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It has long been known that memory is not a single process. Rather, there are different kinds of memory
that are supported by distinct neural systems. This idea stemmed from early findings of dissociable pat-
terns of memory impairments in patients with selective damage to different brain regions. These studies
highlighted the role of the basal ganglia in non-declarative memory, such as procedural or habit learning,
contrasting it with the known role of the medial temporal lobes in declarative memory. In recent years,
major advances across multiple areas of neuroscience have revealed an important role for the basal gan-
glia in motivation and decision making. These findings have led to new discoveries about the role of the
basal ganglia in learning and highlighted the essential role of dopamine in specific forms of learning. Here
we review these recent advances with an emphasis on novel discoveries from studies of learning in
patients with Parkinson’s disease. We discuss how these findings promote the development of current
theories away from accounts that emphasize the verbalizability of the contents of memory and towards
a focus on the specific computations carried out by distinct brain regions. Finally, we discuss new chal-
lenges that arise in the face of accumulating evidence for dynamic and interconnected memory systems
that jointly contribute to learning.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Research on the neurobiology of learning and memory has lead
to the proposal that different forms of memory are supported by
different brain structures. A focus of research within this frame-
work is to determine which structures contribute to which mne-
monic processes; for example, double dissociation studies aim to
tease apart unique patterns of brain activity in response to differ-
ent tasks. The division of long-term memory into declarative and
non-declarative processes has been one such fruitful dissociation
(Cohen & Eichenbaum, 1993; Gabrieli, 1998; Knowlton, Mangels,
& Squire, 1996; Squire & Zola, 1996).

This basic division of mnemonic function has provided a power-
ful framework for understanding the organization of memory in
the brain. It has led to major advances in understanding the role
of the medial temporal lobes in declarative memory and has indi-
cated a separate role for the basal ganglia in habit learning, a form
of non-declarative memory. However, by defining the role of the
basal ganglia in contrast to that of the medial temporal lobe, the
framework has left many important questions unanswered: What
are the mechanisms by which learning takes place in the basal gan-
glia and in its subregions? What are the factors that modulate such
ll rights reserved.
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learning? Do the basal ganglia and medial temporal lobes operate
as independent systems, or do they interact?

Researchers have just begun to address these questions, stimu-
lated by a convergence of evidence from systems and computa-
tional neuroscience regarding the role of the basal ganglia
(primarily the dorsal and ventral striatum) and their dopaminergic
inputs in learning to predict rewards and acting to obtain them.
Here, we review these recent advances with an eye towards pro-
viding an integrated account of the role of the basal ganglia in
learning, a role where the basal ganglia not only acts indepen-
dently from other brain regions, but also in interaction with them.
2. Multiple memory systems: understanding the role of the
basal ganglia

Extensive converging evidence indicates that long-term mem-
ory is not unitary, but instead consists of multiple cognitive pro-
cesses that rely on discrete neural systems and are governed by
distinct learning rules and forms of plasticity (Gabrieli, 1998;
Squire & Zola, 1996; White & McDonald, 2002). This concept, often
referred to as the multiple memory systems framework, originated
from neuropsychological research with patients with specific pat-
D. Shohamy).
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Fig. 1. The ‘‘weather prediction’’ task is a popular probabilistic category learning
task. (A) Each of 4 visual cues – cards with shapes – is independently and
probabilistically associated with either ‘‘rain’’ or ‘‘sun’’. (B) On each trial, a
combination of one to three cards is shown. Subjects respond based on their
prediction of the weather for that trial, and receive response-contingent feedback.

K. Foerde, D. Shohamy / Neurobiology of Learning and Memory 96 (2011) 624–636 625
terns of brain damage. As discovered with the famous case of pa-
tient H.M., damage to the hippocampus and surrounding medial
temporal lobe cortices led to a severe impairment in declarative
memory – that is, an inability to form new memories for facts
and events (Scoville & Milner, 1957). Notably, this devastating
amnesia was selective: H.M. and other individuals with hippocam-
pal damage remained able to learn new procedures and habits that
were acquired gradually, such as playing the piano or developing
diagnostic skills as a radiologist.

This discovery spurred a wealth of subsequent human and ani-
mal research, which provided a detailed understanding of the cog-
nitive and neural mechanisms by which the hippocampus and
surrounding cortices contribute to memory function. As suggested
by the terminology itself, early theories emphasized the declara-
tive nature of memories that depend on the medial temporal lobes:
they are explicit, verbalizable and available to conscious awareness
(for review see Squire, 2004). Subsequent research has advanced
our understanding by uncovering the mechanisms by which the
medial temporal lobes support memory for events or episodes
(also referred to as episodic memory), how subregions of the med-
ial temporal lobes work in concert to support the formation of new
memories, the representational characteristics of the memories
that are built, and the contexts in which this system is used
(Bakker, Kirwan, Miller, & Stark, 2008; Cohen & Eichenbaum,
1993; Daselaar, Fleck, & Cabeza, 2006; Davachi, 2006; Hannula,
Tranel, & Cohen, 2006; Paller & Wagner, 2002; Uncapher & Rugg,
2008; Wirth et al., 2003).

2.1. Parkinson’s disease: a model of the role of the basal ganglia in
learning and memory

Relatively less is known about the cognitive and neural sub-
strates of non-declarative memory. Habit learning, one form of
non-declarative memory, has received much attention in the past
decade. Habit learning is typically characterized in opposition to
declarative memory: it is gradual, implicit, and can take place
without conscious awareness.

Converging evidence suggests that habit learning depends on
the basal ganglia. Much of this evidence comes from studies of pa-
tients with Parkinson’s disease, a progressive neurological disorder
that involves a loss of dopaminergic input to the striatum due to a
reduction in dopamine neurons in the substantia nigra compacta
(Kish, Shannak, & Hornykiewicz, 1988; Peran et al., 2010). Patients
with Parkinson’s disease, who famously suffer from motor impair-
ments, also have cognitive and mnemonic impairments, even in
the earliest stages of the disease when damage is relatively selec-
tive to the striatum.

Thus, individuals with Parkinson’s disease provide a useful
model of basal ganglia dysfunction in humans and can be com-
pared with individuals with medial temporal lobe dysfunction to
ask questions about the unique contribution of each brain region
to different kinds of memory. Such comparisons, detailed below,
have revealed that the pattern of memory impairments found in
patients with Parkinson’s disease is opposite to that found in pa-
tients with medial temporal lobe damage. In particular, patients
with Parkinson’s disease are impaired on tasks that involve gradual
learning of stimulus–response associations but are spared on tests
of declarative memory.

2.2. Probabilistic category learning in Parkinson’s disease

Probabilistic category learning paradigms have been central to
understanding the contributions of the basal ganglia to learning
and memory. One widely-used measure, the ‘‘weather prediction’’
task (see Fig. 1), requires that participants use trial-and-error feed-
back to learn to predict categorical outcomes (sun or rain) based on
four different visual cues (simple shapes). On each trial one, two, or
three of the four cues can be present, yielding 14 possible stimuli
(all possible combinations of the cues without displaying all four
or none at all). The relationship between cues and outcomes is
probabilistic, such that across all trials each cue predicts an out-
come only some of the time. The complex cue structure and prob-
abilistic nature of the associations, with no consistent one-to-one
mapping between stimuli and outcomes, was originally thought
to hamper attempts at explicitly encoding cue-outcome associa-
tions, making improved performance dependent on gradual, impli-
cit learning (Knowlton et al., 1996; but see Gluck, Shohamy, &
Myers, 2002).

