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CHAPTER 19

Associative learning signals in the brain

Wendy A. Suzuki�

Center for Neural Science, New York University, New York, NY 10003, USA

Abstract: Associative memory is defined as memory for the relationship between two initially unrelated
items, like a name and an unfamiliar face. Associative memory is not only one of the most common
forms of memory used in everyday situations, but is highly dependent on the structures of the medial
temporal lobe (MTL). The goal of this chapter is to review the patterns of neural activity shown to
underlie the formation of new associative memories in the MTL, as well as to examine how other extra-
MTL areas participate in the learning process. Other areas implicated in various aspects of associative
learning include the motor-related areas of the frontal lobe, prefrontal cortex, and striatum. The question
of how the MTL and the other cortical and subcortical structures may interact during associative learning
will be discussed.
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Introduction

In 1957, the description of the now well-known
amnesic patient H.M. provided some of the first
clues to the mnemonic functions of the medial
temporal lobe (MTL) (Scoville and Milner, 1957).
The impairment observed in patient H.M. was
profound and initially described as global amnesia,
that is, extending to all forms of learning and
memory. Subsequent and detailed study of patient
H.M. together with other human amnesic patients
with MTL damage revealed that the memory
impairment was not global, but instead was more
limited to particular forms of learning and
memory including learning and memory for facts
(semantic memory) and events (episodic memory)
collectively referred to as declarative (Squire et al.,

2004) or relational memory (Eichenbaum and
Cohen, 2001). One form of declarative/relational
memory that has been the focus of extensive
experimental research is associative memory,
defined as memory for the relationship between
initially unrelated items. Findings from both the
experimental and clinical literature show that
damage to the MTL impairs long-term associative
memory for a variety of different kinds of
information (Murray et al., 1993, 1998; Vargha-
Khadem et al., 1997; Bayley and Squire, 2002;
Stark et al., 2002; Stark and Squire, 2003; Liu
et al., 2004), and neurophysiological studies have
demonstrated a role of the MTL, in particular the
perirhinal cortex in the long-term storage of
associative information (Sakai and Miyashita,
1991; Murray et al., 1993; Sobotka and Ringo,
1993; Naya et al., 1996, 2003; Booth and Rolls,
1998). In addition to a role in long-term memory
for new associations, findings from lesion studies
also suggest an important role of the MTL in the
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initial formation of new associative memories (i.e.,
associative learning; Murray et al., 1993, 1998).

The goal of this chapter is twofold. The first goal
is to review the associative learning signals that
have been reported in the MTL across species
including rabbits, rats, and primates. This review
will show that similar patterns of associative
learning signals have been reported across species,
though the most thorough description to date has
been done in the non-human primate model
systems. The second related question concerns the
other brain areas beyond the MTL that may also
contribute to associative learning. While many
studies have shown clear impairments in associa-
tive learning following MTL damage, the impair-
ment is typically not complete suggesting that
other brain areas may also be contributing to
associative learning functions. Indeed, in tasks of
conditional motor association learning where
monkeys are required to associate a particular
visual stimulus with a particular motor response
(i.e., touch right or touch left), strong associative
learning signals have been reported not only in the
hippocampus but also throughout other motor-
related areas in the frontal lobe and striatum. The
second part of this chapter will compare and
contrast the associative learning signals across
these extra-MTL brain areas. The question of how
the MTL and these extra-MTL brain areas might
cooperate, compete, and generally interact during
new associative learning will also be discussed.

Associative learning in the medial temporal lobe

One of the earliest and most dramatic demonstra-
tions of dynamic learning-related neural signals
in the brain came in the 1970s when Berger and
colleagues (Berger et al., 1976; Berger and
Thompson, 1978) recorded multi-unit activity in
the hippocampus in rabbits during a delay eye-
blink conditioning task where the air-puff uncon-
ditioned stimulus (US) co-terminated with the
end of the conditioned stimulus (CS) presentation
(a tone). They showed that compared to the
responses in unpaired control animals, hippocam-
pal neurons in conditioned animals developed
enhanced responses, first to the air-puff US and

subsequently to the tone CS, such that the
enhanced response to the US appeared to shift
forward gradually in time towards the CS pre-
sentation with learning. Although it was later
shown that delay conditioning (where there is no
temporal gap between the CS and US presenta-
tion) is not dependent on intact hippocampal
function, similar dynamic changes in neural
activity were subsequently reported in trace con-
ditioning paradigms where there is a temporal gap
between the CS and US presentation. In contrast
to delay conditioning, trace conditioning is highly
dependent on the integrity of the hippocampus
(Solomon et al., 1986; Moyer et al., 1990; Kim
et al., 1995; McEchron et al., 2000).

