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Abstract
Context is an essential component of learning and memory processes, and the hippocampus is
critical for encoding contextual information. However, connecting hippocampal physiology with
its role in context and memory has only recently become possible. It is now clear that contexts are
represented by coherent ensembles of hippocampal neurons and new optogenetic stimulation
studies indicate that activity in these ensembles can trigger the retrieval of context appropriate
memories. We interpret these findings in light of recent evidence that the hippocampus is critically
involved in using contextual information to prevent interference, and propose a theoretical
framework for understanding contextual influence of memory retrieval. When a new context is
encountered, a unique hippocampal ensemble is recruited to represent it. Memories for events that
occur in the context become associated with the hippocampal representation. Revisiting the
context causes the hippocampal context code to be re-expressed and the relevant memories are
primed. As a result, retrieval of appropriate memories is enhanced and interference from memories
belonging to other contexts is minimized.
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1. Introduction
The context plays an undeniably profound role in memory. Learned information is bound to
the learning context, and the context can be a remarkably potent retrieval cue (Smith, 1988).
Anyone who has returned to their childhood neighborhood after decades away can attest to
the striking experience of long lost memories that come flooding back in vivid detail.
Empirical studies of contextual cueing of memory have a long history in psychology. Items
learned in one context are better recalled when testing takes place in the same context
(Godden and Baddely, 1975). The context can also serve as a disambiguating cue that allows
subjects to retrieve information associated with one context without interference from items
learned in other contexts. For example, subjects who learn two lists of items in distinct
contexts exhibit better recall than those who learn both lists in the same context (for review,
see Smith, 1988). In fact, the association between context and memory is so strong that
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simply asking subjects to think about the learning environment is sufficient to improve recall
(Smith, 1979).

The hippocampus has been known to be involved in processing contextual information since
the 1970s (Hirsh, 1974). In the decades since, several theories of hippocampal context
coding have been proposed. Several authors have noted the similarity between spatial
mapping functions of the hippocampus and representations of the environmental context
(Mizumori, 2007; Nadel et al., 1985). Another theory holds that the hippocampus binds the
various components of the context into a complex multimodal configural cue (Sutherland
and Rudy, 1989). Yet another theory suggests that context representations are a natural
consequence of the relational memory encoding functions of the hippocampus (Cohen and
Eichenbaum, 1994). Despite these theoretical accounts, detailed knowledge about the form
of these hippocampal context representations has only recently become available, with the
advent of large scale neuronal population recording and ensemble stimulation techniques. In
this article, we review new findings about the nature of hippocampal context representations
and present evidence that each context a subject encounters is encoded by a unique
ensemble of hippocampal neurons. With experience, these hippocampal ensemble context
codes become associated with the memories and behaviors that are appropriate for that
context. When subjects revisit a familiar context, the hippocampal context code is
automatically re-expressed, thereby priming the relevant memories and reducing the
interference from memories associated with other contexts.

2. The Hippocampus and Context
In this article, we focus our discussion on the nature of hippocampal context representations
and their functional significance for preventing interference. More general discussion of the
hippocampal role in contextual memory can be found in several comprehensive reviews
(Eichenbaum et al., 2012; Holland and Bouton, 1999; Lee and Lee, 2013; Maren et al.,
2013; Mizumori, 2013; Mizumori et al., 1999; Rudy, 2009). Current ideas about the
hippocampal role in context coding have come primarily from two parallel streams of
research on conditioning and spatial navigation. Conditioning research has shown that
learned behaviors are linked to the learning environment (i.e. the context) and that
hippocampal lesions reliably disrupt contextual associations (for reviews see Anagnostaras
et al., 2001; Maren, 2001; Myers and Gluck, 1994). The most well studied of these
behaviors is contextual fear conditioning, in which rats quickly learn to fear an environment
where foot shock occurs. Hippocampal lesions selectively impair conditioned fear responses
to the context but do not impair fear responses to phasic cues, such as a tone or light (Kim
and Fanselow, 1992; Phillips and LeDoux, 1992). Other studies have shown that subjects
with hippocampal lesions are insensitive to changes in the context. For example, intact
control subjects trained in one context showed reduced responding when tested in another
context, but subjects with hippocampal or entorhinal cortical damage continued to respond
as if they did not notice the context had changed (Freeman et al., 1997; Honey and Good,
1993; Penick and Solomon, 1991). Finally, the hippocampus is needed for the ability to
match a learned behavior with the appropriate context (Good and Honey, 1991; Kim et al.,
2012; Smith et al., 2004). In one study (Smith et al., 2004), intact controls were readily able
to learn one auditory discrimination problem in one context and a different discrimination in
another context. In contrast, subjects with fornix lesions were severely impaired and were
only able to learn one discrimination problem at a time. These findings suggest that the
context can directly elicit conditioned responses or prime the relevant behaviors so that
when an appropriate cue is encountered retrieval is facilitated.

