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CHAPTER 4.4

The hippocampus, context processing and
episodic memory

David M. Smith™

Department of Psychology, Cornell University, Ithaca, NY, USA

Abstract: Contextual information plays a critical role in memory. Learned information becomes associated
with the learning context and the context can cue the memories and behaviors associated with that context.
An extensive literature involving experimental brain lesions has shown that the hippocampus is critically
involved in processing contextual information and hippocampal output modulates processing in
downstream brain regions in a context-dependent manner. Recent findings indicate that hippocampal
spatial firing patterns (place fields) and neuronal responses to task-relevant events are highly sensitive to the
context, even when the context is defined by abstract task demands rather than the background
environment. Because these neuronal response patterns are unique to a given context, they could serve as a
neural representation of the context. These context representations could, through learning processes,
become associated with the memories and behaviors that are appropriate to the context. A key feature of
episodic memory is the ability to distinguish one event from other similar events. However,
neurophysiological data from rodents suggests that hippocampal neuronal responses are better suited to
distinguishing contexts than episodic memories for individual training trials. Since episodic memories, by
definition, include information about the time and place where the event occurred, contextual information
is a necessary prerequisite for episodic memory. It is therefore suggested that episodic memory impairments
resulting from hippocampal damage in humans and animals could be secondary to context processing
deficits. On the basis of these findings, it is suggested that the primary function of the hippocampus is the
identification and encoding of contexts and that the hippocampus likely contributes these context
representations to a wider circuitry which mediates episodic memory.

Keywords: hippocampus; context; memory; discrimination; learning; place field

I. Introduction feature of episodic memory is that it always
involves the spatial and temporal context in which
Episodic memory is a particularly rich, multi- events occur. The focus of this chapter is the
faceted form of memory. As discussed in detail context processing role of the hippocampus, and
elsewhere in this handbook (see Section 1, this the relationship between contextual information
volume), episodic memory representations include and episodic memory.
information about the objects, individuals, and Contextual information plays a critical role in
events that comprise an episode as well as the memory. Revisiting a known context often
place and time of their occurrence. Thus, a key reminds one of the events that occurred there.

For example, returning to one’s childhood home
or a vacation spot, can elicit particularly vivid
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to have been lost. Empirical studies of contextual
cueing of memory have a long history in psychol-
ogy. Items learned in one context are more likely
to be remembered if testing takes place in the same
context (Godden and Baddely, 1975; Baddely,
1987). Even internal mental states can serve as a
context (for review see Smith, 1995). For example,
items learned while in a particular emotional state
are more likely to be remembered when subjects
are tested under similar conditions. Simply
instructing subjects to think about the learning
context improves recall of items learned in that
context (Smith, 1979). The context can also serve
as a disambiguating cue that allows subjects to
retrieve information associated with that context
without the interference from items learned in
other contexts. For example, subjects who learn
two lists in different contexts exhibit better recall
than subjects who learn both lists in the same
context (for review see Smith and Vela, 2001).
Learning the two lists in separate contexts reduces
interference at test time, suggesting that the
context can serve as a cue that allows subjects to
keep learned items separate in memory.

Most of the findings reviewed in this chapter
were obtained from studies of experimental
animals. A main idea of the following discussion
is that the hippocampus is primarily involved in
generating context representations, which are one
component of episodic memories. However, it is
not being suggested that animals do not have the
capacity for episodic memory or that context
processing is an animal approximation to human
episodic memory. Rather, it is proposed that
context representations are a key part of episodic
memory in animal subjects, just as in humans. A
thorough discussion of whether animals possess
the capacity for episodic memory is beyond the
scope of this chapter (for excellent discussions of
this issue see Aggleton and Pearce, 2001; Morris,
2001). However, given the remarkable homology
of mammalian nervous systems and the fact that
the ability to explicitly recall previous experiences
has such obvious adaptive value, it is suggested
that, in the absence of contradictory evidence, the
most conservative position is to assume that
animals possess an episodic memory system that
is qualitatively similar to that of humans, although

perhaps not as rich and complex. A number of
recent findings are consistent with this idea
(Clayton and Dickinson, 1998; Eacott and
Norman, 2004; Eacott et al.,, 2005), see also
Easton and Eacott (Chapter 2.3, this volume).

II. The hippocampal role in context processing

An extensive literature involving experimental
brain lesions in animals has implicated the
hippocampus in context processing (for reviews
see Myers and Gluck, 1994; Anagnostaras et al.,
2001; Maren, 2001). For example, hippocampal
lesions impair conditioned fear responses to
contextual stimuli (Kim and Fanselow, 1992;
Phillips and LeDoux, 1992). Interestingly, rats
with lesions exhibited normal fear responses to
phasic conditional stimuli, such as a tone or light,
indicating that the lesions did not impair all forms
of memory. Instead, the Iesions specifically
impaired the processing of contextual information.
Just as the context can evoke memories, it can also
serve as a cue that elicits conditioned responses
(Blanchard and Blanchard, 1972; Balaz et al.,
1980; Fanselow, 1986). Other studies have shown
that lesions of the hippocampus or entorhinal
cortex render animal subjects insensitive to
changes in the context (Penick and Solomon,
1991; Freeman et al., 1997). In these studies, rats
or rabbits were trained in one context and tested in
another. Intact subjects exhibited diminished
responding when the context is changed. This is
an adaptive response to context change since new
or altered contexts often have different rules and
contingencies. In contrast to controls, subjects
with lesions responded at normal levels, suggesting
that they did not notice that the context has
changed.