In one key study, hippocampal learning-related
activity was examined as animal learned a trace
conditioning task where a tone was paired with an
air-puff unconditioned response (McEchron and
Disterhoft, 1997). This group showed that com-
pared to the unpaired control group, hippocampal
cells in the paired trace conditioning group
exhibited enhanced responses to the US a full day
before the first day animals expressed learning of
the CS–US pairing. While the behavioral condi-
tioned responses remained asymptotic on the
2 days following learning, the enhanced neural
responses to the CS and US declined back to
control levels in the 2 days after learning. The
authors suggested that this pattern of neural
activity may reflect the relatively transient role
of the hippocampus in the consolidation of the
CS–US association, though the relationship
between the decline and hippocampal activity and
consolidation of the CS–US association was not
examined directly.

In contrast to studies of associative learning in
the rabbit hippocampus which have focused on
classical conditioning paradigms, the vast majority
of studies in the rodent hippocampus have focused
on the neurophysiological correlates of spatial
navigation and spatial memory. We have known
since the 1970s with the seminal description of
O’Keefe and Dostrovsky (1971) that cells in the
rat hippocampus signal the relative position of
the rat in the environment (place cells). While
early theories suggested that place cells represent
a spatial cognitive map of the environment
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(O’Keefe and Nadel, 1978), more recent theories
have suggested that spatial information is one
particularly striking example of a more general
category of relational information that is highly
dependent on the hippocampus (Eichenbaum and
Cohen, 2001). Early studies done by Wilson and
Mcnaughton (1993) showed that the spatially
selective activity could develop very quickly as a
rat entered a novel environment. However, fewer
studies have attempted to examine these dynamic
changes in hippocampal activity in a situation
where behavioral learning could be monitored.

One study recorded from hippocampal place
cells as rats were exposed to either a familiar set
of arms in a modified T-maze or during the first
3 days of exposure to a novel set of arms (Frank
et al., 2004). On the first exposure to a novel arm,
after an initial period of inactivity, strong and
selective place-cell activity developed very quickly.
Overall, the most dramatic change in place-field
activity in the novel arm occurred on days 1 and 2
and stabilized by day 3. To understand the
relationship between the rapid development of
place-cell activity and learning, the authors com-
pared various measures of place-cell activity to
a behavioral measure of familiarity defined by
running speed. This analysis was based on the
observation that animals typically run more slowly
in order to explore novel environments and speed
up in familiar environments. The largest changes
in place-field activity occurred in the novel arm on
days 1 and 2 and corresponded to the most striking
increase in running speed which also occurred
between days 1 and 2. These findings suggest that
hippocampal place cells play a role in the rapid
signaling of novel spatial/relational information.
However, even after the place cells on the novel
arms had stabilized on day 3, there continued to be
a difference between the slower running speed on
the novel arm and the faster running speed on
familiar arms. These latter findings suggest that
other brain areas continue to distinguish between
novel and familiar environments even after hippo-
campal place cells appeared to stabilize.

Rapidly changing place-cell activity was also
observed in another spatial learning task in which
rats swam in an annular watermaze (Fyhn et al.,
2002). Each day, rats were given a ‘‘swim only’’

session followed by another swim session, during
which a novel hidden platform was introduced in
the maze. This group reported that many hippo-
campal pyramidal cells fired vigorously the first
time the rat encountered the novel platform
location and the activity decreased as the animal
gained more experience with that platform loca-
tion. The decreased activity paralleled a decrease
in swim time to find the platform, indicative of
learning. This transient increase followed by a
decrease with learning could play a role in
signaling novel spatial information.

