word that came to mind. On
blocks in which there were many possible responses, there was greater activation
in the left middle frontal gyrus and left caudate nucleus than on blocks in which
there was only one valid response. Thus, corticostriatal loops may play a role in
selection between alternative responses.

The ability to readily switch between learned stimulus response associations or
procedures would seem to be a necessary component of many complex executive
tasks such as planning, problem solving, and strategizing. Because these executive
functions rely on prefrontal cortex, the task-switching functions of the basal ganglia
may make a critical contribution to executive abilities via corticostriatal loops.
Patients with Parkinson’s and Huntington’s diseases generally exhibit deficits in
executive function; these deficits are more pronounced in Huntington’s disease.
Although direct involvement of prefrontal cortex may contribute to these deficits
in both patient groups, it appears that striatal dennervation in Parkinson’s disease
is highly predictive of set-shifting impairments (Marie et al. 1999).

CONCLUSIONS

Decades of research on the anatomy, neurochemistry, and neurophysiology of the
basal ganglia have refined our understanding of the role of this brain region in
motor behavior. However, the idea that the basal ganglia function strictly as a
motor system is no longer supported by neurobehavioral research. Extensive evi-
dence now indicates that one behavioral function of the basal ganglia involves
participation in learning and memory processes. In particular, several lines of ev-
idence are consistent with the hypothesis that the basal ganglia (specifically the
dorsal striatum) mediate a form of learning in which associations between stim-
uli and responses (i.e., S-R habits) are acquired. Studies employing brain-lesion
techniques in experimental animals have dissociated the S-R mnemonic role of
the basal ganglia from those of a cognitive medial temporal lobe memory system
in which the hippocampus is a primary component. Behavioral pharmacology ex-
periments indicate a role for dopaminergic, cholinergic, and glutamatergic neuro-
transmission in the mnemonic functions of the basal ganglia, and various forms
of long-term synaptic plasticity (i.e., LTD, LTP) have been identified in this brain
region. Neuropsychological studies of humans with Parkinson’s and Huntington’s
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disease, as well as human neuroimaging studies, have provided some support for
the role of the basal ganglia in S-R habit learning. Finally, evidence suggests that
in a given learning situation basal ganglia and medial temporal lobe systems are
activated simultaneously, and recent studies have begun to examine the nature of
the interaction between these brain regions in learning and memory.

The Annual Review of Neuroscienceis online at http://neuro.annualreviews.org

LITERATURE CITED

Abdullaev YG, Melnichuk KV. 1997. Cognitive
operations in the human caudate nucleus.
Neurosci. Lett.234:151–55

Abraham L, Potegal M, Miller S. 1983. Evi-
dence for caudate nucleus involvement in an
egocentric spatial task: return form passive
transport.Physiol. Psychol.11:11–17

Adams S, Kesner RP, Ragozzino ME. 2001.
Role of the medial and lateral caudate-puta-
men in mediating an auditory conditional re-
sponse association.Neurobiol. Learn. Mem.
76:106–16

Alexander GE, DeLong MR, Strick PL. 1986.
Parallel organization of functionally segre-
gated circuits linking basal ganglia and cor-
tex.Annu. Rev. Neurosci.9:357–81

Allen JD, Davidson CS. 1973. Effects of cau-
date lesions on signaled and nonsignaled Sid-
man avoidance in the rat.Behav. Biol.8:239–
50

Aosaki T, Graybiel AM, Kimura M. 1994. Ef-
fect of the nigrostriatal dopamine system on
acquired neural responses in the striatum of
behaving monkeys.Science265:412–15

Battig K, Rosvold HE, Mishkin M. 1960. Com-
parison of the effects of frontal and caudate
lesions on delayed response and alternation
in monkeys.J. Comp. Physiol. Psych.53:
400–4

Beiser DG, Hua SE, Houk JC. 1997. Network
models of the basal ganglia.Curr. Opin. Neu-
robiol. 7:185–90

Berns GS, Sejnowski TJ. 1998. A computatio-
nal model of how the basal ganglia produce
sequences.J. Cogn. Neurosci.10:108–21

Brasted PJ, Humby T, Dunnett SB, Robbins
TW. 1997. Unilateral lesions of the dorsal

striatum in rats disrupt responding in ego-
centric space.J. Neurosci.17:8919–26

Breen RA, McGaugh JL. 1961. Facilitation of
maze learning with post-trial injections of pi-
crotoxin.J. Comp. Physiol. Psychol.54:495–
501

Buerger AA, Gross CG, Rocha-Miranda CE.
1974. Effects of ventral putamen lesions
on discrimination learning by monkeys.J.
Comp. Physiol. Psychol.86:440–46

Burnham WH. 1904. Retroactive amnesia:
illustrative cases and a tentative explanation.
Am. J. Psychol.14:382–96

Butters N, Rosvold HE. 1968. Effect of caudate
and septal lesions on resistance to extinction
and delayed alternation.J. Comp. Physiol.
Psychol.65:397–403