Indeed, an important study by Knowlton and colleagues dem-
onstrated that amnesics were capable of incremental learning
(measured as increased accuracy in performance) despite having
no explicit memory for the testing episode (revealed by multiple
choice questions about details of the testing events). By contrast,
Parkinson’s disease patients were impaired at incremental learning
of the task, but had intact explicit memory (Knowlton, Squire, &
Gluck, 1994; Knowlton et al., 1996). This double dissociation was
central in advancing the notion that the basal ganglia and medial
temporal lobes support two dissociable memory systems. In partic-
ular, the findings provided evidence that the basal ganglia are nec-
essary for non-motor, incremental learning of stimulus–response
associations (Ashby, Noble, Filoteo, Waldron, & Ell, 2003; Knowlton
et al., 1996; Owen et al., 1993; Reber, 1989; Robbins, 1996; Saint-
Cyr, Taylor, & Lang, 1988; Shohamy, Myers, Geghman, Sage, &
Gluck, 2006; Shohamy, Myers, Grossman, Sage, & Gluck, 2005;
Shohamy et al., 2004; Swainson et al., 2000). These findings in hu-
mans converge with a large body of animal lesion work also dem-
onstrating a key role for the basal ganglia in incremental,
stimulus–response learning (Divac, Rosvold, & Szwarcbart, 1967;
Kesner, Bolland, & Dakis, 1993; McDonald & White, 1993; Mishkin,
Malamut, & Bachevalier, 1984; Packard, 1999; Packard, Hirsh, &
White, 1989; Packard & McGaugh, 1996; White, 1997; Yin,
Knowlton, & Balleine, 2004; Yin, Knowlton, & Balleine, 2006).
2.3. Multiple systems for non-declarative memory

The double dissociation between declarative and non-declara-
tive memory functions in patients with Parkinson’s disease and
amnesics provided important evidence that the basal ganglia play
a role in non-declarative learning. However, subsequent work has
demonstrated that Parkinson’s disease patients are impaired at
some but not all types of non-declarative learning tasks, as sum-
marized in Table 1, leaving open questions about the specific role
of the basal ganglia in learning and the possible contribution of



Table 1
Learning paradigms where Parkinson’s disease (PD) patients are spared vs. impaired, sorted by their implicitness vs. the demand for feedback to drive learning.

Task Implicit/explicit Feedback dependent PD effect on performance

Weather prediction (trial-and-error) Mixed U �
Weather prediction (observation) Mixed � U

Artificial grammar Mixed � U

Artificial grammar (trial-and-error) Mixed U �
Motor sequence learning Mixed � U �
Motor sequence learning (trial-and-error) Mixed U �
S-R simple task Mixed U U

S-R complex (multi-trial integration needed) Mixed U �
Information integration perceptual categorization Implicit U �
Rule based perceptual categorization Explicit � �
Rotor pursuit Implicit � U

Mirror reading Implicit � U
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other brain systems. Studies with other patient populations dem-
onstrated that a variety of learning functions found under the um-
brella of non-declarative memory do not depend on the basal
ganglia, and instead depend on the cerebellum or visual cortex
(Doyon, Penhune, & Ungerleider, 2003; Gabrieli, Stebbins, Singh,
Willingham, & Goetz, 1997; Laforce & Doyon, 2001). FMRI studies
have further corroborated the distinct contributions of the stria-
tum and the cerebellum to learning (E.g. Diedrichsen, Hash-
ambhoy, Rane, & Shadmehr, 2005; Jueptner, Frith, Brooks,
Frackowiak, & Passingham, 1997; Jueptner & Weiller, 1998).

Interestingly, many of the tasks used to study neuropsycholog-
ical populations differ from the kinds of tasks used to investigate
learning and memory functions of the basal ganglia in animals in
that the tasks used in human studies rely heavily on motor and
perceptual skills. For example, the mirror-drawing test, a prototyp-
ical ‘‘implicit’’ learning task, requires the participant to trace a
complex figure, such as a star, while viewing his or her movements
in a mirror. With practice, tracing becomes considerably easier and
appears to be unrelated to verbalizable insight into how the skill is
acquired. Medial temporal lobe damage renders such learning in-
tact, but cerebellar damage can hamper learning of the mirror-
drawing skill (Sanes, Dimitrov, & Hallett, 1990). Such tasks and
others like it are likely implicit, but independent of the basal gan-
glia; instead, the skill relies on continuous visual feedback and a
remapping between visual input and motor output.

Results from studies using non-motor tasks to assess non-
declarative memory support this hypothesis; indeed, evidence
from two category learning tasks have provided strong evidence
that learning and memory can function independently of both
the medial temporal lobes and the basal ganglia. For example, in
artificial grammar learning, participants simply observe multiple
nonsense letter strings that are generated according to the same
underlying set of rules. If a string starts with the letter X, for exam-
ple, the next ‘grammatically correct’ letter may be Y, which may be
followed by T, S, or X with equal likelihood. Thus, a set of letter
strings can be created that are either grammatical or not. After
observation of multiple grammatical strings, participants are
tested on their ability to identify grammatical vs. non-grammatical
strings. Amnesics can succeed on this hallmark test of implicit
learning, suggesting acquisition of relatively high level learning
without accompanying declarative memory (Knowlton, Ramus, &
Squire, 1992). However, learning is also spared in patients with
Parkinson’s disease (Reber & Squire, 1999).

A similar pattern of results emerges using a dot pattern catego-
rization measure of prototype learning. This task involves observa-
tion of multiple stimuli that are generated based on a single
prototype. For example, nine white dots on a black background
may form a prototype. Task stimuli are then generated by moving
the locations of the prototype dots 15% in a random direction.
Thus, while none of the stimuli look exactly like the prototype, par-
ticipants can reliably identify patterns of the prototype category vs.
random patterns. Studies assessing prototype learning have pro-
duced a similar pattern of results as those examining artificial
grammar learning: performance is intact in amnesics, but it is also
spared in patients with Parkinson’s disease (Reber & Squire, 1999;
Smith, Siegert, McDowall, & Abernethy, 2001). Thus, while the
weather prediction task provides evidence for a role for the basal
ganglia in one form of habit learning, other forms of implicit learn-
ing are acquired independent of the basal ganglia. Together, these
studies demonstrate that many questions remain about the spe-
cific role of the basal ganglia in learning and memory.
2.4. The basal ganglia and habit learning: summary and open
questions

Findings in both animals and humans indicated that the basal
ganglia contribute to incremental learning of stimulus–response
associations. These findings fit nicely with a selective role for the
basal ganglia in procedural learning of habits or skills and suggested
that the basal ganglia could provide a neural substrate for a non-
declarative memory system. However, this perspective left open
many questions about the role of the basal ganglia in different forms
of learning and how memory systems are organized in the brain.