As a number of authors have noted, the well-known spatial firing properties of hippocampal
neurons (i.e. place fields, O’Keefe and Nadel, 1978) are consistent with the idea of a
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hippocampal role in representing contexts (Mizumori et al., 2007; Nadel et al., 1985; Smith,
2008). Hippocampal neurons reliably change their activity patterns in response to changes in
the spatial/environmental context (Anderson and Jeffery, 2003; Muller and Kubie, 1987).
However, it is now apparent that hippocampal neurons are also highly sensitive to a variety
of non-environmental aspects of the experimental situation. For example, small changes in
the task demands, such as switching from a random foraging strategy to following an
experimenter-defined path for rewards, cause large changes in hippocampal place fields (i.e.
remapping, Markus et al., 1995). This kind of hippocampal sensitivity to task demands has
been seen in a variety of experimental conditions (Eichenbaum and Cohen, 1988;
Ferbinteanu and Shapiro, 2003; Smith and Mizumori, 2006b; Wood et al., 2000).
Hippocampal firing is also influenced by other non-environmental aspects of the situation,
including whether the subject plays an active or passive role in the task (Terrazas et al.,
2005), the strategy needed to solve the task (Eschenko and Mizumori, 2007), expectations
(Skaggs and McNaughton, 1998) and even the subject’s motivational state (Kennedy and
Shapiro, 2009).

These observations complicate how we should think about hippocampal context coding. The
term ‘context’ can be problematic due to the difficulty in clearly defining a concept that has
been used in many different ways. By convention, most conditioning studies have
operationally defined the context as the continuously present background cues. However,
this convention should not limit the way we think about the neural systems that encode
contexts. The notion of context is necessarily broad because it refers to any situation defined
by a coherent set of conditions, and meaningful contextual distinctions frequently occur
within a single environment. For example, a staff meeting and the department holiday party
are very different contexts even though they may occur in the same conference room.
Animals also differentiate these kinds of abstractly defined contexts, as do their
hippocampal neurons. We will use the term context to refer to any experimental situation
that has a coherent set of expectations and appropriate behaviors. More importantly, when
we refer to a hippocampal context code, we specifically mean a representation that can
uniquely identify a given experimental situation, regardless of whether that situation is
characterized by a particular environment or by more abstract features such as the task
demands.

We examined the hippocampal role in encoding contexts in a series of neuronal recording
studies in which rats learned to distinguish two different behavioral contexts (Fig. 1, Smith
and Mizumori, 2006b). In this task, rats were trained to approach the east arm of a plus maze
during the first block of fifteen trials of each session and to approach the west arm during
the second block of trials, creating two distinct behaviorally-defined contexts. After
learning, hippocampal neuronal firing was markedly different in the “go east” and “go west”
contexts. Differential responses included changes in spatial firing as well as firing that
occurred during the intertrial interval and firing associated with retrieving the reward. In
short, hippocampal neurons responded to a variety of task events and stimuli and these
responses were highly specific to each of the behavioral contexts. The context specific firing
patterns developed as the rats learned and they did not develop in a control condition that
did not involve a context manipulation. Moreover, muscimol inactivation of the dorsal
hippocampus impaired learning, suggesting that differential firing patterns were necessary
for the ability to distinguish the two contexts. These studies and other similar experiments
(Eschenko and Mizumori, 2007; Ferbinteanu and Shapiro, 2003) suggest that hippocampal
neurons respond to changes in behaviorally defined contexts in much the same way that they
respond to changes in the spatial and environmental context, by generating a new
representation.

Smith and Bulkin Page 3

Neurosci Biobehav Rev. Author manuscript; available in PMC 2015 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



On the basis of these results, we proposed the hypothesis that hippocampal firing patterns,
when considered at the population level, could serve as a neural representation of the context
(Smith and Mizumori, 2006a). However, although these studies recorded from dozens or
hundreds of neurons, the basic unit of analysis was the individual neuron and population
dynamics cannot readily be inferred from the activity of individual neurons. For example, it
has been difficult to ascertain whether neurons behave as part of a coherent hippocampal
representation or whether they reorganize their firing in a piecemeal fashion. However, with
exponential growth in the number of simultaneously recordable neurons and new population
analysis techniques that capture the interactions among neurons (Stevenson and Kording,
2011), questions about the characteristics and functions of hippocampal ensembles have
become tractable. In the next section, we discuss recent studies that treat neural populations
as the unit of analysis.