While the findings in rabbits and rats suggest
that striking changes in neural activity can
accompany various forms of associative or spa-
tial/relational learning, less is known about the
precise timing of these neural changes relative to
clearly defined behavioral learning. To address
this question, two groups used conditional motor
associative learning tasks to examine learning-
related patterns of hippocampal activity in mon-
keys (Cahusac et al., 1993; Wirth et al., 2003).
This particular associative learning paradigm
was chosen because previous studies showed
that post-training lesions to the MTL in monkeys
impair the ability to learn novel conditional motor
associations, while well-learned associations
remain unaffected (Rupniak and Gaffan, 1987;
Murray and Wise, 1996; Wise and Murray, 1999;
Murray et al., 2000; Brasted et al., 2002, 2003).

In one study (Wirth et al., 2003), animals were
first shown four identical target stimuli super-
imposed on a large complex visual scene (Fig. 1).
Following a delay interval, during which the
scene disappeared but the targets remained on
the screen, the animal was cued to make a single
eye movement to one of the peripheral targets on
the screen (Fig. 1). For each visual scene, only one
of the four targets was associated with reward.
Each day, the animals learned two to four new
scenes by trial and error. These new scenes were
also randomly intermixed with well-learned ‘‘refer-
ence’’ scenes that the animals had seen for many
months before the recording experiments began.
Responses to the reference scenes were used to
control for motor-related activity in the hippo-
campal cells. A similar task was used by Cahusac
et al., (1993), except only two possible response
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choices instead of four were given and animals
made arm-movement rather than eye-movement
responses.

Wirth et al. (2003) found that a large proportion
of the isolated hippocampal cells (61%) responded
differentially (i.e., selectively) to the different
stimuli during the scene period, the delay period,
or both periods of the task. To identify those
selectively responding hippocampal cells with
learning-related activity, they compared a moving
average of the raw trial-by-trial neural activity
with a moving average of the raw behavioral
performance during behavioral learning. They
found that 28% of the selectively responding cells
showed a significant positive or negative correla-
tion with learning. These cells were termed
‘‘changing cells’’. Two categories of changing cells
were observed. Sustained changing cells (54% of
the population of changing cells) signaled learning
with a change in neural activity that was main-
tained for the duration of the recording session
(Fig. 2A). A second category (45% of the
population of changing cells) was termed baseline
sustained changing cells and these cells started out
with a scene-selective response during either the
scene or delay period of the task even before the
animal learned the association and signaled learn-
ing by returning to baseline activity (Fig. 2B). This
return to baseline activity was anti-correlated with
the animal’s learning curve for that particular

scene. Neither the sustained or baseline sustained
changing cells responded similarly to a highly
familiar ‘‘reference’’ scene with the same rewarded
target location as they did during learning of a new
association with the same rewarded target, sug-
gesting that this change in activity is not associated
with a pure motor response.

Consistent with the findings of Wirth et al. (2003),
Cahusac et al. (1993) also described sustained-like
changing cells in the monkey hippocampus, but they
did not observe baseline sustained-type cells. Instead,
they described another population of hippocampal
learning-related cells that only showed differential
activity to the two visual stimuli transiently, near the
time of learning before returning to baseline levels
of response (transient cells). This category of cell is
reminiscent of the transient signal seen in the rat
hippocampus during novel spatial/relational learning
(Fyhn et al., 2002).

Previous studies have shown that neurons in
both the perirhinal cortex and area TE signal long-
term associations between visual stimuli by
responding similarly to the two items that had
been paired in memory (Sakai and Miyashita,
1991; Naya et al., 2003). These findings suggest
that the learning of the paired associates may have
‘‘tuned’’ or ‘‘shaped’’ the sensory responses of these
cells towards a similar response to the two stimuli
paired in memory and raised the possibility that the
striking changes in neural activity observed during

Location-scene association task

+ ++New Scenes
(n = 2-4)

Fixation/
Baseline
(300 ms)

Scene/Target
Presentation

(500 ms)

Delay
(700 ms)

Eye Movement
Response

Fig. 1. Schematic illustration of the location-scene association task. Adapted with permission from Wirth et al. (2003). Animals

initiated each trial by fixating a point on the computer screen. Then four identical targets superimposed on a complex visual scene were

presented for 500ms followed by a 700ms delay interval in which the scene disappeared but the targets remained on the screen. The

trials ended with the fixation point disappearing, which was the monkeys cue to make an eye movement response to one of the targets.