The above studies involved Pavlovian and
instrumental learning tasks. However, the episodic
memory systems of the brain operate automati-
cally, regardless of whether the task at hand
specifically requires episodic memory processing.
For this reason, studies of behavioral tasks
generally thought to have a minimal episodic
memory component may nevertheless be fruitful
methods for the study of context and, indirectly,



episodic memory. For example, Moita et al. (2003)
used a Pavlovian fear conditioning task to study
neuronal responses which could be used to link an
event to the place in which that event occurred.
Consistent with previous studies (Kang and
Gabriel, 1998), the authors found that hippocam-
pal neurons respond to an auditory tone that had
been paired with shock. Interestingly, the neuronal
responses to the tone were enhanced when rats
were in the place field for that neuron, suggesting
that hippocampal neurons may encode the co-
occurrence of an event (the tone) and the place
where that event occurred.

Episodic memory is critically dependent on
contextual information. However, as the above
studies indicate, context representations are not
used exclusively for episodic memory. Rather,
context representations are important for many
forms of learning and memory, including
Pavlovian conditioning (Bouton, 1993), instru-
mental learning (Thomas et al., 1985; Freeman
et al.,, 1997; Smith et al., 2004), priming (Smith,
1990), word list learning (Smith and Vela, 2001),
object recognition (e.g., Tsivilis et al., 2001), and
face recognition (Thomson et al., 1982). Thus,
it would be particularly useful to generate context
representations that can be ‘exported’ to various
brain regions which perform different kinds of
learning and memory functions. The receipt of this
context code could then influence each brain region
so that the learned information becomes associated
with the context in which the learning occurred.

III. The hippocampal role in context-specific
discrimination learning

A recent study examined the importance of
hippocampal output to posterior cingulate (retro-
splenial) cortical and anterior thalamic brain
regions during contextual learning (Smith et al.,
2004). This study took advantage of the well-
documented role of the cingulate cortex and
anterior thalamus in instrumental discrimination
learning in rabbits (Gabriel, 1993) and examined
whether hippocampal output modulates function-
ing in these regions in a context dependent
manner. Neurons within this circuit develop
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preferential responses to an auditory conditional
stimulus that predicts reinforcement (CS+), rela-
tive to a nonpredictive stimulus (CS-). Thus, the
neurons come to discriminate between the
conditional stimuli with training and these dis-
criminative neuronal responses are necessary for
rabbits to learn the discrimination task, since
lesions which disrupt the neuronal discrimination
also impair learning (Gabriel, 1993; Smith et al.,
2004).

Interestingly, the magnitude of these neuronal
responses changes systematically over the course
of training, with different regions being maximally
responsive at early, intermediate, or late stages of
training (Fig. 1). Thus, the pattern of tone-evoked
neuronal responses varies systematically across
brain regions and across training, such that any
training stage has a particular topography of
neuronal excitation associated with it. Remark-
ably, these neuronal response patterns are quite
distinct in different contexts (Freeman et al.,
1996), suggesting that they may reflect context-
specific processing of significant stimuli (i.e., the
tones) and the behavioral demands relevant to that
context. Given the well-documented role of the
hippocampus in processing contextual informa-
tion and the fact that the hippocampus is
interconnected with the cingulate cortex and
anterior thalamus, it was hypothesized that a
hippocampal context code may be sent to the
cingulate cortex and anterior thalamus in the
interest of context-specific discrimination learning.
Since these tone-evoked neuronal firing patterns
vary as a function of context and training stage,
they may reflect the interactive processing of the
cingulate cortical and anterior thalamic circuitry
with the hippocampus in the interest of associating
a learned discrimination with the appropriate
training context.

To test this hypothesis, rabbits with fornix
lesions, which partially disconnect the hippocam-
pus from the cingulate cortex and anterior
thalamus, were given concurrent training on two
different instrumental discrimination tasks, each
of which was presented in a different context. In
each task, rabbits were trained to respond to one
auditory tone which predicted reinforcement (the
CS+) and to ignore a nonpredictive tone (CS-).
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Fig. 1. Average tone-evoked neuronal responses recorded in the posterior cingulate cortex and anterior ventral
thalamus during concurrent auditory discrimination learning. The data, in the form of z-scores normalized to pretone
baseline, are shown for control subjects (left plots) and subjects with fornix lesions (right plots). Each bar illustrates
400 ms of neuronal firing recorded during the tones. In control subjects, the neurons exhibit an increase in firing rate
with training, followed by a return to baseline firing rates in subsequent training sessions. Each of several cingulate
cortical and anterior thalamic brain regions (two examples are shown) becomes maximally responsive at a different
stage of training, such that the pattern of neuronal responses distributed across a large population of neurons is unique
to a given training stage and a particular context. Subjects with lesions exhibit the initial increase in neuronal firing, but
they do not show the normal decline. This results in degraded neuronal response patterns in which the neurons respond
at high rates throughout the circuitry, rather than exhibiting training stage- and context-specific firing patterns.

The same tone conditional stimuli were used in
both tasks, but their predictive value was reversed
so that the CS+ in one task was the CS— in the
other task. Thus, the rabbits were forced to rely on
contextual information to disambiguate the mean-
ing of the tones and to respond accordingly.
Rabbits with lesions were severely impaired in
learning the two context-specific discrimination
tasks. Because the discriminative stimuli were the
same in both tasks, the training procedure induced
substantial inter-task interference. Intact rabbits
were able to use contextual information to defeat
this interference and they learned both tasks
simultancously. In contrast, rabbits with lesions
exhibited severe inter-task interference, which
limited them to improvement in one task or the
other, but not in both tasks simultaneously.
Consistent with previous findings, control rab-
bits developed unique neuronal response patterns
in the cingulate cortex and anterior thalamus

during learning in each of the discrimination tasks.
These response patterns were characterized by an
initial increase in tone evoked firing which peaked
at a particular stage of training, followed by a
decline in neuronal firing in subsequent training
sessions (Fig. 1). However, the neuronal response
patterns were degraded in rabbits with lesions,
indicating that cingulate cortical and anterior
thalamic processing was abnormal when these
regions were denied access to the hippocampal
context code. This degraded processing in the
cingulate cortex and anterior thalamus was
associated with a deficit in the rabbits’ ability to
learn the context-appropriate discriminative
responses. Thus, the results suggested that the
hippocampus generates a neural representation of
the context which can be transmitted to extra-
hippocampal brain regions to facilitate the inter-
ference free retrieval of context-appropriate
behavioral responses and memories.