3. Hippocampal Ensembles Represent the Context
Recent findings have suggested that each context is encoded by a distinct ensemble of
hippocampal neurons. Keleman and Fenton (2010) found that the hippocampus can hold two
distinct representations of the same apparatus and alternate between them when they are
placed in conflict. Rats were trained in a rotating arena that allowed the experimenters to
establish two distinct reference frames, or contexts, defined by unmarked danger zones
where shocks were delivered (Fig. 2A). One danger zone was stationary within the room
framework, which was defined by distal visual cues. However, the rat had to move
periodically in order to avoid being passively brought into the danger zone by the rotation of
the arena. A second unmarked danger zone rotated along with the floor and transparent walls
of the arena. This danger zone could be avoided by attending to local cues placed on the
transparent walls of the rotating arena. The rat had to keep track of both danger zones
simultaneously in order to avoid the shock.

Some hippocampal neurons exhibited place fields that were stationary within the room
framework, while other place fields rotated along with the local cues of the rotating arena
(Fig. 2B). Thus, the hippocampus generated two distinct representations, one defined by the
stable danger zone (aligned to the room reference frame) and one defined by the rotating
danger zone (aligned to the arena reference frame), and each was represented by its own
neural ensemble. By using the population of neurons as the unit of analysis rather than
individual neurons, the authors were able to measure the representational state of the
hippocampus on a moment by moment basis. They did this by computing the spatial
information content of the population, a measure that reflects how well the firing of the
neurons predicts the rat’s current location with respect to the stable and rotating danger
zones. Tracking the preferred reference frame of the population at very brief intervals (~100
milliseconds) revealed that the hippocampus switched between ensembles: at any given
moment one representation or the other tended to be active. Remarkably, each representation
was most active when the rat was close to the relevant danger zone (Fig. 2C). This result
suggests that the hippocampus treated the environment as having two distinct behavioral
contexts, one defined by the need to avoid the stable shock zone and the other defined by the
need to avoid the rotating shock zone, and the hippocampus switched between these two
representations as needed. Reactivation of the relevant representation whenever a danger
zone is nearby provides a mechanism for retrieving the appropriate avoidance response
without interference from other potential responses. We return to the role of hippocampal
context representations in preventing interference in section 5.

Another recent study showed that after a sudden shift from one context representation to
another, the hippocampus spontaneously ‘flickers’ back to the original representation (Jezek
et al., 2011, Fig. 2D–F). These authors used lighting behind the translucent walls and floor
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to design an apparatus in which two visually distinct contexts could be instantaneously
interchanged. The rats were initially trained in each of the two contexts separately until they
developed distinct hippocampal representations of each context. On the test day, the
experimenters instantaneously switched from one context to the other and examined the
effects of this switch on hippocampal representations. Here again the authors used the neural
population as the unit of analysis, correlating the activity of all recorded neurons at a given
moment with the average activity pattern in each of the two contexts at the current location.
In this way, the authors estimated the extent to which either representation was active on a
moment by moment basis. Not surprisingly, the context switches were associated with a
sudden change in the hippocampal representation. However, in the seconds following the
switch, hippocampal activity frequently returned to the previous representation for brief
periods of time. Alternations between representations were locked to individual cycles of the
theta rhythm, with activity on any given theta cycle exclusively indicating one context or the
other, suggesting that the theta rhythm may be an important organizing factor in the switch
between context representations.

The tendency for the hippocampus to ‘flicker’ between context representations has also been
observed in relation to learning (Dupret et al., 2013). In this study, rats learned a new set of
reward locations each day and hippocampal representations gradually shifted from the
previous representation to a new representation as the rats learned. However, detailed
population analysis showed that the new and old representations were both expressed, but
during different theta cycles. The apparently gradual change in the hippocampal
representation was actually the result of a new ensemble representation occurring with
increasing strength and frequency as the rats learned.

These results suggest that the hippocampus can rapidly transition between representational
states, and that contexts are represented by ensembles of hippocampal neurons that become
engaged as a coherent unit rather than by piecemeal responses of individual neurons. Thus,
the ensemble code carries critical information about the context that may be obscured at the
level of individual neuronal responses. Moment by moment shifts in representations, as seen
in the above studies, are impossible to observe in individual principal neurons because they
are silent most of the time. These ensemble representations are not driven solely by sensory
input about the environment but can be reactivated internally, either spontaneously after a
sudden context switch or when they are needed to solve the problem at hand, such as the
need to retrieve the memory of a danger zone (Fig. 2A–C) or learn a new set of reward
locations (Fig. 1C, D). The tendency to switch between coherent context representations
explains why small changes in the input to the hippocampus, including changes in non-
sensory input such as the subject’s expectations and motivational state, can produce
wholesale reorganization of the hippocampal code (e.g. Kennedy and Shapiro, 2009; Skaggs
and McNaughton, 1998).