First, it remained unclear why Parkinson’s disease patients were
impaired on some types of implicit learning, but not others. Sec-
ond, questions were raised about whether participants completing
the ‘‘weather prediction’’ task were necessarily learning the contin-
gencies implicitly; subsequent studies demonstrated that healthy
subjects could use simple explicit strategies to support learning.
Additionally, these studies found that the hippocampus is acti-
vated during learning of the ‘‘weather prediction task’’, at least at
an early stage (Poldrack et al., 2001; Shohamy, Myers, Onlaor, &
Gluck, 2004). Indeed, as subsequent studies demonstrated, both
healthy people and Parkinson’s disease patients might in fact rely
on the hippocampus when learning in this task (Foerde, Knowlton,
& Poldrack, 2006; Moody, Bookheimer, Vanek, & Knowlton, 2004).
Thus, even in what is considered to be a prototypical implicit learn-
ing task, multiple memory systems contribute to learning. FMRI
studies have highlighted the dynamics of memory systems over
the course of learning and provide further evidence for joint contri-
butions from multiple memory systems (Dickerson, Li, & Delgado,
2010; Poldrack et al., 2001; Seger, Peterson, Cincotta, Lopez-
Paniagua, & Anderson, 2010).

Third, both the medial temporal lobes and basal ganglia are
innervated by dopamine neurons originating in the midbrain (Gas-
barri, Packard, Campana, & Pacitti, 1994; Otmakhova & Lisman,
1996; Samson, Wu, Friedman, & Davis, 1990). These dopaminergic
inputs are known to be crucial for plasticity in both the basal gan-
glia and the medial temporal lobes, but whether these dopaminer-
gic inputs act in similar or different ways in the two systems is not
yet understood (for review see Shohamy & Adcock, 2010). These
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recent discoveries have necessitated a move to think about mem-
ory systems in a more integrated manner.

3. The basal ganglia, dopamine, and reward learning

Significant advances have been made in recent years into the
functional neurophysiological, neurochemical, and neurocomputa-
tional characteristics of the basal ganglia and their dopaminergic
inputs. Collectively, these studies suggest that dopamine neurons
projecting to the basal ganglia are critical for learning to predict
rewarding outcomes and acting to obtain them.

This idea arose from a series of pivotal studies that reported on
recordings from dopamine neurons in monkeys and demonstrated
a role for midbrain dopamine in reward-related learning. First,
midbrain dopamine neurons respond to unexpected rewards with
an immediate, phasic, burst of activity. Second, if a cue consistently
predicts a reward, the dopamine response shifts to occur immedi-
ately following the reward-predicting cue instead of the reward.
Third, if an expected reward fails to arrive, there is a decrease in
firing at the time of the expected reward (Fiorillo, Tobler, & Schultz,
2003; Schultz, Apicella, & Ljungberg, 1993; Waelti, Dickinson, &
Schultz, 2001). However, cues often inconsistently predict rewards;
that is, a cue will predict an outcome probabilistically. In this case,
phasic responses, both at cue and outcome, vary monotonically
with the probability of reward, such that even high levels of pre-
dictability lead to some phasic activity at the presentation of a
rewarding outcome. Similarly, decreases in firing rate for reward
omission also appear to vary in proportion to reward probability
(Fiorillo et al., 2003).

Taken together, these findings provide evidence for a phasic
learning signal from midbrain dopamine neurons consistent with
existing computational models of reward prediction (Tremblay,
Hollerman, & Schultz, 1998; Waelti et al., 2001). In parallel, there
has been a surge of evidence obtained using BOLD fMRI in humans
that similarly links activity in midbrain dopamine regions to deci-
sion making and learning across a range of rewarding stimuli and
experimental paradigms (Aron et al., 2004; D’Ardenne, McClure,
Nystrom, & Cohen, 2008; Delgado, Nystrom, Fissell, Noll, & Fiez,
2000; O’Doherty, Dayan, Friston, Critchley, & Dolan, 2003; O’Doh-
erty et al., 2004; Pagnoni, Zink, Montague, & Berns, 2002; Schon-
berg, Daw, Joel, & O’Doherty, 2007; Schonberg et al., 2010).

Thus, emerging data demonstrate that the midbrain dopamine
system supports feedback-dependent learning processes essential
for predicting both certain and uncertain outcomes. Collectively,
these models and data suggest a more nuanced view of the basal
ganglia than the one indicated by the multiple memory systems
framework. Indeed, the physiological data suggest that rather than
supporting implicit learning, the basal ganglia are critical for sup-
porting learning that is driven by feedback and is motivated by re-
wards. Furthermore, the anatomical connectivity between the
basal ganglia, prefrontal cortex, and the medial temporal lobes
indicate possible interactions between these brain regions, rather
than strict dissociations between them (for review see Poldrack
& Rodriguez, 2004).

Notably, parallel advances have taken place in understanding
the role of the hippocampus in memory. Studies have shown that,
although memories supported by the hippocampus are often sub-
jectively experienced as accessible to conscious awareness, this is
not a necessary feature of such memories (Chun & Phelps, 1999;
Greene, Spellman, Dusek, Eichenbaum, & Levy, 2001; Hannula,
Ryan, Tranel, & Cohen, 2007; Schendan, Searl, Melrose, & Stern,
2003). Instead, much recent work has emphasized the specific role
of the hippocampus in forming memories that encode relations
among multiple stimuli, emphasizing the computational charac-
teristics of the hippocampus rather than the verbalizability of the
mnemonic contents.
4. An integrated view of the basal ganglia in learning

Theories regarding the role of dopamine in reward prediction
have had a substantial impact on understanding the role of the ba-
sal ganglia in learning. They shed light on the basis for previous
inconsistencies and highlight the neural mechanisms that bridge
seemingly disparate findings. Integrating the domains of electro-
physiology, neuroimaging, computational modeling, and neuro-
psychology has led to some general principles regarding the role
of the basal ganglia in learning, as detailed below.
4.1. Learning from response-contingent feedback

One prediction that follows from existing physiological data
and computational models is that the basal ganglia play a critical
role in learning from response-contingent feedback, regardless of
whether learning is implicit or explicit. This idea was tested in a
functional magnetic resonance imaging (fMRI) study that com-
pared learning of the standard ‘‘weather prediction’’ task (with re-
sponse-contingent feedback) with a modified ‘‘observational’’ (no-
feedback) version (Poldrack et al., 2001). In the observational
version, instead of seeing a set of cues, predicting sun or rain,
and then receiving feedback, on each trial the set of cues was
shown together with a sun or rain outcome label. A test session
without feedback assessed performance to determine how much
learning had taken place based on observation.

Healthy controls performed with similar levels of accuracy on
both feedback-based and observational versions of the task. How-
ever, the basal ganglia were activated only when learning was
feedback-dependent, not when learning was observational. In-
stead, observational learning engaged the medial temporal lobes.
A parallel study found that Parkinson’s disease patients were im-
paired at ‘‘weather prediction’’ when learning was based on er-
ror-correcting feedback but not when it was based on
observation (Shohamy et al., 2004).

Feedback and observational learning have also been compared
using perceptual categorization tasks. In one fMRI study, Cincotta
and Seger (2007) compared feedback and observational learning
of a perceptual categorization task and found that the head of
the caudate was particularly modulated for feedback compared
to observational learning. Thus, in this type of categorization task,
the basal ganglia also appear to make unique contributions when
error-correcting feedback is involved.