Butters N, Salmon D, Heindel WC. 1994.
Specificity of the memory deficits associated
with basal ganglia dysfunction.Rev. Neurol.
150:580–87

Cador M, Robbins TW, Everitt BJ. 1989. In-
volvement of the amygdala in stimulus-re-
ward associations: interaction with the ven-
tral striatum.Neuroscience30:77–86

Cahill L, McGaugh JL. 1998. Mechanisms of
emotional arousal and lasting declarative
memory.Trends Neurosci.21:294–99

Calabresi P, Maj R, Pisani A, Mercuri NB, Ber-
nardi G. 1992. Long-term synaptic depres-
sion in the rat striatum: physiological and
pharmacological characterization.J. Neuro-
sci.12:4224–33

Carr GD, White NM. 1984. The relationship
between stereotypy and memory improve-
ment produced by amphetamine.Psycho-
pharmacology82:203–9



22 May 2002 10:35 AR AR160-19.tex AR160-19.SGM LaTeX2e(2002/01/18)P1: GJC

586 PACKARD ¥ KNOWLTON

Centonze D, Gubellini P, Bernardi G, Calabresi
P. 1999. Permissive role of interneurons in
corticostriatal synaptic plasticity.Brain Res.
Rev.31:1–5

Charpier S, Deniau JM. 1997. In vivo activity-
dependent plasticity at cortico-striatal con-
nections: evidence for physiological long-
term potentiation.Proc. Natl. Acad. Sci. USA
94:7036–40

Chorover SL, Gross CG. 1963. Caudate nucleus
lesions: behavioral effects in the rat.Science
141:826–27

Chozick BS. 1983. The behavioral effects of le-
sions of the corpus striatum: a review.Int. J.
Neurosci.19:143–59

Colombo PJ, Davis HP, Volpe BT. 1989. Allo-
centric spatial and tactile memory impair-
ments in rats with dorsal caudate lesions are
affected by preoperative behavioral training.
Behav. Neurosci.103:1242–50

Colombo PJ, Gallagher M. 1998. Individual dif-
ferences in spatial memory and striatal ChAT
activity among young and aged rats.Neuro-
biol. Learn. Mem.70:314–27

Cook D, Kesner RP. 1988. Caudate nucleus and
memory for egocentric localization.Behav.
Neural Biol.49:332–43

Deadwyler SA, Montgomery D, Wyers EJ.
1972. Passive avoidance and carbachol exci-
tation of the caudate nucleus.Physiol. Behav.
8:631–35

DeCoteau WE, Kesner RP. 2000. A double
dissociation between the rat hippocampus
and medial caudoputamen in processing two
forms of knowledge.Behav. Neurosci.114:
1096–108

Desmond JE, Gabrieli JDE, Glover GH. 1998.
Dissociation of frontal and cerebellar activity
in a cognitive task: evidence for a distinction
between selection and search.Neuroimage
7:368–78

Devan BD, McDonald RJ, White NM. 1999. Ef-
fects of medial and lateral caudate-putamen
lesions on place- and cue-guided behaviors
in the water maze: relation to thigmotaxis.
Behav. Brain Res.100:5–14

Devan BD, White NM. 1999. Parallel informa-
tion processing in the dorsal striatum: rela-

tion to hippocampal function.J. Neurosci.
19:2789–98

Divac I. 1968. Functions of the caudate nucleus.
Acta Neurobiol. Exp.(Warsz) 28:107–20

Divac I. 1972. Neostriatum and functions of the
prefrontal cortex.Acta. Neurobiol. Exp.32:
461–77

Divac I, Oberg RGE. 1975. Dissociative effects
of selective lesions in the caudate nucleus of
cats and rats.Acta Neuro. Exp.35:647–59

Divac I, Rosvold HE, Szwarcbart MK. 1967.
Behavioral effects of selective ablation of the
caudate nucleus.J. Comp. Physiol. Psychol.
63:183–90

Dong Y, Fukuyama H, Honda M, Okada T,
Hanakawa T, et al. 2000. Essential role of
the right superior parietal cortex in Japanese
kana mirror reading: an fMRI study.Brain
123:790–99

Doyon J, Owen AM, Petrides M, Sziklas V,
Evans AC. 1996. Functional anatomy of vi-
suomotor skill learning in human subjects ex-
amined with positron emission tomography.
Eur. J. Neurosci.8:637–48

Duncan CP. 1949. The retroactive effect of elec-
troshock on learning.J. Comp. Physiol. Psy-
chol.42:32–44

Fernandez-Ruiz J, Wang J, Aigner TG, Mishkin
M. 2001. Visual habit formation in monkeys
with neurotoxic lesions of the ventrocaudal
neostriatum.Proc. Natl. Acad. Sci. USA98:
4196–201

Finch DM, Gigg J, Tan AM, Kosoyan OP. 1995.
Neurophysiology and neuropharmacology of
projections from entorhinal cortex to stria-
tum in the rat.Brain Res.670:233–47