IV. What kinds of ‘“context” does the hippocampus
encode?

In the studies described above, the context was
defined in terms of the continuously present
background cues (i.e., the environment). Despite
the fact that this has proven to be a useful
operational definition in studies of contextual
influences on conditioning, it is unnecessarily
restrictive and does not adequately describe the
full array of stimuli and task features which
subjects use to distinguish one situation from
another. Various authors have used the term
“context” to describe the spatial geometry of the
environment (e.g., Nadel et al., 1985), nongeo-
metric background cues such as colors, odors, or
textures (Hayman et al., 2003; Anderson and
Jeffery, 2003; Eacott and Norman, 2004; Eacott
et al., 2005), the motivational or emotional state of
the subject (Kennedy and Shapiro, 2004), the
experimenter who presents the target items
(Simons et al., 2004), the list in which a target
item appears (Anderson and Bower, 1974), the
visual scene in which a target stimulus appears
(Chun and Phelps, 1999), an ongoing sequence of
stimuli (Goldstein et al., 2002) or behaviors (Bower
et al., 2005), the strategy demands of the task
(Yeshenko et al., 2001), and the mnemonic or
response demands of the task (Smith and Mizumori,
2006a, b). Although, there are some important
differences between these various kinds of contexts
with regard to the impact they have on learning and
memory processes, it is suggested here that they all
represent different facets of the same underlying
function and that all of these various kinds of
contexts are encoded by the hippocampus.

The context is more abstract than any particular
set of cues. Although the context may be defined
by background cues, it can also be defined by the
particular task demands, or rules, such as the
memory requirements, the required behaviors, or
the appropriate strategies. Subjects can readily
learn that a particular behavior is appropriate at
one time and that different behavior is appropriate
at another time, even when the environment has
not changed. Context, as the term will be used in
the following discussion, refers to a particular
situation or set of circumstances that must be

469

differentiated from other situations in order for
subjects to retrieve the correct behavioral or
mnemonic output. Importantly, this definition
encompasses the traditional definitions of context
used historically in psychology (i.e., background
stimuli) as well as the kinds of contexts that are
identified by more abstract features, such as the
task demands.

This broader definition of context was suggested
by findings indicating that hippocampal neuronal
responses are not limited to background or spatial
stimuli. Instead, hippocampal neurons respond to
a variety of stimuli and are sensitive to abstract
task features. For example, hippocampal neurons
exhibit responses to foreground cues, such as the
conditional stimuli and reinforcing stimuli used
in learning tasks (e.g., Solomon et al., 1986;
Eichenbaum et al., 1987; Kang and Gabriel,
1998; Moita et al., 2003). Hippocampal neurons
exhibit remarkably robust spatially localized firing
patterns known as place fields (O’Keefe and
Dostrovsky, 1971). However, it is now apparent
that the firing of these neurons is not controlled
solely by the spatial geometry of the environment.
Subtle changes in task demands are associated
with striking changes in the spatial firing patterns
of hippocampal pyramidal neurons even when the
background environment is not altered (Markus
et al., 1995; Skaggs and McNaughton, 1998;
Wood et al., 2000; Song et al., 2005). For example,
Markus et al. (1995) found that hippocampal
neurons exhibited markedly different spatial firing
patterns when rats followed an experimenter-
defined search path for rewards, as compared to
a random search strategy in the same environ-
ment. Remarkably, the neurons even exhibited
different firing patterns when rats follow the
experimenter-defined path in clockwise or counter-
clockwise directions.

More recently, hippocampal neurons have been
shown to exhibit different responses depending on
upcoming, or previous behavioral responses (e.g.,
right or left turns on a maze, Wood et al., 2000).
Neuronal firing also depends on whether rats are
actively or passively moved through the environ-
ment (Foster et al., 1989; Song et al., 2005). Some
neurons even respond differentially when rats
passively ride through the environment on a car
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controlled by the experimenter, as compared to
trials in which the rats had to press a switch to
move the car themselves (Terrazas et al., 2005).
Consistent with the idea of state-dependent learn-
ing, the hippocampus has even been implicated in
selecting behavioral responses on the basis of the
rat’s internal motivational state (Kennedy and
Shapiro, 2004) and preliminary data indicate that
hippocampal neurons exhibit different responses in
the same environment while performing the same
behaviors, depending on whether the rat is moti-
vated to seek water or food rewards (M. Shapiro
and P. Kennedy, personal communication).

The data indicate that hippocampal neuronal
responses differentiate all of these different aspects
of a learning situation. A common feature of all of
these findings is that hippocampal neurons
responded differentially whenever rats needed to
differentiate one situation, or context, from
another in order to perform correctly. One recent
study found that hippocampal neurons exhibit
markedly different response patterns, depending
on the problem-solving strategy rats used to
obtain rewards (Yeshenko et al., 2001). Remark-
ably, these differential firing patterns occurred
even when the rats were engaged in the same
behaviors (e.g., right or left turns) within the same
environment. It is suggested here that hippocam-
pal neurons exhibit differential firing patterns
whenever subjects must distinguish one context
from another in order to retrieve the correct
behavioral responses or memories, regardless of
whether the defining features of the context are
concrete (e.g., the background environment) or
abstract (e.g., the task demands).