In order for hippocampal ensembles to represent contexts, they have to be stable and
reproducible over the long time scales of contextual memory. Neuronal recordings and
studies of immediate early gene expression from the 1990s showed that repeated visits to a
context elicit activity within the same ensemble over a period of minutes or hours
(Guzowski et al., 1999; Wilson and McNaughton, 1993). More recent techniques have
allowed for the observation of neural ensembles over extended time frames. Tayler and
colleagues (2013) used genetically engineered mice that express a long lasting, activity
dependent form of green florescent protein to compare the active neuronal population at the
time of encoding a new contextual fear memory with the active population during retrieval
of the memory up to two weeks later. About 40% of the CA1 neurons were active at both
time points, suggesting that this ensemble encoded a stable representation of the context.
Consistent with this idea, the ensembles that represented the fear conditioning context were
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not active in a different context. Another recent study used calcium imaging to
simultaneously monitor the activity of hundreds of CA1 neurons in freely moving mice over
a 45 day period (Ziv et al., 2013). Interestingly, although many neurons exhibited place
fields on any given day, most of them were inactive during subsequent sessions. Indeed, of
the place fields that were present on a given day, only 25% were still present five days later,
suggesting that neurons continuously join and then bow out of the population representation.
This is consistent with recent observations of continual rate remapping over the course of
several days, suggesting an ongoing process in which hippocampal neurons become active
and then bow out (Mankin et al., 2012). The functional role of these neurons is not clear,
although an interesting possibility is that they are part of the slowly changing activity
patterns that have been proposed to represent a kind of temporal context (Manns et al.,
2007). Despite this day to day variability, a core subset of about 15% of the place cells
continued to fire reliably across as many as 30 days of training, and these neurons were
sufficient to unambiguously represent the environment. Thus, this stable subset could serve
as the long term ensemble that represented the context.

Overall, these findings support the idea that a new ensemble of hippocampal neurons is
recruited to represent any new context a subject encounters. After these ensembles have
stabilized, the hippocampus can readily switch between them, even on a moment by moment
basis, as needed to distinguish among contexts. Moreover, coherent ensembles act as the
critical unit of information in representing contexts.

4. Direct Manipulation of Hippocampal Ensembles
Although the kinds of ensemble firing patterns described above are correlated with the
context and with context appropriate behaviors, the causal links have been uncertain. Do
hippocampal ensemble codes drive the retrieval of context appropriate memories as we have
suggested? Or does sensory input from the current context drive both the hippocampal
representation and context appropriate behavior? Although it is difficult to conclusively
establish a direct causal link between neural firing and memory, recent studies of Pavlovian
fear conditioning have advanced this goal substantially. These studies have adopted a
strategy in which mice were given training and the active neurons were tagged using
molecular neuroscience techniques that allowed them to be reactivated with a drug or with
light. They were therefore able to determine whether reactivation of the ensemble causes the
retrieval of the trained memory.

An initial step in this direction was taken in a recent experiment in which subjects learned to
fear a context representation that included an artificially activated ensemble of neurons
(Garner et al., 2012). The experiment used a DREADD (designer receptor exclusively
activated by a designer drug) procedure in which transgenic mice express a designer
(hM3Dq) receptor in an activity (c-fos) dependent manner. Mice were initially allowed to
explore one context (context A) while the active neurons were allowed to express the
hM3Dq receptor, which responds specifically to clozapine-N-oxide (CNO). The expression
of the hM3Dq receptors was suppressed with doxycycline at all other times. The result was
that the ensemble of neurons that was active in context A expressed the hM3Dq receptor and
could be artificially reactivated by CNO injection. The mice were then given foot shocks in
a second context (context B) while the context A neurons were artificially reactivated. The
goal was to determine whether the rats could learn to fear an artificial context representation.
In fact, the rats only exhibited a fear response when they were tested in the same context
conditions as training, with the artificial ensemble reactivated in context B. One caveat is
that the expression of the hM3Dq receptor was not limited to the hippocampus and the
artificial reactivation involved neurons in many brain areas. Nevertheless, this study
indicates that reactivation of a population of context sensitive neurons evokes an appropriate
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memory and that an artificially controlled ensemble can serve as part of a context
representation capable of evoking a fear memory.