The idea that the basal ganglia play a critical role in processing
response-contingent feedback has also been tested in a non-
learning task. In a clever design, Tricomi and colleagues (2004)
compared basal ganglia responses to monetary rewards and pun-
ishments that were either un-signaled, preceded by an anticipatory
cue, or followed a cue, with the latter condition requiring partici-
pants either to make a pre-determined response or to make a
self-selected response that participants perceived to affect out-
comes. Critically, BOLD activation was observed in the caudate
only when outcomes were perceived to be contingent on an action,
thereby demonstrating the central role for the basal ganglia in pro-
viding response-contingent feedback.

Together, these findings indicate that the basal ganglia are selec-
tively involved in, and are necessary for, feedback-based learning. It
is important to highlight that for most of the tasks reviewed here
the structure of the acquired knowledge was identical. This point
contradicts the prior assumption that the complexity of the infor-
mation learned in the ‘‘weather prediction’’ task is a critical factor
that determines whether learning depends on declarative or non-
declarative systems. Although these findings do not illuminate
the role of implicit or explicit knowledge, they show that the role
of feedback presents a useful way of describing the operating char-
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acteristics of learning systems that bridge multiple levels of analy-
sis, from animal physiology to human neuropsychology.

Importantly, subsequent studies have revisited other non-
declarative learning tasks, such as the artificial grammar learning
(described earlier) and sequence learning, that had been shown
to be intact in Parkinson’s disease patients. When these tasks were
changed such that learning in these classic implicit tasks was
dependent on trial-by-trial feedback, performance was indeed im-
paired in Parkinson’s disease patients (Seo, Beigi, Jahanshahi, &
Averbeck, 2010; Smith & McDowall, 2006; Wilkinson, Khan, &
Jahanshahi, 2009; see also Vriezen & Moscovitch, 1990). Taken to-
gether, these findings provide strong evidence for the fact that it is
the ability to learn from feedback, not the ability to learn implicitly,
that depends on the basal ganglia.

4.2. Learning from immediate feedback

In a recent study, we tested another prediction about learning
in Parkinson’s disease that emerges from examining electrophysi-
ological data and computational models: that, in addition to the
presence of feedback, the timing of this feedback is critical (Foerde
& Shohamy, 2011). Dopamine is thought to enhance learning in the
basal ganglia by facilitating cortico-striatal plasticity, presumably
by reinforcing a representation of the rewarded response or stim-
ulus (Reynolds & Wickens, 2002). Importantly for our hypotheses,
dopamine responses to feedback occur approximately 100 ms fol-
lowing the reward (Redgrave & Gurney, 2006). Similarly, in prior
studies of feedback-based learning, reinforcement was delivered
almost immediately following a response (Knowlton et al., 1996;
Poldrack et al., 2001; Shohamy et al., 2004).

Such rapid feedback results in tight temporal proximity be-
tween the response and reward signal, which may facilitate the
feedback-based strengthening of the appropriate action represen-
tation in the striatum. For example, a behavioral study in young,
healthy participants found that learning on a feedback-dependent
perceptual categorization task was impaired when feedback was
not immediate (Maddox, Ashby, & Bohil, 2003). A recent study in
animals demonstrated that the temporal precision of reward
expectation in midbrain dopamine neurons decreased as the inter-
val between cue and reward increased. In fact, responses to the
longest delayed rewards (16 s) were similar to responses to unpre-
dicted rewards (Fiorillo, Newsome, & Schultz, 2008; see also
Roesch, Calu, & Schoenbaum, 2007), consistent with the hypothesis
that the dopamine error signal is best suited for learning under
short interval conditions.

We tested this idea in Parkinson’s disease patients and controls
by manipulating the time interval between choice and feedback in
a probabilistic learning task (Foerde & Shohamy, 2011; Fig. 2). Par-
ticipants were asked to categorize stimuli as belonging to one of
two categories. As in the ‘‘weather prediction’’ task, the association
between stimuli and outcomes was probabilistic and the relation-
ship between cues and outcomes was learned based on trial-by-
trial feedback. Learning in this study took place under two different
conditions. In one condition, responses were followed by feedback
immediately; in the other, feedback followed responses after a 6 s
delay. Parkinson’s disease patients were severely impaired at
learning when feedback was immediate, but not when feedback
was delayed by 6 s (Foerde & Shohamy, 2011).

Interestingly, healthy controls were able to learn equally well
under both conditions. Together with the selective impairment in
patients, this suggests that, despite similar performance among
controls in both conditions, the neural systems supporting learning
may differ. To address this question, we used fMRI to examine
brain activation among young participants learning this task under
immediate vs. delayed feedback conditions. We found that where
learning from immediate feedback engaged mainly the striatum,
learning from delayed feedback engaged the hippocampus. Thus,
feedback timing – and not just feedback presence – plays an
important role in modulating the engagement of memory systems
and in determining the pattern of impaired vs. spared learning in
Parkinson’s disease.

4.3. Learning from rewards vs. punishments

The valence of feedback is another obvious yet critical aspect to
consider, and indeed one that has been receiving increased atten-
tion. It makes intuitive sense that one can learn both by trying to
gain positive feedback and by avoiding negative feedback. The ba-
sal ganglia consist broadly of parallel functional paths that can be
characterized in a number of ways, including the prevalence of D1-
or D2-type dopamine receptors. The type of receptor is thought to
determine how dopamine affects each path, which have been
termed Go and NoGo paths. Frank (2005) proposed that activity
in the Go path facilitates responding while activity in the NoGo
path facilitates the inhibition of responses. Consistent with this
idea, dissociations in learning from rewards vs. punishments have
been neatly demonstrated by Frank and colleagues in Parkinson’s
disease patients (Frank, Seeberger, & O’Reilly, 2004; Moustafa,
Cohen, Sherman, & Frank, 2008).

In probabilistic learning paradigms, similar to the ones de-
scribed above, Parkinson’s disease patients who were not on dopa-
minergic medication could learn from negative feedback, but not
positive feedback; in patients on dopaminergic medication, the
pattern was reversed. Similar results have been obtained from
Parkinson’s disease patients on different types of tasks (Cools,
Altamirano, & D’Esposito, 2006) as well as in genetic (Frank, Mous-
tafa, Haughey, Curran, & Hutchison, 2007) and pharmacological
studies (Cools et al., 2009). Taken together, these studies show that
ability to learn is differentially affected by feedback valence
depending on the levels of dopamine in the system, which can be
influenced by disease, pharmacological intervention, or individual
genetic variation.