V. Neurophysiological evidence of hippocampal
context processing

The idea that hippocampal neuronal responses
could differentiate abstract contexts was explicitly
tested in a recent experiment which required rats to
distinguish two contexts that differed only in terms
of their behavioral requirements (Smith and
Mizumori, 2006b). The previous study of context-
specific discrimination learning (described above)
indicated that the hippocampal input modulates

neuronal responses in extrahippocampal brain
regions, such as the cingulate cortex and anterior
thalamus, in a context-specific manner. However,
in that study, neuronal responses in the hippocam-
pus were not recorded and the rabbits in that study
were not allowed to move around within the
training environment. Thus, it was not possible to
record one of the predominant kinds of hippocam-
pal neuronal responses, the place field (O’Keefe
and Dostrovsky, 1971). The following experiment
was designed to determine whether direct evidence
of hippocampal context processing could be found.

In this experiment, rats were trained to retrieve
rewards from one location on a plus maze during
the first half of each training session and from a
different location in the same environment during
the second half of the sessions (Smith and
Mizumori, 2006b). Specifically, the rats were given
daily training sessions during which the reward
was always placed at the end of the east arm for
the first 15 trials and was always placed at the end
of the west arm during the second 15 trials. The
start position for each trial was randomly selected
from the three non-rewarded arms. In between
trials, the rats were placed on an intertrial interval
(ITI) platform adjacent to the maze. The position
of the ITI platform was constant throughout
training. The rats were given identical training
sessions each day until they reached a behavioral
criterion of 75% correct choices. The two session
halves constituted separate contexts defined by
their differing task demands. In each block of
trials the rats had to remember and approach a
different reward location. Neuronal responses
were examined to determine whether they differed
in the two contexts.

As a control condition, the rats were given a
random reward training session before beginning
regular training sessions. During the random
reward session, the rats started each trial on a
randomly designated arm and searched for
rewards located on a different randomly desig-
nated arm. The random reward session was also
divided into two blocks of trials, although all of
the trials consisted of searching for randomly
placed rewards, and the neuronal responses were
compared across these blocks. Since the task
demands did not differ across these two blocks,



there was no context manipulation and the
neuronal responses were not expected to differ.

Learning to distinguish the two contexts was
associated with the development of highly differ-
entiated spatial firing patterns (Fig. 2A-D). These
firing patterns became significantly more distinct
after learning, relative to the random reward
control condition. Importantly, the differential
responses developed only in rats that were given
context training and not in rats that were given
repeated random reward sessions, indicating that
the context-specific place fields could not have
been due to factors unrelated to learning to
distinguish the contexts. The differential responses
could not be attributed to differences in the rats’
direction of travel in the two contexts, since the
firing patterns remained significantly different in
the two contexts when direction was controlled.
Also, the place fields did not simply rotate 180°, as
would be expected if the neurons fired in relation
to the reward locations, or if the firing occurred in
relation to the rat’s position along a given path
(e.g., an inbound run, followed by a right turn and
an outbound run), a phenomenon known as path
equivalence (Frank et al., 2000).

As mentioned previously, hippocampal neurons
are known to exhibit responses to task-relevant
events and stimuli (e.g., Eichenbaum et al., 1987;
Kang and Gabriel, 1998; Moita et al., 2003). In
our studies, the neurons developed remarkably
different responses to the reward and the begin-
ning of the ITI period in the two contexts
(Fig. 2E-H). As was the case with the place fields,
these responses developed as the rats learned to
differentiate the contexts and they did not develop
in rats that were not given context training.

The firing patterns of hippocampal neuronal
populations were unique to each context and
could therefore serve as a neural representation of
the context. Context representations play a critical
role in learning and memory because they provide
a cue that primes the context-appropriate mem-
ories and behaviors (Blanchard and Blanchard,
1972; Godden and Baddely, 1975; Balaz et al.,
1980; Fanselow, 1986). When a subject encounters
a known context, the hippocampal context code is
expressed and the appropriate memories and
behaviors are primed. For example, the neuron
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in Fig. 2C fired on the north start arm in the
Context B but not in Context A. The firing of this
neuron and others like it could prime the “‘right
turn” response needed to reach the goal location
in Context B. When these neurons do not fire, the
right turn response may be suppressed while other
neurons presumably prime the left turn response
appropriate to Context A. Thus, the output of
context-specific hippocampal firing patterns influ-
ences processing in extrahippocampal brain
regions and, ultimately, the behavioral output of
the subject. Through associative learning pro-
cesses, the context-specific hippocampal firing
patterns could become associated with the mem-
ories, strategies, and behaviors that are appro-
priate for a given context. This provides a
mechanistic explanation for how contextual infor-
mation can elicit learned responses and promote
the retrieval of relevant memories.