Animals typically learned two to four new scenes randomly intermixed with two to four highly familiar ‘‘reference’’ scenes. Each of the

four possible reference scenes was associated with a different rewarded target location.
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the location-scene association task may represent
a change in the cell’s stimulus-selective response
properties with learning. To address this possibi-
lity, Wirth et al. (2003) examined the average
response of a single changing cell to all new scenes
and reference scenes over the course of learning
(Fig. 3A). This analysis suggested that sustained
changing cells become more highly tuned to a
particular scene after learning compared to before
learning. A population analysis confirmed this
hypothesis, showing that sustained changing cells
exhibited a significant increase in selectivity (Fig. 3B)
with learning (Fig. 3B). In contrast, the population
of baseline sustained cells exhibited a significant

decrease in selectivity with learning (Fig. 3C). These
findings suggest that hippocampal cells signal
new associations with a significant change in their
stimulus-selective response properties.

Another important question is that of causality.
That is, do these hippocampal changing cells drive
associative learning or are they downstream to
other brain areas that drive learning? To address
this question, Wirth et al. (2003) examined the
precise timing of the changes in neural activity
(changing cells) on the one hand, and behavioral
learning on the other. For each new learning
condition for which neural activity changed,
comparisons were made between the estimated trial
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Fig. 2. Panel A shows an example of a sustained changing cell, and panel B shows an example of a baseline sustained changing cell.

In both panels, neural activity is shown on the right Y-axis while probability correct is shown on the left Y-axis. Black and white circles

at the top of the graph indicate incorrect and correct trials, respectively. The r-values refer to the correlation between the behavioral

learning curve and the neural activity across trials. Adapted with permission from Wirth et al. (2003).
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number of neural change and the estimated trial
number of learning. This comparison showed that
hippocampal cells can signal learning before
(n=18), at the same time (n=1), as well as after
(n=18) learning. Hippocampal cells signaled learn-
ing staring from as much as 13 trials before learning
to 15 trials after learning (Fig. 4). Similar to the
Wirth et al. (2003) study, Cahusac et al. (1993)
reported that the learning-related signals could
occur within a wide range of lag or lead times

relative to behavioral learning ranging mainly
between 30 trials before learning to 40 trials
after learning. Taken together, these findings
suggest that hippocampal neurons participate in all
aspects of the associative learning process from
several trials before learning when changes in
neural activity can drive the changes in behavior,
to several trials after learning when changes in
neural activity can be used to strengthen the newly
learned associations.
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In addition to these associative learning signals
described in the monkey hippocampus, other studies
have also described associative learning signals in
the adjacent perirhinal cortex using slightly different
associative learning tasks. Messinger et al. (2001)
recorded in the perirhinal cortex and the adjacent
visual area TE as animals learned novel associations
each day during a visual–visual paired-associate
task. In this task, animals were first shown a single
‘‘sample’’ object and after a delay interval, two
unique visual objects were shown. Animals learned
which of the two choice stimuli was the ‘‘paired
associate’’ of the sample stimulus. As animals
learned the novel associations, neurons in the
perirhinal cortex and area TE developed a more
correlated visual response to the stimuli that had
been paired in memory. Because the changes in
neuronal activity appeared to parallel the learning
exhibited by the animals, these findings suggested
that like hippocampal neurons, the perirhinal

neurons signal learning with changes in a neuron’s
stimulus-selective response properties.

Erickson and Desimone (1999) also recorded
activity in the monkey perirhinal cortex as animals
performed a task in which a predictor stimulus was
followed by a choice stimulus. The choice stimulus
could either signal the animals to release
a bar (GO condition) or continue holding a bar
(NO-GO condition). In this task, animals were not
required to learn the explicit association between
the predictor and the choice, but knowledge of
this association could allow the animal to respond
more quickly when the choice was presented.
Indeed, animals responded more quickly to
learned predictor stimuli after 1 day of training.
Neural responses to predictor and choice stimuli
were uncorrelated for novel stimuli used for 1 day,
but significant correlations were observed after the
animal had several days of experience with the
stimuli. Thus, in this study, neural activity changed
well after learning was expressed. Both the studies
in the monkey perirhinal cortex suggest that
learning is reflected as a change in a neuron’s
correlated response to learned pairs of stimuli. The
relative speed of this neural change, however, may
be dependent on the nature of the behavioral
learning task.