Nonetheless, there is still a ways to go in understanding how re-
wards and punishments are processed in the basal ganglia. As out-
lined previously, midbrain dopamine neurons that project to the
basal ganglia respond with increased activity to cues that predict
rewards and to outcomes that are better than expected. Outcomes
that are worse than expected (or omitted) lead to decreases in
responding (Schultz, 1997). However, recent studies have demon-
strated that aversive stimuli can lead to increased activity in a sub-
set of midbrain dopamine neurons (Brischoux, Chakraborty,
Brierley, & Ungless, 2009). Similarly, fMRI studies have reported in-
creases in BOLD activity in the striatum in response to punish-
ments or negative prediction errors (Delgado, 2007; Delgado,
Locke, Stenger, & Fiez, 2003; Delgado et al., 2000; Rodriguez, Aron,
& Poldrack, 2006). One factor that may play a role in explaining
these differing effects is the context in which rewards and punish-
ments occur (Seymour, Daw, Dayan, Singer, & Dolan, 2007); that is,
whether rewards are presented intermixed with punishments or
only with the absence of reward. Importantly, neurons that re-
spond with increased activity to rewards vs. punishments appear
to be anatomically segregated (Brischoux et al., 2009; Seymour
et al., 2007), which suggests that both types of signals can make
distinct and meaningful contributions to learning. However, as will
be discussed more below, Parkinson’s disease differentially affects
distinct pathways in the midbrain and basal ganglia as the disease
progresses. This suggests that there could be asymmetric conse-
quences for learning from reward and punishment over the course
of the disease.

Overall, the valence of feedback plays a central role in how the
basal ganglia are engaged to support learning and memory, but a
deeper understanding of the interplay of individual differences



Fig. 2. Learning from immediate vs. delayed feedback (A). Examples of trials where feedback is provided immediately or after a 6-s delay. (B). Performance of Parkinson’s
disease patients and age-matched controls in a post-learning test phase where participants make the same choices as during learning but without receiving feedback. These
results show how well each group has learned after training with feedback of different delays.
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(across healthy and impaired populations), context, and the basic
physiology of the relevant circuits will be critical in order to make
further progress.

4.4. Building inflexible stimulus–response associations

The multiple memory systems framework has emphasized a
role for the striatum in habit learning. Indeed, evidence points to
a role for the basal ganglia in incremental stimulus–response
learning, which fits with our intuitive notion of what habits are.
In animals, habits are defined as behaviors that persist even when
the resulting outcomes have become undesirable and are con-
trasted with goal-directed behaviors that are sensitive to changes
in the value of outcomes (Adams & Dickinson, 1981; Balleine &
O’Doherty, 2010). This idea has been tested in rats using devalua-
tion procedures. In a typical study, a rat may learn to press one le-
ver for one reward (a food pellet, for example) and another lever
for an alternative food reward. One of these food rewards is then
devalued by feeding the rat the food until satiated or by pairing
the food with a drug that makes the rat ill. In either case, the spe-
cific food is no longer desirable to the rat. If the rat’s behavior is
goal-directed, behavior leading to the food reward that has become
undesirable should decrease in frequency; in contrast, if behavior
is habitual, it may continue even when it leads to the newly-
undesirable outcome. A series of experiments demonstrated that
damage to the dorsolateral striatum impairs habit learning and
renders behavior goal-directed, whereas dorsomedial striatal le-
sions lead to the opposite pattern of behavior (Yin & Knowlton,
2006; Yin, Knowlton, & Balleine, 2005; Yin et al., 2004; Yin et al.,
2006).

In humans, two general approaches have been used to capture
the habitual nature of learning. One approach has been to literally
replicate the rodent conditioning and devaluation paradigms in
humans (Tricomi, Balleine, & O’Doherty, 2009; Valentin, Dickinson,
& O’Doherty, 2007). In an fMRI study, for example, healthy subjects
learned to make responses to gain M&M’s or Fritos to consume
upon leaving the scanner. Half of the participants trained for
1 day, and half trained for 3 days. Subsequently, one food was de-
valued by feeding to satiation. Behavior was then tested to see if
participants’ responding would continue as before, even once the
food outcome was no longer desirable. Training for 3 days led to
continued responding to earn the devalued food, indicating that
responding had become habitual, but training for 1 day led to a
marked decrease in participants’ responding for that food. As
behavior became habitual, neural activity increased in posterior
dorsolateral striatum (Tricomi et al.). These behavioral and fMRI
results are consistent with those in the rodent lesion studies de-
scribed above in implicating the dorsolateral striatum in habit
learning.

Although the application of the behavioral assays outlined
above have been key in developing our understanding of the type
of learning that is controlling behavior, this view of flexibility is
somewhat limited, and does not perfectly overlap with how flexi-
bility of mnemonic representations (or behavior) is defined and
used in cognitive psychology or neuropsychology. In many animal
behavior studies, the focus has primarily been on trying to under-
stand whether stimulus–response or action-outcome associations
are controlling behavior.

Another approach to determine the mnemonic flexibility of
learned information has been to measure how easily it can be used
in a novel context. This approach is also inspired by studies of ani-
mal behavior, but is centered on studies characterizing the unique
contributions of the hippocampus (Cohen & Eichenbaum, 1993).
Here, the critical factor is representational flexibility of stimulus–
stimulus associations; that is, whether a representation retains
information about the relationship among the components of a
memory. Typically, for an episodic memory, the particular relation-
ship and combination of items is critical.

For example, in the ‘‘weather prediction’’ task, post-learning
tests ask people to make judgments about task elements presented
in novel configurations or to assess the strength of relationships
between cues and outcomes instead of making the categorical re-
sponses used during learning (Foerde et al., 2006; Reber, Knowlton,
& Squire, 1996). Alternatively, to break away from the use of expli-
cit test questions, other studies have used two-phase tasks that
consist of a learning phase, followed by a probe phase to determine
the flexibility of the learned representations. In such tasks, partic-
ipants first learn repeated stimulus–response associations, then
use these associations in a second phase where they must flexibly
integrate across learned associations to respond to novel items.
This approach has demonstrated that the striatum supports inflex-
ible stimulus–response associations whereas the hippocampus is
necessary for flexible generalization to novel contexts (Myers
et al., 2003; Shohamy & Wagner, 2008; Shohamy et al., 2006).

A final type of flexibility that is very important (and, in fact,
commonly studied in Parkinson’s disease but is beyond the scope
of this review), is higher-level flexibility, critical for cognitive con-
trol and task-switching behaviors. Such flexibility includes the
ability to switch from responding to one stimulus to another, as
well as the ability to pivot from one set of rules for responding
to another set. This goes beyond simply remembering which rule
is currently operating, because it also depends on the ability to re-
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frain from applying a previous rule. Extensive research has demon-
strated the key role of the prefrontal cortex in such task-switching
and cognitive control behavior (for a review, see Cools, Altamirano,
& D’Esposito, 2006).

The striatum’s role in habit learning through repetition is clo-
sely related to its role in the chunking of action sequences; through
repeated practice, behaviors that are composed of multiple actions
can become unitized into a single action (Barnes et al., 2011;
Graybiel, 1998; Jog, Kubota, Connolly, Hillegaart, & Graybiel,
1999). The chunking process is consistent with our intuition of pro-
cedural learning and also comports with the idea that, once unit-
ized, the individual components of behavior lose flexibility and
are no longer accessible. The development towards such well-
learned sequences is associated with a change in reliance on the
anterior striatum to the posterior striatum (Hikosaka, Miyashita,
Miyachi, Sakai, & Lu, 1998).