VI. Hippocampal inactivation impairs contextual
learning

The idea that hippocampal lesions impair context
processing is well documented (Penick and
Solomon, 1991; Kim and Fanselow, 1992; Phillips
and LeDoux, 1992; Freeman et al., 1997; Smith
et al., 2004). To determine whether learning the
above described context discrimination task
depended on the hippocampus, the GABAa
agonist muscimol (0.5pg in 0.5l saline in each
hemisphere) was used to temporarily inactivate the
dorsal hippocampus before the initial two training
sessions (Smith and Mizumori, 2006a). Consistent
with previous reports (Eichenbaum et al., 1990;
Bunsey and Eichenbaum, 1996; Whishaw and
Tomie, 1997; Buckmaster et al., 2004), the loss
of hippocampal processing was associated with
highly inflexible behavioral strategies. Many of the
rats that were given muscimol simply adopted the
strategy of always turning right or always turning
left. This caused those rats to make many errors
from some start positions but few errors from
others. For example, because the reward was on
the east arm in context A, a rat that always made
right turn responses would always perform cor-
rectly from the south arm but would always make
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Fig. 2. Context-specific neuronal firing patterns. Contour plots (A—D) illustrating the spatial firing patterns during the
random reward session and asymptotic performance sessions. The regions of the maze visited by the rat are outlined in
white. The firing rates are illustrated by the height and color of the contour peaks, with the scale indicated for each
neuron. Plot A illustrates the firing pattern of a neuron recorded during the first and second halves of the random
reward session (Block 1 and Block 2). For each trial, rewards were placed at the end of randomly designated arms and
the rat started at one of the three non-rewarded arms. Plots B-D illustrate the context-specific firing patterns of neurons
recorded during asymptotic performance. Each pair of plots illustrates neuronal firing during the first half of the session
(Context A) when the reward was always placed on the east arm, and during the second half (Context B) when the
reward was always placed on the west arm. The firing patterns were similar across the two blocks of trials of the
random reward session (A) but they were markedly different in the two blocks of trials (contexts) during asymptotic
performance (B-D). Spike waveform overlays from both wires of the stereotrodes recorded during each half session and
pixel by pixel spatial correlation coefficients (r) are given for each pair of plots. Peri-event time histograms illustrating
event related firing of individual neurons recorded during asymptotic performance are shown in plots E-H. For each
plot, the firing was summed across the 15 trials of each training block (context) with raster displays illustrating the trial
by trial neuronal firing (one row of tick marks per trial). Twenty seconds of data are shown, from 10s before to 10s
after the event. Examples of neuronal responses at the time of the reward (E and F) and the arrival at the intertrial
interval (ITI) platform after training trials (G and H) are shown. The firing patterns during the first half of the session
(Context A), when the reward was always placed on the east arm, were markedly different from firing during the second
half (Context B), when the reward was always placed on the west arm. (See Color Plate 4.4.2 in Color Plate Section.)



an error from the north arm. In contrast, rats that
did not adopt inflexible strategies would be no
more likely to make errors from one start position
than another. Thus, the difference in the probably
of making an error from different start positions
was computed and compared could serve as a
measure of inflexible strategy use. Using this
measure, we found that rats that were given
muscimol adopted far more inflexible strategies
than controls that were given saline solution.
Together, the finding of context-specific neuronal
response patterns and impaired context discrimi-
nation in rats with hippocampal lesions support
context processing accounts of hippocampal func-
tion (Hirsh, 1974; Penick and Solomon, 1991; Kim
and Fanselow, 1992; Phillips and LeDoux, 1992;
Freeman et al., 1997).

VII. Place fields are part of a context
representation

In the following discussion, it is proposed that
place cells participate in episodic memory processes
by providing a neural representation of the
context. This idea connects the extensive literature
on the hippocampal role in spatial navigation with
episodic memory accounts. The relationship
between hippocampal place fields and the spatial
geometry of the environment has been extensively
documented (e.g., Kubie and Ranck, 1983; Muller
and Kubie, 1987; Gothard et al., 1996; O’Keefe
and Burgess, 1996). The spatial layout of an
environment is typically a critical feature of the
context and several authors have used the term
“spatial context” to denote this relationship
(Nadel et al., 1985; Mizumori et al., 1999; Jeffery
et al.,, 2004). It has been suggested that spatial
context coding is one example of the general
context processing function of the hippocampus
(Mizumori et al., 2007; Smith et al., 2004; Smith
and Mizumori, 2006b). Indeed, the spatial repre-
sentations seen in our studies were clearly depen-
dent on nonspatial features of the context (Fig. 2).
Place fields were observed but their expression was
highly dependent on the current context, as defined
by the task demands, suggesting that spatial coding
is subordinate to context processing.
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Previous authors have debated the issue of
whether spatial information has a special status as
far as hippocampal processing is concerned (Nadel
and Eichenbaum, 1999; O’Keefe, 1999; Shapiro
and Eichenbaum, 1999). The spatial firing proper-
ties of hippocampal neurons are quite striking and
place fields are reliably observed whenever rats are
allowed to explore an environment. However, the
fact that place fields are a predominant type of
response in hippocampal neurons may simply be
due to the fact that spatial geometry and context
are highly correlated. New places are very likely
to be new contexts, with new behavioral and
cognitive demands. If the primary function of the
hippocampus is to differentiate contexts, then
hippocampal neurons should be responsive to any
information that provides an efficient means of
identifying the context. Spatial information may
serve this purpose so reliably that it’s inclusion in
context representations is largely automatic. How-
ever, other kinds of information can also serve this
purpose. Consistent with this idea, hippocampal
neurons respond to virtually any potentially
important stimulus (e.g., Solomon et al., 1986;
Eichenbaum et al., 1987; Kang and Gabriel, 1998;
Moita et al., 2003).

VIII. Could episodic memory impairments result
from context processing deficits?

Although a growing body of data supports the
context processing account of hippocampal func-
tion, impairment of episodic memory is a well
documented consequence of hippocampal damage
in humans (Vargha-Khadem et al., 1997; Tulving
and Markowitsch, 1998; Rosenbaum et al., 2005)
and the effects of lesions in animals are consistent
with this idea (Agster et al., 2002; Ergorul and
Eichenbaum, 2004). One possible explanation is
that these episodic memory impairments are
secondary to context processing deficits. Episodic
memory, by definition, involves the encoding of
the time and place where the event or episode
occurred. Thus, contextual information is a
necessary prerequisite for episodic memories.

It follows then, that the loss of hippocampal
context processing would result in impaired
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episodic memory functions. Consistent with this
idea, recent reports indicate that human subjects
with hippocampal damage are impaired in proces-
sing contextual information (Chun and Phelps,
1999; Weis et al., 2004; LaBar and Phelps, 2005;
Shanks et al., 2005). Interestingly, imagining future
situations is associated with hippocampal activity
(Addis et al., 2007; Szpunar et al., 2007) and human
amnesics have great difficulty imagining themselves
in future situations, such as a visit to the beach
(Hassabis et al., 2007). This deficit is precisely what
would be expected if the subjects were unable to
generate the context representations needed as a
basis for an imagined future situation. Indeed,
although the subjects were specifically encouraged
to “see the situation and setting in their mind’s
eye,” they were unable to construct a coherent
context for the imaginary future episode.