Fonnum F, Storm-Mathisen J, Divac I. 1981.
Biochemical evidence for glutamate as neu-
rotransmitter in corticostriatal and cortico-
thalamic fibres in rat brain.Neuroscience
6:863–73

Furtado JCS, Mazurek MF. 1996. Behavioral
characterization of quinolinate-induced le-
sions of the medial striatum: relevance for
Huntington’s disease.Exp. Neurol. 138:
158–68

Gabrieli JD, Stebbins GT, Singh J, Willingham
DB, Goetz CG. 1997. Intact mirror-tracing



22 May 2002 10:35 AR AR160-19.tex AR160-19.SGM LaTeX2e(2002/01/18)P1: GJC

BASAL GANGLIA AND MEMORY 587

and impaired rotary-pursuit skill learning
in patients with Huntington’s disease: evi-
dence for dissociable memory systems in
skill learning.Neuropsychologia1:272–81

Garcia-Munoz M, Young SJ, Groves PM. 1992.
Presynaptic long-term changes in excitabil-
ity of the corticostriatal pathway.Neurore-
port 3:357–60

Gerfen CR. 1992. The neostriatal mosiac: mul-
tiple levels of compartmental organization in
the basal ganglia.Annu. Rev. Neurosci.15:
285–320

Gerfen CR, Wilson CJ. 1996. The basal ganglia.
In Handbook of Chemical Neuroanatomy, In-
tegrated Systems of the CNS, Part III, ed. LW
Swanson, A Bjorkland, T Hokfelt, 12:371–
468. New York: Elsevier

Gillies A, Arbuthnott G. 2000. Computational
models of the basal ganglia.Mov. Disord.15:
762–70

Glosser G. 2001. Neurobehavioral aspects of
movement disorders.Neurologic Clin. 19:
535–51

Gold PE, McIntyre C, McNay E, Stefani M,
Korol DL. 2001. Neurochemical referees of
dueling memory systems. InMemory Con-
solidation: Essays in Honor of James L.
McGaugh, ed. PE Gold, WT Greenough,
pp. 219–48. Washington, DC: Am. Psychol.
Assoc.

Graybiel AM. 1990. Neurotransmitters and
neuromodulators in the basal ganglia.Trends
Neurosci.13:244–54

Graybiel AM. 1998. The basal ganglia and
chunking of action repertories.Neurobiol.
Learn. Mem.70:119–36

Graybiel AM, Aosaki T, Flaherty AW, Kimura
M. 1994. The basal ganglia and adaptive mo-
tor control.Science265:1826–31

Green RH, Beatty WW, Schwartbaum JS. 1967.
Comparative effects of septo-hippocampal
and caudate lesions on avoidance behavior in
rats.J. Comp. Physiol. Psychol.64:444–52

Gross CG, Chorover SL, Cohen SM. 1965. Cau-
date, cortical hippocampal, and dorsal thala-
mic lesions in rats: alternation and Hebb-Wil-
liams maze performance.Neuropsychologia
3:53–68

Harrington DL, Haaland KY, Yeo RA, Marder
E. 1990. Procedural memory in Parkinson’s
disease: impaired motor but not visuopercep-
tual learning.J. Clin. Exp. Neuropsychol.12:
323–39

Haycock JW, Deadwyler SA, Sideroff SI, Mc-
Gaugh JL. 1973. Retrograde amnesia and
cholinergic systems in the caudate-putamen
complex and dorsal hippocampus of the rat.
Exp. Neurol.41:201–13

Hebb DO. 1949.The Organization of Behavior.
New York: Wiley

Heimer L, van Hoesen G. 1979. Ventral stria-
tum. In The Neostriatum, ed. I Divac, RGE
Oberg, pp. 147–58. New York: Pergamon

Heindel WC, Butters N, Salmon DP. 1988. Im-
paired learning of a motor skill in patients
with Huntington’s disease.Behav. Neurosci.
102:141–50

Heindel WC, Salmon DP, Butters N. 1991. The
biasing of weight judgments in Alzheimer’s
and Huntington’s disease: a priming or pro-
gramming phenomenon?J. Clin. Exp. Neu-
ropsychol.13:189–203

Helmuth LL, Mayr U, Daum I. 2000. Sequence
learning in Parkinson’s disease: a compari-
son of spatial-attention and number-response
sequences.Neuropsychologia38:1443–51

Hicks LH. 1964. Effects of overtraining on ac-
quisition and reversal of place and response
learning.Psychol. Rep.15:459–62

Hikosaka O, Sakamoto M, Usui S. 1989. Func-
tional properties of monkey caudate neurons.
III. Activities related to expectation of target
and reward.J. Neurophysiol.61:814–32

Hull CL. 1943. Principles of Behavior. New
York: Appleton-Century Crofts

Jog MS, Kubota Y, Connolly CI, Hillegaart
V, Graybiel AM. 1999. Building neural rep-
resentations of habits.Science286:1745–
49