To summarize so far, the neurophysiological
studies described above showed that neurons in
both the monkey hippocampus and perirhinal
cortex signal new associative learning with changes
in their firing rate which appears to correspond to
changes in their stimulus-selective response prop-
erties. A detailed analysis of the timing of these
learning-related signals suggest that hippocampal
neurons participate at all stages of the learning
process from several trials before behavioral
learning is expressed, when the observed activity
may be involved in driving the learned behavior to
several trials after learning, and when the activity
may be involved in a strengthening process. The
associative learning changes in the perirhinal
cortex also appear to parallel learning, though
the detailed time course of learning relative to
neural change was not studied in detail. Another
open question concerns the relative contribution
of different MTL structures to new associative
learning. Findings from functional magnetic
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resonance image (fMRI) studies have provided
important insight into this question.

Following up on the reports of Cahusac et al.
(1993) and Wirth et al. (2003), Law et al. (2005)
used (fMRI) to examine the patterns of brain
activity present during learning of similar condi-
tional-motor associations throughout the struc-
tures of the MTL, as well as across other brain
areas. They showed that during learning of new
conditional-motor associations, increasing fMRI
signal was seen that paralleled changes in memory
strength throughout the MTL including the
hippocampus bilaterally, the right perirhinal cor-
tex, and the parahippocampal cortex bilaterally
(Fig. 5). These results confirm the electrophysio-
logical findings in the monkey hippocampus for
this task (Cahusac et al., 1993; Wirth et al., 2003)
and further suggest that similar learning signals
might be particularly prominent in both the
perirhinal and parahippocampal cortices.

This study also described similar increasing
patterns of activity in a wide range of other brain

areas including superior frontal gyrus, medial
frontal gyrus, cingulate gyrus, and left fusiform
gyrus. A different pattern of learning-related
activity consisting of a significant drop-off in
activity once the associations were well learned
was described for other brain areas including the
middle frontal gyrus, inferior frontal gyrus, and
right caudate nucleus.

The findings by Law et al. (2005) are also consi-
stent with findings by Toni et al. (1998, 2001a, b)
using both fMRI studies and PET studies. The
fMRI study by Toni also suggests differential
patterns of activation in the MTL and caudate,
though the PET study reported similar increases in
activity across both areas. Taken together these
functional imaging studies not only confirm the
important contribution of the structures of the MTL
in new conditional-motor learning, but provide
specific predictions concerning which other brain
areas may be involved in this task. Indeed several of
these areas, including the prefrontal cortex, motor
portions of the frontal lobe, and the striatum, have

Fig. 5. Results from fMRI studies using an associative learning task similar to the one used in monkeys by Wirth et al. (2003). These

findings show an increasing BOLD signal with learning across the left and right hippocampus, right perirhinal cortex and left and right

parahippocampal cortex. First, response to the first presentation of the new ‘‘scene’’, Str1–4, memory strength indices 1–5 that

correspond to increasingly greater levels of performance with learning. Ref 1–2, responses to the well learned reference images in the

first and second half of each run respectively. Adapted with permission from Law et al. (2005).
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been examined using single-unit electrophysiological
techniques in monkeys. We now turn to these extra-
MTL areas to review the patterns of learning-related
signals seen in these other brain areas.

Associative learning in motor regions of the

frontal lobe

Because conditional motor association learning
involves learning to associate a particular visual
stimulus with a particular motor response or
location, this task has not only been used to study
hippocampal associative learning function, but it
has also been studied across various motor-related
structures of the frontal lobe. For example, Wise
and colleagues (Chen and Wise, 1995a, b; Brasted
and Wise, 2004) described learning-related activity
in the supplementary eye field (SEF) and frontal eye
field (FEF) during the performance of a conditional
motor task with eye movement responses similar to
the task used by Wirth et al. (2003; Fig. 1). These
reports describe three major categories of learning-
related cells. The largest sub-category of learning-
related cells was termed ‘‘learning-dependent’’.
These cells exhibited significant changes in their
activity during learning of new associations, and
these changes were maintained for as long as the
neuron was studied (Fig. 6A). Learning-dependent
cells were also characterized by having significant
task-related activity on familiar trials (analogous
to the reference scenes trials in Wirth et al., 2003).
Typically, activity during the novel conditions
came to resemble activity in the familiar conditions
with the same rewarded target location, suggesting
a motor-based or direction-based learning signal.
Note that motor-based learning signals were not
seen in the hippocampus.