If the primary function of the hippocampus is to
generate context representations, then full blown
episodic memory functions must rely on additional
brain regions. The hippocampus may contribute
contextual information to an extended circuitry
which includes, but is not limited to, the hippo-
campus. It has become increasingly clear that
complex learning and memory functions rely on
the cooperative interaction of multiple brain
regions that form functional circuits (e.g., Gabriel,
1993; Mizumori et al., 2000). Several authors have
suggested, variously, that hippocampal memory
functions are mediated by circuitry involving the
entorhinal cortex, anterior thalamus, prefrontal
cortex and posterior cingulate (retrosplenial)
cortex (Aggleton and Brown, 1999; Eichenbaum,
2000; Suzuki and Eichenbaum, 2000; Smith et al.,
2004; Wiltgen et al., 2004; Siapas et al., 2005).

IX. Hippocampal neuronal responses differentiate
contexts but not episodic memories of individual
trials

Examination of the spatial and event related
neuronal responses recorded during individual
training trials also suggested a hippocampal role
in differentiating contexts. Fig. 3 illustrates exam-
ples of neuronal spike trains emitted when the rats
entered a place field or experienced various task
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Fig. 3. Spike trains emitted by four different neurons on
individual training trials. Each pair of the plots
illustrates the firing of an individual neuron during the
first half of the session (Context A) when the reward was
always placed on the east arm, and during the second
half (Context B) when the reward was always placed on
the west arm. The plots illustrate neuronal firing at the
time of entry into a place field (plots A and B), the
reward (plot C), and arrival at the ITI platform after
training trials (plot D). Each trial is represented by a
horizontal line and each tick mark represents a single
spike. The time relative to the event is given in
milliseconds. The spike trains were relatively similar
from one trial to the next within a particular context, but
differed markedly between the two contexts. The neuron
in B fired on a subset of the trials because it expressed a
place field only when the rat had arrived at the location
from a particular start position.



relevant events. The spike trains were remarkably
different in the two contexts, but they were
relatively similar from one trial to the next. For
example the neurons in Fig. 3A and B fired
similarly upon the rats’ entry into the place field in
one context, but fired very little during passes
through the same region of space in the other
context. The responses to the reward and the
return of the rat to the ITI platform after training
trials were also similar from one trial to the next,
but quite different across contexts (Fig. 3C-D).

Since the neuronal response patterns were
relatively similar from one trial to the next, they
are more closely associated with differentiating
contexts than differentiating individual trials from
each other. These data provide additional support
for the idea that hippocampal neuronal response
patterns could serve to differentiate contexts.
However, these observations also have important
implications for episodic memory accounts of
hippocampal function. A key feature of the
episodic memory system is that it allows subjects
to distinguish one episode from other similar
episodes. Because the neuronal responses were
similar from one trial to the next, they are not a
good candidate mechanism for differentiating one
trial from another. Yet, rats can readily distin-
guish brief episodes, like an individual training
trial, if it is necessary for correct task performance.
For example, they can learn spatial alternation
tasks which require rats to remember the reward
location on the previous trial so they can select the
opposite location on the following trial (Aggleton
et al., 1986; Wood et al., 2000). Presumably then,
rats can form episodic memories of individual
training trials. However, the spatial and event-
related neuronal responses reported here cannot
account for this ability. To date, neurophysiologi-
cal responses that could reliably differentiate one
trial from subsequent similar trials have not been
reported.

X. The problem of identifying neurophysiological
mechanisms of episodic memory

Identifying the neural correlates of episodic
memory presents new challenges for approaches
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involving measurements of brain activity, from
single unit activity to functional magnetic reso-
nance imaging. Because a key feature of episodic
memory is the ability to distinguish one event from
another, it is necessary to show that hippocampal
neuronal activity can distinguish one event from
other similar events. It is not currently known how
the brain represents unique episodes in a manner
that distinguishes them from other episodes. The
above described findings suggest that contextual
information can be represented by neuronal
response patterns distributed across a population
of neurons. Similarly, individual episodic mem-
ories could be represented by the response patterns
of neuronal populations. However, if an episodic
memory must differentiate one experience from all
others, then the pattern of neural responses that
represents that experience would have to be
unique, never to occur again except during the
retrieval of that specific memory. If this is the case,
the identification of these neuronal response
patterns presents some formidable experimental
difficulties.

The usual approach to studying neurophysiolo-
gical mechanisms of a given function is to
repeatedly present subjects with the item of
interest. For example, subjects are typically given
several trials involving repeated presentations of a
stimulus, repeated passes through a region of
space, or repeated behavioral actions. This allows
experimenters to sum or average the firing of the
neurons across trials which smoothes out minor
variation in the spike trains (e.g. Fig. 2E-H).
Perhaps more importantly, similar neuronal
response seen over repeated trials are taken as an
important indication that the responses are
reliably associated with the events of the trial.
This approach is unlikely to identify neuronal
firing patterns that could differentiate individual
trials. In contrast, findings of highly differentiated
neuronal firing patterns in various contexts have
encouraged an approach which stresses the capa-
city of hippocampal neurons to differentiate
among situations (Smith et al., 2004; Smith and
Mizumori, 2006b). Recent findings suggest that
this may be a fruitful approach to identifying
neural response patterns that could encode
increasingly specific contexts.
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XI. A hierarchical coding scheme for context
differentiation

Recent findings indicate that hippocampal neu-
rons exhibit different responses to the same task
events or actions, depending on the particular
circumstances of the trial (Wood et al., 2000;
Ferbinteanu and Shapiro, 2003; Smith and
Mizumori, 2006b). For example, some neurons
exhibit place fields that are only expressed when
the rat arrives at the field from a particular start
location. Other neurons only express a place field
on trials when the rat is on a journey to a one goal
location, but not when the rat is going to
a different goal location. These findings suggest
that hippocampal neurons may encode events or
locations as a particular kind of experience, each
of which is an instance of a broader category of
experiences. Recent data from our laboratory is
consistent with this idea.