Kerr JND, Wickens JR. 2001. Dopamine D-1/
D-5 receptor activation is required for long-
term potentiation in the rats neostriatum in
vitro. J. Neurophysiol.85:117–24

Kesner RP, Bolland BL, Dakis M. 1993. Mem-
ory for spatial locations, motor responses,
and objects: triple dissociation among the



22 May 2002 10:35 AR AR160-19.tex AR160-19.SGM LaTeX2e(2002/01/18)P1: GJC

588 PACKARD ¥ KNOWLTON

hippocampus, caudate nucleus, and extrastri-
ate visual cortex.Exp. Brain Res.93:462–70

Kesner RP, Wilburn MW. 1974. A review of
electrical stimulation of the brain in context
of learning and retention.Behav. Biol.10:
259–93

Kim HJ, Routtenberg A. 1976. Retention dis-
ruption following post-trial picrotoxin injec-
tion into the substantia nigra.Brain Res.113:
620–25

Kim JJ, Lee H, Han JS, Packard MG. 2001.
Amygdala is critical for stress-induced mod-
ulation of hippocampal LTP and learning.J.
Neurosci.21:5222–28

Kimura M. 1995. Role of the basal ganglia in
behavioral learning.Neurosci. Res.22:353–
58

Kimura A, Graybiel AM. 1995.Functions of the
Cortico-Basal Ganglia Loop, ed. M Kimura,
AM Graybiel. Tokyo/New York: Springer

Kirkby RJ. 1969. Caudate nucleus lesions im-
pair spontaneous alternation.Percept. Mot.
Skills29:550

Kirkby RJ, Polgar S. 1974. Active avoidance in
the laboratory rats following lesions of the
dorsal or ventral caudate nucleus.Physiol.
Psychol.2:301–6

Kirkby RJ, Polgar S, Coyle IR. 1981. Caudate
nucleus lesions impair the ability of rats to
learn a simple straight-alley task.Percept.
Mot. Skills52:499–502

Kirkby RJ, Kimble DP. 1968. Avoidance and
escape behavior following striatal lesions in
the rat.Exp. Neurol.20:215–27

Knowlton BJ, Mangels JA, Squire LR. 1996a. A
neostriatal habit learning system in humans.
Science273:1399–402

Knowlton BJ, Squire LR, Gluck MA. 1994.
Probabilistic category learning in amnesia.
Learn. Mem.1:106–20

Knowlton BJ, Squire LR, Paulsen JS, Swerdlow
N, Swenson M, et al. 1996b. Dissociations
within nondeclarative memory in Hunting-
ton’s disease.Neuropsychologia10:1–11

Koepp MJ, Gunn RN, Lawrence AD, Cunning-
ham VJ, Dagher A, et al. 1998. Evidence
for striatal dopamine release during a video
game.Nature393:266–68

Kolb B. 1977. Studies on the caudate-putamen
and the dorsomedial thalamic nucleus of the
rat: implications for mammalian frontal-lobe
functions.Physiol. Behav.18:237–44

Laforce R Jr, Doyon J. 2001. Distinct contribu-
tion of the striatum and cerebellum to motor
learning.Brain Cogn.45:189–211

Lawrence AD, Watkins LHA, Sahakian BJ,
Hodges JR, Robbins TW. 2000. Visual ob-
ject and visuospatial cognition in Hunting-
ton’s disease: implications for information
processing in corticostriatal circuits.Brain
123:1349–64

Lorenzi CA, Baldi E, Bucherelli C, Tassoni G.
1995. Time-dependent deficits of rat mem-
ory consolidation induced by tetrodotoxin in-
jections into the caudate-putamen, nucleus
accumbens, and globus pallidus.Neurobiol.
Learn. Mem.63:87–93

Lovinger DM, Tyler EC, Marritt A. 1993. Short
and long term depression in the rat neostria-
tum.J. Neurophysiol.70:1937–49

Lynch GS, Lucas PA, Deadwyler SA. 1972. The
demonstration of acetylcholinesterase con-
taining neurones within the caudate nucleus
of the rat.Brain Res.45:617–21

Major R, White NM. 1978. Memory facilita-
tion produced by self-stimulation reinforce-
ment mediated by the nigro-neostriatal bun-
dle.Physiol. Behav.20:723–33

Marie RM, Barre L, Dupuy B, Viader F, Defer
G, et al. 1999. Relationships between striatal
dopamine denervation and frontal executive
tests in Parkinson’s disease.Neurosci. Lett.
260:77–80

Martone M, Butters N, Payne J, Becker J, Sax
DS. 1984. Dissociations between skill learn-
ing and verbal recognition in amnesia and
dementia.Arch. Neurol.41:965–70

Matthews DB, Best PJ. 1995. Fimbria/fornix
lesions facilitate the learning of a nonspatial
response task.Psychol. Bull. Rev.2:113–16