A second category of learning-related cells
described in the SEF, FEF, and premotor cortex
was termed ‘‘learning-selective’’ (Fig. 6B; approxi-
mately 24.5% of the learning-related cells in the
SEF). Unlike the learning-dependent cells, these
cells did not respond to the familiar conditions,
but signaled learning for the new conditions with
a transient response around the time of learning.
A typical pattern of learning-selective activity was
an early initial increase in activity, followed by a

decrease back down to baseline levels of activity.
Control experiments in which the learning-selective
cells were examined during a second new learning
set showed a similar transient, direction-selective
response. Thus, the learning-selective cells in the
SEF and FEF signal new learning in a direction-
selective frame of reference. This direction-based
response in SEF and FEF differentiates these cells
from the cells in the hippocampus that did not
exhibit a similar response for a second new scene
with the same rewarded target location (Wirth
et al., 2003).

The third category of learning-related activity
described in the SEF and FEF was termed
‘‘learning-static’’ (Fig. 6C; approximately 24.5%
of learning-related cells in the SEF). Like the
learning-dependent cells, these cells also changed
their activity in response to novel conditions and
the activity was maintained for as long as the
session lasted. In contrast to the learning-dependent
cells, when the learning-static cells reached
stable performance levels, there was a significant
difference between the level of activity in response
to the novel condition and the reference condition
with the same rewarded target location. In this
way, learning-static cells resemble the sustained
changing cells observed in the hippocampus
(Cahusac et al., 1993; Wirth et al., 2003). Similar
to hippocampal changing cells, learning-dependent,
learning-selective, as well as learning-static cells
were observed during both the visual stimulus
presentation and delay intervals in the SEF and
FEF. However, unlike hippocampal cells, a
relatively large proportion of SEF and FEF cells
also signaled learning during the pre- and post-
saccadic periods of the task, consistent with their
important roles in eye movement responses. Thus,
while both hippocampal as well as frontal eye
movement regions signal change during stimulus
and delay periods, the SEF and FEF appear to
play a more prominent role in signaling learning
during the motor response periods of the task.

Associative learning in the prefrontal cortex

Asaad et al. (1998) described the activity of cells in
the prefrontal cortex during a conditional visual
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motor task with reversals. In this task, monkeys
saw two novel visual stimuli each day and learned
to associate those stimuli with either a left or right
eye movement response. Once this initial set of two
associations was learned, the object-response
contingency was reversed. Like cells in SEF and
FEF, prefrontal cells described in this study were
sensitive to the direction of eye movement. In
particular, many prefrontal cells signaled the
impending direction of movement (i.e., direction-
selective response). However, the appearance of
directional selectivity alone did not reflect the
learned associations since prefrontal cells contin-
ued to reflect the impending movement direction
irrespective of whether the response was correct or
incorrect. Instead, learning appeared to be most
strongly correlated with the decreasing latency of
appearance within the trial of direction selectivity.
Early in learning, the direction selectivity was
observed late in the trial near the time when the
response was executed (Fig. 7A). With learning,
this direction-selective signal shifted earlier in the
trial towards the stimulus presentation period (i.e.,
cue period in Fig. 7A). These results suggest that
the earlier appearance of directional selectivity
within prefrontal neurons was related to beha-
vioral learning. However, a quantitative analysis
of the precise temporal relationship between the
shifts in directional selectivity and behavioral
learning was not presented.

Associative learning in the striatum

Three relatively recent studies have described
associative learning signals in the striatum during
tasks of conditional motor association learning.
Brasted and Wise (2004) recorded activity in the
caudate and putamen during a conditional motor
association task with an arm movement response.
They reported that cells in the caudate and
putamen exhibit learning-selective, learning-
dependent, or learning-static signals similar to
their previous reports in the SEF and FEF (Fig. 6;
Chen and Wise, 1995a, b). Similar findings have
also been reported by Williams and Eskandar
(2006) who also recorded in both the caudate and
putamen during a similar conditional motor

association task. Like the learning-selective cells
of Brasted and Wise (2004) and the transient cells
described in the hippocampus (Cahusac et al.,
1993), they described cells that signaled learning
with increases or decreases of learning that were
highly dependent on the rate of learning (defined
as the slope of the learning curve; Fig. 7C). This
latter category of cells signaled learning during the
feedback period of the task when animals were
informed if they got the trials right or wrong. A
second category of cells changed their activity (also
mainly during the feedback period of the task)
most strongly correlated with the animal’s learning
curve. These cells resemble the learning-dependent
cells of Brasted and Wise (2004; Fig. 7B). Williams
and Eskandar also examined the causal link
between the learning-related activity in the stria-
tum and learning using microstimulation. They
showed that electrical stimulation of the caudate
during correct trials but not during error trials
could significantly increase the rate of learning.
They further suggest that the caudate may be
responsible for adjusting the associative weights
between sensory cues and motor responses during
the learning process.