The general notion of chunking is also related to sequence
learning tasks, which have frequently been used to study implicit
vs. explicit learning in humans (Aizenstein et al., 2004; Curran &
Keele, 1993; Doyon et al., 1997; Doyon et al., 1998; Nissen &
Bullemer, 1987; Reber & Squire, 1994; Reber & Squire, 1998; Sei-
dler et al., 2005; Willingham, Salidis, & Gabrieli; 2002). Findings
across studies of sequence learning in Parkinson’s disease are
mixed, but there are several reports of impairments in this type
of learning in Parkinson’s disease (see Doyon, 2008 for review
and discussion of possible factors underlying variable findings).
In such tasks, learning is generally measured in terms of reaction
times to stimuli that occur in predictable sequences. Critically,
learning of the predictable sequence is commonly unrelated to ex-
plicit knowledge of the sequence, which may or may not develop in
parallel. In fact, procedural and declarative knowledge could exist
without influencing each other (Reber & Squire, 1998). Just as in
probabilistic category learning, different types of knowledge may
be acquired but are used in different ways. Sequence learning is
unique, however, in that explicit trial-by-trial feedback is not com-
monly provided. Altogether, then, despite mixed results in patients
with Parkinson’s disease, animal studies and fMRI studies in hu-
mans generally do implicate the striatum in sequence learning.

This raises the question of whether the roles of the striatum in
supporting learning from feedback and in sequencing behavior are
related or independent of each other. One intriguing resolution
may lie in thinking about feedback more broadly. A relevant exam-
ple comes from the study of birdsong, where the auditory feedback
provided by producing the song is itself essential in maintaining
vocal performance (Brainard & Doupe, 2000). This finding suggests
that feedback need not be provided in the explicit manner com-
monly seen in studies in animals and humans. Future studies
applying such a broader view of feedback could expand our under-
standing of the role of the striatum and help reconcile inconsisten-
cies in patient studies across multiple tasks.

It is interesting that the striatum appears to play a general role
in supporting inflexible representations across these different clas-
ses of representations that have been assessed in terms of their
flexibility. Despite the shared term, these different forms of flexi-
bility are quite distinct – they appear to be mediated by distinct
neural systems (anterior striatum, hippocampus, prefrontal cortex)
that are differentially affected by disease (Parkinson’s, for exam-
ple). Perhaps the striatum is able to play a role across multiple
forms of flexibility by virtue of its characteristic connectivity to
other brain regions, as discussed in the next section.

4.5. Summary

Findings from Parkinson’s disease, the most influential model of
basal ganglia dysfunction, demonstrate that the basal ganglia sup-
port trial-by-trial learning, driven by error correcting feedback as
well as sequencing behavior. This appears to be independent of
whether learning is implicit or explicit (see also Henke, 2010;
Seger, Dennison, Lopez-Paniagua, Peterson, & Roark, 2011). The sys-
tem seems to be biased towards learning from reward, evidenced by
the selective pattern of impairments in medicated vs. non-medi-
cated patients on learning from rewards vs. punishments. Finally,
data from Parkinson’s disease support the idea that the basal
ganglia are specialized for forming specific, inflexible representa-
tions that do not easily generalize to new choices, which contrasts
with the role of the hippocampus in building flexible, relational rep-
resentations that are well suited to guide behavior in novel contexts.

However, an increasing body of evidence from fMRI and animal
work also suggests that the basal ganglia as a whole play a broader
role in learning, supporting not just habitual learning, but also
more goal-directed motivated behaviors. Therefore, greater atten-
tion is being paid to the role of subregions within the basal ganglia
and their interactions with other learning systems.
5. Interactions between the basal ganglia and other brain
systems for learning

Neuropsychological and animal data, together with reinforce-
ment learning models, have provided a detailed understanding of
the circumstances under which the basal ganglia support learning
and insights into the mechanisms by which they do so. Armed with
this new understanding, there has been a renewed interest in
understanding how this learning system is complemented by,
and interacts with, other learning systems. These efforts have ta-
ken place in three main areas:
5.1. Interactions between basal ganglia and medial temporal lobes:
competitive vs. cooperative

Studies in neuropsychological populations such as Parkinson’s
disease patients have been critical in understanding memory sys-
tems, but there are limitations to what they can tell us about
how the healthy brain functions. The use of functional imaging
(e.g. fMRI) to explore how memory systems are engaged in the
healthy brain has revealed that, although one memory system or
another may be absolutely necessary to support a function, multi-
ple systems are commonly engaged to support behavior. This has
prompted questions about whether these systems might influence
each other, and if so, whether they act oppositionally, indepen-
dently, or synergistically.

Initial evidence for oppositional interactions between striatal
and medial temporal lobe systems came from lesion studies in ani-
mals (Chang & Gold, 2003a; Chang & Gold, 2003b; Eichenbaum, Fa-
gan, Mathews, & Cohen, 1988; McDonald & White, 1995; Mitchell
& Hall, 1988; Packard et al., 1989; Rabe & Haddad, 1969;
Schroeder, Wingard, & Packard, 2002). These studies showed that
damage to one system could lead to improved performance by
the other system. This remarkable finding provided strong evi-
dence for the idea that, under normal conditions, there is a com-
petitive interaction between these systems, such that removing
this interference could enhance learning. Other experiments found
that, on some tasks where multiple learning strategies were avail-
able and dependent on separate systems, lesions to one system
could lead to use of the alternative strategy of the other system,
although the lesioned system might be naturally preferred (Chang
& Gold, 2003a; Chang & Gold, 2003b; Packard & Knowlton, 2002;
Schroeder et al., 2002). These results suggest that multiple systems
learn viable response strategies and that competition could occur
at the time of action selection or responding. Note that this is very
different from a form of competition that interferes with learning



K. Foerde, D. Shohamy / Neurobiology of Learning and Memory 96 (2011) 624–636 631
itself; this kind of competition occurs between learned response
strategies.

There is also evidence from fMRI studies in humans to support
the idea that multiple memory systems may support performance
on a single task (Doeller, King, & Burgess, 2008; Foerde et al., 2006;
Hartley & Burgess, 2005; Voermans et al., 2004). Mirroring findings
from animal work, these studies found that different systems sup-
port information with distinct qualities, in concordance with the
type of representation that characterizes each system. For exam-
ple, Foerde et al. (2006), used fMRI to examine subjects learning
‘‘weather prediction’’ under divided attention (the subject had to
perform another task while simultaneously learning to predict
the weather) or full attention (the participant only performed the
‘‘weather prediction’’ task). When full attention was afforded to
the task, subjects engaged the medial temporal lobe more, and
had more flexible knowledge of what they learned. However, when
learning with divided attention, subjects engaged the basal ganglia
more and had less flexible representations. One question raised by
such studies is why Parkinson’s disease patients do not simply
switch to strategies that depend on functional neural systems. In
some cases this can indeed happen (Moody et al., 2004), and
understanding how to capitalize on such possibilities should be in-
formed by future research aimed at understanding how we can
manipulate and modulate distinct memory systems.