McDonald RJ, White NM. 1993. A triple dis-
sociation of memory systems: hippocampus,
amygdala, and dorsal striatum.Behav. Neu-
rosci.107:3–22

McDonald RJ, White NM. 1994. Parallel in-
formation processing in the water maze:



22 May 2002 10:35 AR AR160-19.tex AR160-19.SGM LaTeX2e(2002/01/18)P1: GJC

BASAL GANGLIA AND MEMORY 589

evidence for independent memory systems
involving the dorsal striatum and hippocam-
pus.Behav. Neural Biol.61:260–70

McGaugh JL. 1966. Time-dependent processes
in memory storage.Science153:1351–58

McGaugh JL. 1989. Dissociating learning and
performance: drug and hormone enhance-
ment of memory storage.Brain Res. Bull.23:
339–45

McGaugh JL. 2000. Memory: a century of con-
solidation.Science287:248–251

McGeorge AJ, Faull RLM. 1989. The organiza-
tion of the projection from the cerebral cor-
tex to the striatum in the rat.Neuroscience
29:503–37

Mengual E, de las Heras S, Erro E, Lanciego JL,
Gimenez-Amaya JM. 1999. Thalamic inter-
action between the input and output systems
of the basal ganglia.J. Chem. Neuroanat.16:
187–200

Middleton FA, Strick PL. 1996. The temporal
lobe is a target of output from the basal gan-
glia. Proc. Natl. Acad. Sci. USA93:8683–
87

Mishkin M, Petri HL. 1984. Memories and
habits: some implications for the analysis of
learning and retention. InNeuropsychology
of Memory, ed. LR Squire, N. Butters, pp.
287–96. New York: Guilford

Mitchell JA, Hall G. 1988. Caudate-putamen le-
sions in the rat may impair or potentiate maze
learning depending upon availability and re-
levance of response cues.Q. J. Exp. Psychol.
40B(3):243–58

Mizumori JY, Ragozzino KE, Cooper BG.
2000. Location and head direction represen-
tation in the dorsal striatum of rats.Psycho-
biology28:441–62

Mogenson GJ, Jones DL, Yim CY. 1980. From
motivation to action: functional interface be-
tween the limbic system and the motor sys-
tem.Prog. Neurobiol.14:69–97

Morris RGM. 1984. Development of a water-
maze procedure for studying spatial repre-
sentation in the rat.J. Neurosci. Methods
11:47–60

Morrish PK, Sawle GV, Brooks DJ. 1996. Re-
gional changes in [18F] dopa metabolism

in the striatum in Parkinson’s disease.Brain
119:2097–103

Muller GE, Pilzecker A. 1900. Experimentelle
Beitrage zur Lehre vom Gedachtnis.Z. Psy-
chol. (Suppl 1)

Neill DB, Grossman SP. 1971. Behavioral ef-
fects of lesions or cholinergic blockade of the
dorsal and ventral caudate of rats.J. Comp.
Physiol. Psychol.71:311–17

Neill DB, Boggan WO, Grossman SP. 1974.
Impairment of avoidance performance by
intrastriatal administration of 6-hydroxydo-
pamine.Pharm. Biochem. Behav.2:97–103

Nissen MJ, Bullemer P. 1987. Attentional re-
quirements of learning: evidence from per-
formance measures.Cogn. Psychol.19:1–32

O’Keefe J, Nadel L. 1978.The Hippocampus as
a Cognitive Map.Oxford, UK: Oxford Univ.
Press

Oberg RGE, Divac I. 1979. “Cognitive” func-
tions of the neostriatum. InThe Neostriatum,
ed. I Divac, RGE Oberg, pp. 291–313. New
York: Pergamon

Ohye C, Kimura M, McKenzie JS. 1996.The
Basal Ganglia V, ed. C Ohye, M Kimura, JS
McKenzie. New York: Plenum

Olton DS, Papas BC. 1979. Spatial memory
and hippocampal function.Neuropsycholo-
gia 17:669–82

Olton DS, Samuelson RJ. 1976. Remembrance
of places passed: spatial memory in rats.J.
Exp. Psychol: Animal Behav. Proc.2:97–
115

Packard MG. 1999. Glutamate infused post-
training into the hippocampus or caudate-
putamen differentially strengthens place and
response learning.Proc. Natl. Acad. Sci. USA
96:12881–86

Packard MG. 2001. On the neurobiology of
multiple memory systems: Tolman versus
Hull, system interactions, and the emotion-
memory link.Cogn. Process.2:3–24

Packard MG, Cahill L. 2001. Affective modula-
tion of multiple memory systems.Curr. Opin.
Neurobiol.11:752–56

Packard MG, Cahill L, McGaugh JL. 1994.
Amygdala modulation of hippocampal-
dependent and caudate nucleus-dependent