Intriguingly, hippocampal neurons seem to
differentiate contexts at varying levels of specifi-
city (Fig. 4). Neurons at the most general level
responded to the reward throughout the training
session, regardless of the reward location. Neurons
at the next level of specificity responded differen-
tially, depending on the reward location. These are

«
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the responses which were described above as
“context specific” because they were sensitive to
the intended context manipulation. However,
other neurons responded with an even greater
degree of specificity. These neurons responded to
the reward only when it was presented at a
particular location and when the rat had arrived
at that location from a particular start position.
For example, the neuron in Fig. 4G responded
during the first half of the training session, when
the reward was located on the east arm, but only
when the rat had arrived at that location from the
west arm. Neurons with place fields exhibited
similar varying degrees of specificity. Some neu-
rons exhibited the same place field regardless of
the reward location. Others exhibited a field only
when the reward was located on the east or west
arm. Still others exhibited place fields only when
the rat had arrived at the field from a particular
start location. Examples of these responses are
shown in Fig. 4C-D.

These neuronal responses form a hierarchical
coding scheme in which each kind of response
represents a subset of the responses at the next
highest level of coding. These different kinds of
neuronal responses could support progressively
finer levels of context differentiation. The intended

Fig. 4. Hippocampal neurons differentiated contexts at varying levels of specificity. Some neurons exhibited similar
place fields or reward responses throughout the session, regardless of the reward location or the start position (plots A
and E). Other neurons responded differentially in the two contexts, as defined by the location of the reward, which was
always placed on the east arm during Block 1 and west arm during Block 2 (plots B and F). Still other neurons
responded only during specific trial types, defined by the start position. Plots C and D show the data of two neurons
that exhibited place fields that were contingent on the start position. In C, plots that included the data of all of the
trials, regardless of the start position, show that the neuron exhibited different place fields during the first and second
blocks (Block 1: All and Block 2: All, respectively). However, when the data are plotted separately according to the
start position, it is clear that the place field seen in block 1 was only present on trials originating from the south start
position (Block 1: South), whereas the place field in block two was only present on trials originating from the east start
position (Block 2: East). The neuron in plot D exhibited a place field that was specific to block 1, but only when the rat
had arrived at the field from the west arm. Reward responses exhibited similarly varying levels of sensitivity to different
kinds of trials. The neuron in plot F responded to the reward on all trials of block 2, regardless of start position but did
not respond to the reward during block 1. The neuron in G responded to the reward in block 1, but only on those trials
originating on the west arm. The neuronal response illustrated in Fig. 2F also depended on the start position. These
different kinds of responses form a hierarchical coding scheme which could differentiate contexts at several levels of
specificity. As illustrated schematically in H, some neurons responded at the level of the entire session. Within a given
session however, some neurons responded differentially in the two blocks which were characterized by different reward
locations (i.e. the intended context manipulation). Within a given block, some neurons responded differentially
according to the trial type as characterized by the start position. These neurons may treat the different trial types as
separate contexts since they require differing behavioral responses. Neuronal responses that clearly differentiated one
trial from another (the Trial level) were not found. (See Color Plate 4.4.4 in Color Plate Section.)
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context manipulation involved changing the
reward location. This manipulation was effective
insofar as many neurons responded differentially
in the two session halves which were characterized
by different reward locations. However, the rats
may have spontaneously differentiated “‘contexts”
at a finer resolution, according to the start position
for each trial. Jeffery (2004) observed that
different kinds of trials involving varying trajec-
tories may constitute different contexts. Consistent
with this idea, the neurons that exhibited start
position-specific firing patterns in our studies may
have treated the set of trials that began from a
given start position as a unique context, distinct
from those trials that began from other start
positions.

Previous studies have shown that place fields
can be dependent on the start or goal positions
(Frank et al., 2000; Wood et al., 2000; Ferbinteanu
and Shapiro, 2003). Our data illustrate that these
responses represent one of several possible levels
of differentiation since the trajectory-dependent
firing was also context specific. Moreover, the
relative importance of each level of differentiation
may be indicated by the percentage of the
neuronal population dedicated to discriminating
at that level. Because our experimental design
involved different response requirements in the
two blocks of trials that comprised each training
session, the ability to differentiate blocks was
probably the most important level of context
discrimination. Consistent with this idea, most of
the neurons responded differentially in the two
blocks of each training session (75.6% of the
neurons with reward responses and 76.3% of the
neurons with place fields).

Neuronal responses that differentiate trial types
(on the basis of the start position) could also
provide important information that prepares the
rat for different behavioral responses. Trials that
began from the north start position required one
response (e.g., right turn) whereas trials that began
from the south position required a different
response (e.g., left turn). The need for this level
of differentiation is even more apparent in spatial
alternation tasks, where the only requirement is
that the rat must explicitly distinguish those trials
which require a right turn response from those

that require a left turn response. Under these
conditions, 67% of the hippocampal neurons
differentiated left turn trials from right turn trials
(Wood et al., 2000). In our studies, differentiating
trial types may have been relatively less important
than differentiating blocks. Consistent with this
idea, a smaller percentage of the neurons differ-
entiated trial types in our studies (12.8% of the
neurons with reward responses and 15.3% of
the neurons with place fields). Only 11.5% of the
neurons with reward responses and 8.4% of
the neurons with place fields responded similarly
throughout the session.