The evidence for competition between systems received re-
newed attention when fMRI studies found evidence for ‘‘neural
competition’’ between systems: negative correlations between
BOLD activity in striatal regions and medial temporal lobe regions,
such that when one system was ‘on’ the other was ‘off’ (Lieberman,
Chang, Chiao, Bookheimer, & Knowlton, 2004; Poldrack et al., 2001;
Seger & Cincotta, 2005). One limitation with such results is that it
is not known whether this effect reflects direct communication be-
tween systems, or whether it is mediated by other regions. Further
analysis has suggested that, in some cases, the prefrontal cortex
may play a role in mediating between multiple systems (Poldrack
& Rodriguez, 2004). Another limitation is that ‘‘neural competition’’
does not reveal whether interactions might reflect interference
with learning per se, or only with the ability to express what is
being learned (that is, the behavioral output of learning). Finally,
these interactions found in imaging studies have not been linked
to behavioral evidence for competition as they have in the animal
work. Moreover, evidence for this type of competition has been
scant in neuropsychological populations (but see Cavaco, Ander-
son, Allen, Castro-Caldas, & Damasio, 2004). Thus, in humans, these
results are still in need of further explication.

FMRI has also provided evidence for synergistic relationships
between systems. For example, evidence supports such a relation-
ship between the dopaminergic midbrain and medial temporal
lobes, as correlations between these regions predict how well indi-
viduals perform behaviorally on tests of memory (Adcock, Than-
gavel, Whitfield-Gabrieli, Knutson, & Gabrieli, 2006; Duzel et al.,
2010; Shohamy & Wagner, 2008; Wittmann et al., 2005). Consis-
tent with these results, a number of theories and findings have pro-
posed that such midbrain–hippocampus interactions are critical
for long-term episodic memory (Lisman & Grace, 2005; Redondo
& Morris, 2011; Shohamy & Adcock, 2010).

Given the interconnectivity of these systems, one would expect
to observe consequences for Parkinson’s disease patients beyond
those behaviors that depend on the basal ganglia. However, as out-
lined in the introduction, the general research approach has
emphasized dissociation rather than interaction: impairment in
one task and intact performance on another task. As neuropsycho-
logical research adopts paradigms that have been refined in other
domains, this emphasis on dissociation may start to change (see
Schonberg et al., 2010 for an example). As we become better at tar-
geting specific computations through task design and apply a more
integrated view of memory systems to our experimental logic, we
may begin to discover the effects of Parkinson’s disease on memory
system interactions. However, as we discuss in the next section,
caution is warranted when making overarching claims about ‘dis-
tinct’ systems and how they interact with other systems; these sys-
tems are heterogeneous and patterns of interaction may vary
across different sub-regions.

5.2. Subregions of the basal ganglia and distinct cortical loops

One critical advance in our understanding of the role of the ba-
sal ganglia in behavior has come from seminal anatomical work
showing that the basal ganglia are a node in a system of cortico-
striatal loops (Alexander, DeLong, & Strick, 1986; Lehericy et al.,
2004; Middleton & Strick, 2000). Cortical regions project to distinct
regions of the striatum, from the striatum neurons project to the
globus pallidus, from the globus pallidus to the thalamus, and from
the thalamus back to cortical regions. Initially, at least five distinct
loops were described (Alexander et al., 1986) but three loops,
labeled the limbic, associative, and motor circuits, capture the
essential segregation (Joel & Weiner, 2000). The motor loop in-
volves motor regions of the frontal lobe (primary, supplementary,
premotor) and dorsolateral putamen and caudate within the stria-
tum (mainly posterior regions); the associative loop involves re-
gions such as dorsolateral prefrontal cortex and the caudate and
anterior putamen regions; the limbic loop involves orbitofrontal
and cingulate cortex of the frontal lobes, but also amygdala and
hippocampus inputs, and targets the ventral striatum including
nucleus accumbens and ventral aspects of the caudate and puta-
men (Haber, Fudge, & McFarland, 2000; Joel & Weiner, 2000).
Views on the connections amongst the cortico-striatal loops con-
tinue to develop, but there appears to have been a shift from a view
of loops as fundamentally segregated to one of a mixture of dis-
crete and interactive loops. Haber and colleagues (2000) describe
such connections as spiraling in a ventromedial to dorsolateral gra-
dient in the striatum, from the limbic through the associative to
the motor loop via the dopaminergic midbrain.

Given this architecture, it is not surprising that a variety of mo-
tor and cognitive tasks have been associated with the basal ganglia,
and the architecture comports well with the observation that var-
ious loops appear to be preferentially involved in different types of
tasks and that engagement of specific loops may change as practice
unfolds (Jueptner et al., 1997). It also underscores the fact that the
basal ganglia are heterogeneous structures and a simple overarch-
ing labeling of their functions is challenging. However, it has been
suggested that these heterogeneous loops can account for basal
ganglia involvement in various psychiatric and neurological disor-
ders, with dysfunction in specific sub-loops accounting for distinct
neuropsychiatric symptoms (Mega & Cummings, 1994; Middleton
& Strick, 2000). Furthermore, the various targets in the striatum
differ neurochemically and various pharmacological treatments af-
fect sub-regions within the basal ganglia differently; positive ef-
fects on some cognitive functions and detrimental effects for
others are seen as a result of medications targeting the basal gan-
glia (E.g. Cools, Barker, Sahakian, & Robbins, 2001; Deutch &
Cameron, 1992). This becomes important in Parkinson’s disease,
which entails a progression of denervation from dorsal towards
ventral striatum (Bernheimer, Birkmayer, Hornykiewicz, Jellinger,
& Seitelberger, 1973; Kish et al., 1988). As noted above, different
striatal sub-regions have highly divergent connectivity with other
brain regions and this should result in consequences for learning
and memory functions beyond the striatum that change as the dis-
ease progresses. Therefore, continued study of learning and mem-
ory functions of the basal ganglia and how these are affected over
time in both medicated and unmedicated patients with basal gan-
glia dysfunction is of great interest.
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More recent techniques have allowed assessments of functional
connectivity, which have revealed intriguing differences in the
relationships between striatal sub-regions and the rest of the brain.
Di Martino and colleagues (2008) found that caudate and putamen
regions showed opposite relationships with a number of other re-
gions. For example, the caudate showed a positive relationship
with the parahippocampal gyrus, with the relationship more pro-
nounced in the inferior ventral striatum than the dorsal caudate.
In contrast, the putamen showed a negative relationship with this
region. Thus, tasks that rely on the putamen could rely on one form
of interaction with other brain regions, such as the parahippocam-
pal gyrus, while the caudate and ventral striatum could exhibit an
entirely different pattern. The consequences of such differential
interactions for behavior are beginning to be investigated (E.g.
Poldrack et al., 2001; Shohamy & Wagner, 2008), but the implica-
tions for neurological and psychiatric disorders remain unknown.

Furthermore, recent work has suggested that anatomical con-
nectivity between the striatum, limbic, and prefrontal regions is
associated with individual differences in traits such as novelty
seeking and reward dependence (Cohen, Schoene-Bake, Elger, &
Weber, 2009). Pairing such variability with changes that occur as
Parkinson’s disease progresses presents new complexities, but at
the same time presents an opportunity to understand variation
across time and across individuals.

5.3. Dopamine modulation of multiple forms of learning

In learning and memory research, Parkinson’s disease is often
viewed simply as a model of disrupted striatal function. Notably,
Parkinson’s disease patients are predominantly treated with med-
ications that increase dopamine levels in the brain. The most com-
mon treatment, L-dopa, is a dopamine precursor that is converted
to dopamine in the brain and alleviates many of the motor symp-
toms of the disease. In addition to L-dopa, many Parkinson’s dis-
ease patients are treated with a variety of dopamine agonists
with differential affinity for different dopamine receptor subtypes.
Medication is thought to cause a global increase in baseline dopa-
mine levels (Agid, Javoy-Agid, & Ruberg, 1987). This provides an
opportunity to examine how changes in dopamine levels impact
cognitive function, by comparing performance in Parkinson’s dis-
ease patients tested ‘on’ vs. ‘off’ medication.