22 May 2002 10:35 AR AR160-19.tex AR160-19.SGM LaTeX2e(2002/01/18)P1: GJC

590 PACKARD ¥ KNOWLTON

memory processes.Proc. Natl. Acad. Sci.
USA91:8477–81

Packard MG, Hirsh R, White NM. 1989.
Differential effects of fornix and caudate nu-
cleus lesions on two radial maze tasks: evi-
dence for multiple memory systems.J. Neu-
rosci.9:1465–72

Packard MG, Introini-Collison IB, McGaugh
JL. 1996. Stria terminalis lesions atten-
uate memory enhancement produced by
intra-caudate nucleus injections of ox-
otremorine.Neurobiol. Learn. Mem.65:278–
82

Packard MG, McGaugh JL. 1992. Double dis-
sociation of fornix and caudate nucleus le-
sions on acquisition of two water maze tasks:
further evidence for multiple memory sys-
tems.Behav. Neurosci.106:439–46

Packard MG, McGaugh JL. 1996. Inactivation
of the hippocampus or caudate nucleus with
lidocaine differentially affects expression
of place and response learning.Neurobiol.
Learn. Mem.65:65–72

Packard MG, Teather LA. 1997. Double disso-
ciation of hippocampal and dorsal striatal
memory systems by post-training intra-
cerebral injections of 2-amino-phosphono-
pentanoic acid.Behav. Neurosci.111:543–
51

Packard MG, Teather LA. 1998. Amygdala
modulation of multiple memory systems:
hippocampus and caudate-putamen.Neuro-
biol. Learn. Mem.69:163–203

Packard MG, Teather LA. 1999. Dissociation
of multiple memory systems by posttraining
intracerebral injections of glutamate.Psy-
chobiology27:40–50

Packard MG, Vecchioli SF, Schroeder JP, Gas-
barri A. 2001. Task-dependent role for dorsal
striatum metabotropic glutamate receptors in
memory.Learn. Mem.8:96–103

Packard MG, White NM. 1987. Differential
roles of the hippocampus and caudate nu-
cleus in memory: selective mediation of
“cognitive” and “associative” learning.Soc.
Neurosci. Abs.13:1005

Packard MG, White NM. 1990. Lesions of the
caudate nucleus selectively impair acquisi-

tion of “reference memory” in the radial
maze.Behav. Neural Biol.53:39–50

Packard MG, White NM. 1991. Dissociation of
hippocampus and caudate nucleus memory
systems by posttraining intracerebral injec-
tion of dopamine agonists.Behav. Neurosci.
105:295–306

Packard MG, Williams CL, Cahill L, McGaugh
JL. 1995. The anatomy of a memory modula-
tory system: from periphery to brain. InNeu-
robehavioral Plasticity: Learning, Develop-
ment, and Response to Brain Insults, ed. NE
Spear, LP Spear, ML Woodruff, pp. 149–83.
Hillsdale, NJ: Erlbaum

Packard MG, Winocur G, White NM. 1992. The
caudate nucleus and acquisition of win-shift
radial maze behavior: effect of exposure to
the reinforcer during maze adaptation.Psy-
chobiology20:127–32

Parent A. 1986.Comparative Neurobiology of
the Basal Ganglia.New York: Wiley

Paulsen JS, Butters N, Salmon DP, Heindel
WC, Swenson MR. 1993. Prism adaptation in
Alzheimer’s and Huntington’s disease.Neu-
ropsychologia7:73–81

Phillips AG, Carr GD. 1987. Cognition and the
basal ganglia: a possible substrate for pro-
cedural knowledge.Can. J. Neurol. Sci.14:
381–85

Pisa M, Cyr J. 1990. Regionally selective roles
of the rat’s striatum in modality specific dis-
crimination learning and forelimb reaching.
Behav. Brain Res.37:281–92

Poldrack RA, Clark J, Pare-Blagoev J, Sho-
hamy D, Creso Moyano J, et al. 2001. Inter-
active memory systems in the human brain.
Nature414:546–50

Poldrack RA, Gabrieli JDE. 2001. Characteriz-
ing the neural mechanisms of skill learning
and repetition priming: evidence from mirror
reading.Brain 124:67–82

Poldrack RA, Prabhakaran V, Seger C, Gabrieli
JDE. 1999. Striatal activation during cog-
nitive skill learning.Neuropsychologia13:
564–74

Potegal M. 1972. The caudate nucleus egocen-
tric localization system.Acta Neurobiol. Exp.
(Warsz). 32:479–94



22 May 2002 10:35 AR AR160-19.tex AR160-19.SGM LaTeX2e(2002/01/18)P1: GJC

BASAL GANGLIA AND MEMORY 591

Prado-Alcala RA, Cobos-Zapiain GC. 1977.
Learning deficits induced by cholinergic
blockade of the caudate nucleus as a func-
tion of experience.Brain Res. 138:190–
96

Prado-Alcala RA, Cobos-Zapiain GG. 1979.
Improvement of learned behavior through
cholinergic stimulation of the caudate nu-
cleus.Neurosci. Lett.14:253–58