The problem of differentiating individual mem-
ory episodes from each other is similar to the
problem of differentiating individual contexts.
Progressively finer levels of differentiation may
be critically important for distinguishing different
episodes that occur in similar contexts. A hier-
archical organization of neural representations
may identify a set of rewards which occurred on
certain types of trials, which were a subset of the
rewards that occurred during a specific block of
trials, and which were a subset of the rewards that
occurred during a specific training session. The
combination of these different levels of processing
approximates the ability to remember a specific
reward. Clear neuronal responses at the finest level
of detail (i.e., the individual trial level) were not
observed in our data. However, the addition of
temporal information to the above described
hierarchy could contribute to an animal’s ability
to distinguish trials, and could therefore support
episodic memory for individual training trials.

XII. Concluding remarks

There is abundant evidence that contextual
information plays a critical role in learning and
memory functions, including episodic memory.
Although the idea that the hippocampus is
involved in processing contextual information is
not new (Hirsh, 1974), there has been a resurgence
of interest in the hippocampal role in context
processing (Chun and Phelps, 1999; Mizumori
et al., 1999; Jeffery et al., 2004; Johnson, 2004; Smith
et al., 2004; Weis et al., 2004; LaBar and Phelps,



2005; Shanks et al., 2005; Smith and Mizumori,
2006a). Recent studies have identified neuronal
response patterns that differentiate contexts and
could therefore serve as neural representations of
the context (Smith and Mizumori, 2006b). When
combined with findings indicating that hippocam-
pal neuronal responses are better suited to
differentiating contexts than brief episodes, these
findings suggest that the primary role of the
hippocampus is to identify and encode contexts.
A full account of episodic memory processes will
therefore require understanding the hippocampal
contribution of context representations as well as
the broader circuitry that incorporates these
context representations into episodic memories.
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Plate 4.4.2. Context-specific neuronal firing patterns. Contour plots (A—D) illustrating the spatial firing patterns during
the random reward session and asymptotic performance sessions. The regions of the maze visited by the rat are outlined
in white. The firing rates are illustrated by the height and color of the contour peaks, with the scale indicated for each
neuron. Plot A illustrates the firing pattern of a neuron recorded during the first and second halves of the random
reward session (Block 1 and Block 2). For each trial, rewards were placed at the end of randomly designated arms and
the rat started at one of the three non-rewarded arms. Plots B-D illustrate the context-specific firing patterns of neurons
recorded during asymptotic performance. Each pair of plots illustrates neuronal firing during the first half of the session
(Context A) when the reward was always placed on the east arm, and during the second half (Context B) when the
reward was always placed on the west arm. The firing patterns were similar across the two blocks of trials of the
random reward session (A) but they were markedly different in the two blocks of trials (contexts) during asymptotic
performance (B-D). Spike waveform overlays from both wires of the stereotrodes recorded during each half session and
pixel by pixel spatial correlation coefficients (r) are given for each pair of plots. Peri-event time histograms illustrating
event related firing of individual neurons recorded during asymptotic performance are shown in plots E-H. For each
plot, the firing was summed across the 15 trials of each training block (context) with raster displays illustrating the trial
by trial neuronal firing (one row of tick marks per trial). Twenty seconds of data are shown, from 10s before to 10s
after the event. Examples of neuronal responses at the time of the reward (E and F) and the arrival at the intertrial
interval (IT]) platform after training trials (G and H) are shown. The firing patterns during the first half of the session
(Context A), when the reward was always placed on the east arm, were markedly different from firing during the second
half (Context B), when the reward was always placed on the west arm.



Block 2

0
Reward Reward

C. Block 1: All Trials

( [—] la G. Block 1: All Trials Block 2: All Trials
0
\I N v Y
3 Y v
210}
o i ol
-10 -5 .D 5 10 -10 -5 o 5 1
Reward Reward

Block 1: West Block 1: North

20
Block 1: West Block 2: East &1 | u
i
'
i ' i
Y E [ 5 0.0 0 5
Reward Reward
Block 1: South Block 2: South Block 1: South
N W
20
in.lu
v |
| b g
-10 -5 '] 5 1
Reward
H. Trial

Trial Type

e

Session

Plate 4.4.4. Hippocampal neurons differentiated contexts at varying levels of specificity. Some neurons exhibited
similar place fields or reward responses throughout the session, regardless of the reward location or the start position
(plots A and E). Other neurons responded differentially in the two contexts, as defined by the location of the reward,
which was always placed on the east arm during Block 1 and west arm during Block 2 (plots B and F). Still other
neurons responded only during specific trial types, defined by the start position. Plots C and D show the data of two
neurons that exhibited place fields that were contingent on the start position. In C, plots that included the data of all of
the trials, regardless of the start position, show that the neuron exhibited different place fields during the first and
second blocks (Block 1: All and Block 2: All, respectively). However, when the data are plotted separately according to
the start position, it is clear that the place field seen in block 1 was only present on trials originating from the south start
position (Block 1: South), whereas the place field in block two was only present on trials originating from the east start
position (Block 2: East). The neuron in plot D exhibited a place field that was specific to block 1, but only when the rat
had arrived at the field from the west arm. Reward responses exhibited similarly varying levels of sensitivity to different
kinds of trials. The neuron in plot F responded to the reward on all trials of block 2, regardless of start position but did
not respond to the reward during block 1. The neuron in G responded to the reward in block 1, but only on those trials
originating on the west arm. The neuronal response illustrated in Fig. 2F also depended on the start position. These
different kinds of responses form a hierarchical coding scheme which could differentiate contexts at several levels of
specificity. As illustrated schematically in H, some neurons responded at the level of the entire session. Within a given
session however, some neurons responded differentially in the two blocks which were characterized by different reward
locations (i.e. the intended context manipulation). Within a given block, some neurons responded differentially
according to the trial type as characterized by the start position. These neurons may treat the different trial types as
separate contexts since they require differing behavioral responses. Neuronal responses that clearly differentiated one
trial from another (the Trial level) were not found.
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