In contrast, to the reports of Brasted and Wise
(2004) and Williams and Eskandar (2006), and
Pasupathy and Miller (2005) did not describe cells
whose firing rate changed with either learning rate
or the learning curve. Instead, like their previous
findings in the prefrontal cortex (Asaad et al.,
1998), they report that neurons in the caudate
reflected learning with the earlier appearance
within the trial of directional selectivity as learning
progressed (Fig. 7A). The most striking finding
reported was that not only was the same shift in
direction selectivity seen in caudate neurons, but
the speed of the temporal shift with learning was
substantially earlier within the learning session
compared to the prefrontal cells. Indeed the shift
in latency appeared to occur before the relatively
slow learning exhibited by the animals, though no
direct comparisons were done to determine the
precise relationship between the shifts in neural
response latency and behavioral learning. The
authors argue that their results support the
hypothesis that rewarded associations are first
identified by the basal ganglia and the output of
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this structure may serve to train neurons in the
prefrontal cortex. However, an analysis of the error
trials showed that caudate neurons did not differ-
entiate between correct and error trials at any time
point during the trial (see supplementary Fig. 3
of Pasupathy and Miller, 2005). Thus, it remains
unclear whether these early directional signals in the
caudate serve as a ‘‘teacher’’ for other brain areas
or simply reflect early preparation or anticipation
of the motor output. Differences in the precise
recording site, differences in behavioral task, as well
as possible differences in behavioral strategies used

by different monkeys could underlie the differences
in the patterns of learning-related activity seen
across these studies. Future studies will be needed
to sort these differences out.

Discussion

There is now strong evidence from studies in
rabbits (McEchron and Disterhoft, 1997), rats
(Fyhn et al., 2002; Frank et al., 2004), and
monkeys (Cahusac et al., 1993; Erickson and
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Desimone, 1999; Messinger et al., 2001; Wirth
et al., 2003) that neurons throughout the MTL
signal new associative learning with either a strong
increase or decrease in neural activity that
parallels behavioral learning. In some cases, these
changes have been linked to changes in a cell’s
stimulus-selective response properties (Erickson
and Desimone, 1999; Messinger et al., 2001; Wirth
et al., 2003). In other cases, neurons signal learning
by shifting the latency of their response earlier in
the trial (McEchron and Disterhoft, 1997).

Consistent with the neurophysiological data,
fMRI studies have shown parallel changes in
hemodynamic responses during learning across
the structures of the MTL (Toni et al., 1998,
2001a, b; Law et al., 2005). These findings make

several important points. First, for tasks of new
conditional motor learning, the structures of the
MTL appear to work together in signaling new
learning. These findings are consistent with neuro-
physiological findings showing that similar kinds
of associative learning signals that have been
reported in both the monkey hippocampus (Wirth
et al., 2003) and the adjacent perirhinal cortex
(Erickson and Desimone, 1999; Messinger et al.,
2001). Second, the results from these fMRI studies
not only emphasized the important role of the
MTL in new associative/conditional motor learn-
ing, but also revealed the wider range of brain
areas engaged during this new learning task. A
review of the neurophysiological studies in several
of these extra-MTL areas showed both similarities
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and differences in the learning-related signals
observed during tasks of new associative learning.

While many different brain areas reviewed in
this chapter signal learning with either increases or
decreases in activity that change in parallel with
learning, a major difference between brain areas
is the relative prominence of direction-based or
location-based learning signals. For example, in
the hippocampus, there is strong evidence that
neither the sustained, baseline sustained, or
transient signals signal learning specific for a
particular response direction (Cahusac et al.,
1993; Wirth et al., 2003). There is also some
evidence that the learning-related hippocampal
signals are not specific for a particular visual
stimuli (Miyashita et al., 1989; Cahusac et al.,
1993). Instead, hippocampal signals appear selec-
tive for particular the object-place associations
being learned. This interpretation is consistent
with the relational theory of hippocampal function
that stresses the importance of this structure in
forming flexible new associations between different
stimuli irrespective of modality (Eichenbaum,
2000).