Prado-Alcala RA, Grinberg-Zylberbaun J, Al-
varez-Leefmans J, Gomez A, Singer S,
Brust-Carmona H. 1972. A possible caudate-
cholinergic mechanism in two instrumental
conditioned responses.Psychopharmacol-
ogy25:339–46

Prado-Alcala RA, Grinberg ZJ, Arditti ZL, Gar-
cia MM, Prieto HG, et al. 1975. Learning
deficits produced by chronic and reversible
lesions of the corpus striatum in rats.Phys-
iol. Behav.15:283–87

Prado-Alcala RA, Signoret L, Figueroa M.
1981. Time-dependent retention deficits in-
duced by post-training injections of atropine
into the caudate nucleus.Pharm. Biochem.
Behav.15:633–36

Rauch SL, Whalen PJ, Savage CR, Curran T,
Kendrick A, et al. 1997. Striatal recruitment
during an implicit sequence learning task as
measured by functional magnetic resonance
imaging.Hum. Brain Mapp.5:124–32

Reading PJ, Dunnett SB, Robbins TW. 1991.
Dissociable roles of the ventral, medial and
lateral striatum on the acquisition and perfor-
mance of a complex visual stimulus response
habit.Behav. Brain Res.45:147–61

Reber PJ, Knowlton BJ, Squire LR. 1996. Dis-
sociable properties of memory systems: dif-
ferences in the flexibility of declarative and
nondeclarative knowledge.Behav. Neurosci.
110:859–69

Reber PJ, Squire LR. 1994. Parallel brain sys-
tems for learning with and without aware-
ness.Learn. Mem.1:217–29

Restle F. 1957. Discrimination of cues in mazes:
a resolution of the place vs. response contro-
versy.Psychol. Rev.64:217–28

Ritchie BF, Aeschliman B, Pierce P. 1950. Stud-
ies in spatial learning: VIII. Place perfor-

mance and acquisition of place dispositions.
J. Comp. Physiol. Psychol.43:73–85

Robbins TW, Brown VJ. 1990. The role of the
striatum in the mental chronometry of action:
a theorectical review.Rev. Neurosci.2:181–
213

Rolls ET, Thorpe SJ, Maddison SP. 1983. Re-
sponses of striatal neurons in the behaving
monkey. 1. Head of the caudate nucleus.Be-
hav. Brain Res.7:179–210

Rosvold HE. 1968. The prefrontal cortex and
caudate nucleus: a system for effecting cor-
rection in response mechanisms. InMind as
Tissue, ed. C Rupp, pp. 21–38 New York:
Harper Row

Rosvold HE. 1972. The frontal lobe system:
cortical-subcortical interrelationships.Acta
Neurobiol. Exp.32:439–60

Sage JR, Knowlton BJ. 2000. Effects of US
devaluation on win-stay and win-shift radial
arm maze performance in rats.Behav. Neu-
rosci.114:295–306

Sakamoto T, Okaichi H. 2001. Use of win-stay
and win-shift strategies in place and cue tasks
by medial caudate putamen (MCPu) lesioned
rats.Neurobiol. Learn. Mem.76:192–208

Salado-Castillo R, Diaz del Guante MA, Alva-
rado R, Quirarte GL, Prado-Alcala RA. 1996.
Effects of regional GABAergic blockade of
the striatum on memory consolidation.Neu-
robiol. Learn. Mem.66:102–8

Salinas JA, White NM. 1998. Contributions of
the hippocampus, amygdala, and dorsal stria-
tum to the response elicited by reward reduc-
tion. Behav. Neurosci.112:812–26

Schroeder JP, Wingard JC, Packard MG.
2002. Post-training reversible inactivation of
hippocampus reveals interference between
memory systems.Hippocampus12:280–84

Schultz W, Dayan P, Montague PR. 1997. A
neural substrate of prediction and reward.
Science275:1593–99

Schultz W. 2000. Multiple reward signals in the
brain.Nat. Rev. Neurosci.1:199–208

Setlow B. 1997. The nucleus accumbens and
learning and memory.J. Neurosci. Res.49:
515–21

Sherry DF, Schacter DL. 1987. The evolution



22 May 2002 10:35 AR AR160-19.tex AR160-19.SGM LaTeX2e(2002/01/18)P1: GJC

592 PACKARD ¥ KNOWLTON

of multiple memory systems.Psychol. Rev.
94:439–54

Smith J, Siegert RJ, McDowall J. 2001. Pre-
served implicit learning on both the serial re-
action time task and artificial grammar in pa-
tients with Parkinson’s disease.Brain Cogn.
45:378–91

Sommer M, Grafman J, Clark K, Hallett M.
1999. Learning in Parkinson’s disease: eye-
blink conditioning, declarative learning and
procedural learning.J. Neurol. Neurosurg.
Psychiatry67:27–34

Sutton MA, Beninger RJ. 1999. Psychophar-
macology of conditioned reward: evidence
for a rewarding signal at D1-like receptors.
Psychopharmacology144:95–110