Importantly, electrophysiological and computational models
specify that the timing and relative changes in phasic dopamine re-
lease are critical for learning. Thus, this suggests that medication
may worsen learning, putatively by masking stimulus-specific pha-
sic effects (while benefiting, or not affecting, non-learning func-
tions). Indeed, dopaminergic medication can worsen learning
performance in Parkinson’s disease patients (Cools, Lewis, Clark,
Barker, & Robbins, 2007; Cools et al., 2001; Frank, 2005; Frank,
Seeberger, & O’Reilly, 2004; Shohamy et al., 2006), despite improv-
ing or sparing other forms of cognitive function.

Several complementary theories have been advanced to account
for these results. One proposal relates to the separable fronto-
striatal circuits and the progression in Parkinson’s disease from
affecting one to several of these circuits. Treatment with dopami-
nergic medication may rectify dopamine hypo-function within
one circuit and alleviate symptoms associated with that circuit,
while ‘‘overdosing’’ the other, not yet affected, circuits (Cools
et al., 2001; Cools et al., 2007). Even as disease progresses and
more circuits are affected by dopamine loss, balancing the dopa-
mine needs of distinct circuits would remain a challenge.

Another proposal, as noted earlier, is based on the idea that a
basic feature of basal ganglia loop architecture is the presence of
both Go and NoGo paths; that is, learning both to execute and in-
hibit responses is important, and the valence of feedback during
learning drives these paths differentially. Critically, positive and
negative feedback are differentially able to function in an environ-
ment of tonic increases in dopamine (Frank, 2005). Experimental
work has confirmed that learning from positive feedback is intact
in Parkinson’s disease patients on medication but impaired in
those off medication, whereas learning from negative feedback is
impaired in Parkinson’s disease patients on medication but im-
proved in those off medication. Understanding the role of the stri-
atum in learning is thus closely linked to understanding dopamine
in learning; Parkinson’s disease has played a key role in advancing
how we understand this link in humans.

Far less is known so far about the role of dopamine in modulat-
ing the hippocampus in humans. Midbrain dopamine regions in
the ventral tegmental area project to the hippocampus, where
dopamine plays an essential role in hippocampal plasticity (Frey,
Schroeder, & Matthies, 1990; Redondo & Morris, 2011). This sug-
gests that information about expectations, reward and learning is
projected to both the basal ganglia and the hippocampus modulat-
ing learning in both targets. Indeed, recent findings and theories
suggest that dopaminergic modulation of the hippocampus may
be critical for declarative memory (Lisman & Grace, 2005; Shoham-
y & Adcock, 2010). For example, fMRI studies have shown enhance-
ments in medial temporal lobe dependent declarative memory
when midbrain dopaminergic regions are also engaged (Adcock
et al., 2006; Shohamy & Wagner, 2008; Wittmann, Bunzeck, Dolan,
& Duzel, 2007; Wittmann et al., 2005). More direct evidence for a
role for dopamine comes from a recent PET study that showed
associations between memory and D2, but not D1, receptor bind-
ing in the hippocampus (Takahashi et al., 2008). Declarative mem-
ory deficits associated with dopamine loss are documented in
healthy aging (Bäckman et al., 2000) and there has been some at-
tempt to unify observations about aging and midbrain-medial tem-
poral lobe interactions into a coherent framework (Duzel, Bunzeck,
Guitart-Masip, & Duzel, 2010). Pharmacological studies have found
long-lasting enhancements in word learning as a result of dopami-
nergic manipulations. Interestingly, enhancements were found as a
consequence of L-dopa (Knecht et al., 2004), thought to enhance
phasic responses, but impairments were found in response to per-
golide, a tonic D1 and D2 receptor agonist (Breitenstein et al.,
2006).

Thus, in healthy young adults manipulation of some dopamine
mechanisms leads to an ‘‘overdose’’ like effect where raising dopa-
mine levels above what is ‘‘normal’’ has detrimental effects (as de-
scribed for some types of learning in Parkinson’s disease patients
on dopaminergic medication), but manipulating transient effects
can lead to benefits even in an otherwise healthy brain. In schizo-
phrenia, dysregulation of dopamine in the hippocampus does seem
linked to mnemonic dysfunction, suggesting that restoring ‘‘nor-
mal’’ levels is advantageous (Shohamy et al., 2010). These results
suggest similar dynamics for dopamine in the medial temporal
lobes and the basal ganglia, yet many questions remain regarding
the mechanisms of dopamine action in the medial temporal lobes;
findings of distinct dopamine receptor distribution in the basal
ganglia vs. the medial temporal lobes suggest possibly distinct
modes of action in these regions (see Shohamy & Adcock, 2010
for detail).

The importance of dopamine in circuits that are thought to be
spared by Parkinson’s disease (medial temporal lobes) raises ques-
tions about how the disease affects functions that rely on these
neural systems. It should be noted that there have been some
investigations of declarative memory deficits in Parkinson’s dis-
ease (Cohn, Moscovitch, & Davidson, 2010; Davidson, Anaki,
Saint-Cyr, Chow, & Moscovitch, 2006). However, it remains unclear
whether such deficits are present in non-demented Parkinson’s
disease patients or only when dementia is present. Thus far, it is
difficult to know whether declarative memory deficits are related
to executive dysfunction and strategic problems associated with
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the prefrontal cortex or whether the hippocampus and medial
temporal lobes are compromised as well (Hay, Moscovitch, & Le-
vine, 2002; Whittington, Podd, & Kan, 2000; Whittington, Podd,
& Stewart-Williams, 2006). Increasingly, studies of declarative
memory in animals and healthy young participants are guided by
what has been learned from computational models to target the
critical operations more specifically, rather than relying on features
like awareness of and ability to report on learning and memory.
Hopefully, the advances that have been made in theory and in
imaging research design will enable increasingly fruitful investiga-
tions of these questions.

6. Conclusions and future directions

Volumes of research have highlighted the unique contributions
of the basal ganglia and medial temporal lobes to learning and
memory. However, some of the resulting characterizations, such
as assigning implicit and explicit learning and memory to these
systems, have turned out to be oversimplified. Moreover, a focus
on assigning unique attributes to these two systems has overlooked
the many ways in which these brain regions jointly contribute to
behavior. Converging evidence from electrophysiology, neuroim-
aging, computational modeling, and neuropsychology, and, more-
over, communication between these fields, have advanced a
more integrated view of basal ganglia function. Paradigms that
translate across varied approaches have been key in developing
the emerging view of basal ganglia function, and the study of learn-
ing in Parkinson’s disease patients has been integral to this pro-
gress. This integrative approach will help provide the next
critical steps towards advancing our view of how the basal ganglia
interact with the medial temporal lobes and other brain systems,
as well as promote an understanding of the role of dopamine and
other neuromodulators in multiple brain systems for learning
and memory.
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