In contrast to hippocampal cells, many cells in
the SEF and FEF signal learning in a direction-
based or motor-based frame of reference. Cells in
these areas signal new learning for a particular
target location with either increases (learning-
dependent) or decreases (learning-selective) in
activity. While some cells signal learning for a
particular direction (learning-selective), other cells
signal both new learning and previously estab-
lished associations specific for a particular direc-
tion (learning-dependent). These findings are
consistent with the idea that these areas are
involved in the ability to form arbitrary mappings
between objects and particular actions (Murray
et al., 2000).

While the associative learning signals in the
prefrontal cortex also appeared to be direction-
based, the pattern of activity was quite different
from the motor/direction-based signals described
in SEF and FEF. Prefrontal neurons signaled
learning by the earlier appearance within a trial
of strong directional activity that signaled the
direction/location that the animals would choose
at the end of the trial (Asaad et al., 1998).

A question of considerable interest is the relative
timing of these prefrontal learning signals relative
to behavioral learning. This was not examined in
detail in the Asaad et al. (1998) study and will be
of particular interest with respect to the timing of
hippocampal learning-related activity. Both the
hippocampus and prefrontal cortex have been
implicated in acquisition of new information, and
while interactions between these structures have
long been hypothesized (Miller et al., 1995; Tomita
et al., 1999), direct evidence for the nature of this
interaction is lacking. The studies reviewed above
suggest that while both areas contribute to this
task, they each convey quite distinct patterns of
learning-related activity. A detailed examination
of the timing of these learning signals will be
important to determine whether these areas signal
learning in parallel or one leads the other in the
new learning signal.

A comparison of hippocampus and striatal
learning signals reveal not only similarities but
also striking differences in the patterns of neural
signals underlying associative learning. Like the
comparison with SEF and FEF, a major distin-
guishing factor between the learning signals seen in
the hippocampus and striatum is the stronger
motor-based or direction-based signals observed
in the striatum relative to the hippocampus.
Brasted and Wise (2004) reported similar learn-
ing-selective, learning-dependent, and learning-
static signals in the striatum. Williams and
Eskandar (2006) also reported clear changes in
activity that correlated with either the learning rate
or the learning curve. This latter study also
emphasized that the strongest correlations were
observed during the feedback period of the task
right before the reward was given which is different
from hippocampal cells that showed strong learn-
ing-related signals during the stimulus and delay
portions of the task. These comparisons between
hippocampal and striatal learning signals are
of particular interest with regard to previous
studies suggesting that the MTL and striatum are
distinct memory systems that may compete for
control of behavior. For example, previous
studies have suggested that during spatial working
memory tasks the hippocampus controls more
flexible spatial learning strategies and the caudate
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controlling more rigid habit-like learning
strategies (Packard et al., 1989; Packard and
McGaugh, 1996). A similar competitive interac-
tion has been suggested by results from fMRI
studies (Poldrack et al., 2001; Foerde et al., 2006).
While the neurophysiological studies reviewed
above cannot distinguish between a competitive
vs. a cooperative interaction between these
two brain areas, future studies in which neural
activity can be monitored across both brain
areas simultaneously together with lesion or
inactivation studies will be important to address
this question.

Conclusion

Associative learning paradigms offer a unique
opportunity to compare and contrast learning-
related neural activity across widespread brain
areas. These findings suggest that while widespread
brain areas participate in new associative learning,
they may participate in different aspects of the
learning. While the hippocampus appears to
specialize in signaling the learning of new associa-
tions between arbitrary stimuli, motor-related
frontal and prefrontal areas signal learning in a
decidedly motor or direction-based frame of
reference. Striatal cells also appear to have a
strong motor or direction-based learning signal
and may also be strongly influenced by informa-
tion about reward delivery as well. An important
challenge in future neuroscience research will be to
design experiments that allow us to monitor the
activity and possible interactions between these
widespread areas during learning to better define
how these areas work together to accomplish new
associative learning.
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