Teng E, Stefanacci L, Squire LR, Zola SM.
2000. Contrasting effects on discrimination
learning after hippocampal lesions and con-
joint hippocampal-caudate lesions in mon-
keys.J. Neurosci.20:3853–63

Thompson WG, Guilford MO, Hicks LH. 1980.
Effects of caudate and cortical lesions on
place and response learning in rats.Physiol.
Psychol.8:473–79

Thorndike EL. 1933. A proof of the law of ef-
fect.Science77:173–75

Tolman EC. 1932.Purposive Behavior in Ani-
mals and Men. New York: Appleton-Century
Crofts

Veening JG, Cornelissen FM, Lieven JM. 1980.
The topical organization of the afferents to
the caudatoputamen of the rat. A horseradish
peroxidase study.Neuroscience5:1253–68

Viaud MD, White NM. 1989. Dissociation of
visual and olfactory conditioning in the neo-
striatum of rats.Behav. Brain Res.32:31–42

Vogt C. 1911. Quelques considerations gen-
erales sur le syndrome du corps strie.J. Psy-
chol. Neurol.(Leipzig) 18:479–88

Whishaw IQ, Mittlemann G, Bunch ST,
Dunnett SB. 1987. Impairments in the ac-
quisition, retention, and selection of spatial
navigation strategies after medial caudate-
putamen lesions in rats.Behav. Brain Res.24:
125–38

White NM, Major R. 1978. Effect of pimozide
on the improvement in learning produced

by self-stimulation and water reinforcement.
Pharm. Biochem. Behav.8:565–71

White NM. 1988. Effect of nigrostriatal dopa-
mine depletion on the post-training, memory
improving action of amphetamine.Life Sci.
43:7–12

White NM. 1989a. A functional hypothesis con-
cerning the striatal matrix and patches: me-
diation of S-R memory and reward.Life Sci.
45:1943–57

White NM. 1989b. Reward or reinforcement:
What’s the difference?Neurosci. Biobehav.
Rev.13:181–86

White NM. 1997. Mnemonic functions of the
basal ganglia.Curr. Opin. Neurobiol.7:164–
69

White NM, Viaud M, Packard MG. 1994.
Dopaminergic-cholinergic function in neo-
striatal memory function: role of nigro-stria-
tal terminals. InStrategies for Studying Brain
Disorders, Vol. 2, Schizophrenia, Movement
Disorders, and Age-Related Cognitive Dis-
orders, ed. T Palomo, T Archer, R Beninger,
pp. 299–312, Madrid: Editorial Complutense

Wickens JR. 1990. Striatal dopamine in mo-
tor activation and reward-mediated learning.
Steps towards a unifying model.J. Neural
Transm.80:9–31

Wiener SI. 1993. Spatial and behavioral cor-
relates of striatal neurons in rats performing
a self-initiated navigation task.J. Neurosci.
13:3802–17

Willingham DB, Koroshetz WJ. 1993. Evi-
dence for dissociable motor skills in Hunting-
ton’s disease patients.Psychobiology21:
173–82

Willingham DB, Koroshetz WJ, Peterson EW.
1996. Motor skills have diverse neural bases:
spared and impaired skill acquisition in Hunt-
ington’s disease.Neuropsychologia10:315–
21

Willingham DB, Wells LA, Farrell JM, Stem-
wedel ME. 2000. Implicit motor sequence
learning is represented in response locations.
Mem. Cogn.28:366–75

Willis T. 1664. Cerebri Anatome, cui Accessit
Nervorum Descriptio et Usus.London: Mar-
tin & Allestry



22 May 2002 10:35 AR AR160-19.tex AR160-19.SGM LaTeX2e(2002/01/18)P1: GJC

BASAL GANGLIA AND MEMORY 593

Wilson SAK. 1912. Progressive lenticular
degeneration: a familiar nervous disease
associated with cirrhosis of the liver.Brain
34:295–509

Wilson SAK. 1914. An experimental research
into the anatomy of the corpus striatum.
Brain 36:427–92

Winocur G. 1974. Functional dissociation
within the caudate nucleus of rats.J. Comp.
Physiol. Psychol.86:432–39

Winocur G, Estes G. 1998. Prefrontal cortex
and caudate nucleus in conditional associa-
tive learning.Behav. Neurosci.112:89–101

Winocur G, Mills JA. 1969. Effects of caudate
lesions on avoidance behavior in rats.J.
Comp. Physiol. Psychol.65:552–57

Wise SP, Murray EA, Gerfen CR. 1996. The
frontal cortex-basal ganglia system in pri-
mates.Crit. Rev. Neurobiol.10:317–56

Zis AP, Fibiger HC, Phillips AG. 1974. Rever-
sal by l-dopa of impaired learning due to de-
struction of the dopaminergic nigro-striatal
projection.Science185:960–63

Zubin J, Barrera SE. 1941. Effect of electric
convulsive therapy on memory.Proc. Soc.
Exp. Biol. Med.48:596–97