An even more striking demonstration of the causal link between ensemble activity and a
conditioned fear memory came from two recent studies that used optogenetics to specifically
stimulate hippocampal neural ensembles (Liu et al., 2012; Ramirez et al., 2013). These
studies used transgenic mice in which channel rhodopsin was selectively expressed in active
(c-fos expressing) neurons in the dentate gyrus. Using this procedure, the neurons that were
active in a given context could be tagged and subsequently reactivated with light (Fig. 3A).
In one study (Liu et al., 2012), mice were given tone shock pairings in a distinctive context
and the active dentate gyrus neurons were labeled with channel rhodopsin. Later, optical
reactivation of the neurons in a different context produced a freezing response. Since the
hippocampus is not needed for tone-cued fear conditioning (Kim and Fanselow, 1992;
Phillips and LeDoux, 1992), this ensemble presumably represented the context rather than
the tone. Thus, reactivation of the same hippocampal ensemble that was active in the
training context was sufficient to trigger retrieval of the fear memory. In a second study
(Ramirez et al., 2013), mice were exposed to one context (context A) and the active neurons
were tagged with channel rhodopsin. The next day the mice were given foot shocks in a
different context (context B) while the labeled neurons (from context A) were optically
reactivated. When the mice were subsequently tested in context A with no light stimulation,
they exhibited a fear response. No such fear response was elicited by testing in a novel
context. Thus, the mice learned to fear an artificially reactivated representation of context A,
even though they had never been shocked there. The fact that the hippocampal ensemble
activity was a serviceable substitute for the physical context provides compelling evidence
that the ensemble truly represented the context.

These are only the first of what will surely be many studies that directly manipulate neural
memory representations. Advances in molecular neuroscience allow increasing precision in
the stimulation of neural populations and this approach will likely yield important and
unexpected insight into memory functions. For example, the work described above indicates
that some kinds of memories (i.e. conditioned fear) can be retrieved without the normal
temporal dynamics of neural firing that occur in natural situations. The study by Garner and
colleagues (2012) used systemic drug injections that increased neural activity over a period
of many minutes and the optogenetics experiments (Liu et al., 2012; Ramirez et al., 2013)
used pulses of light stimulation to activate all of the ensemble neurons simultaneously.
Despite the highly abnormal temporal patterns of activity in these studies, the fear memory
was retrieved. It is not currently known whether simultaneous activation of whole ensembles
can trigger the retrieval of more complex memories.

Evidence from the artificial reactivation studies and the neuronal population recording
studies reviewed above suggests that hippocampal ensembles encode contexts and that they
provide a mechanism for contextual cueing of memory. How new ensembles are formed in
response to a new context is less clear. The large scale optical recording study discussed
above (Ziv et al., 2013) suggests that new ensembles are continually and spontaneously
being formed and dissolved. Recent findings suggest that these spontaneously formed
ensembles can then be assigned to new contexts, thereby allowing for very rapid formation
of highly distinct representations (Dragoi and Tonegawa, 2011). Indeed, the hippocampus
appears to continually have many ensembles ready for assignment to any context the subject
might encounter (Dragoi and Tonegawa, 2013). Interestingly, medial prefrontal cortical
input to the hippocampus via the nucleus reuniens may play a role in establishing or
modifying these ensemble representations (Xu and Sudhof, 2013). This is a primary route of
information flow from the medial prefrontal cortex to the hippocampus, and optogenetic
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stimulation of the nucleus reuniens causes either an increase or decrease in the
generalization of contextual fear memories depending on the pattern of stimulation.

5. The Adaptive Value of Hippocampal Context Representations:
Preventing Interference

Converging evidence from large scale neuronal recordings, immediate early gene expression
and direct manipulation of neural firing suggests that hippocampal neural ensembles
represent contextual information. But what is the adaptive value of these context
representations? The ability to encode new contexts and recognize familiar ones is important
in itself. However, we suggest that the primary utility of context coding is that contextual
information provides an important mechanism for preventing mnemonic interference. The
fact that the context is a potent retrieval cue means that returning to a familiar context
automatically results in the priming of relevant memories, making them easier to retrieve
than potentially interfering memories that belong to other contexts. Interference is a critical
problem for any high capacity memory system and classic studies from cognitive
psychology have repeatedly demonstrated the value of contextual information for preventing
interference (for review see Smith, 1988). In one commonly used procedure, subjects are
trained on two or more lists of items in either the same context or in different contexts (e.g.
Bilodeau and Schlosberg, 1951). Invariably, retrieval is better when each list is learned in a
different context, suggesting that associating memories with the training context protects
them from interference by items learned in other contexts.

Recently, we adapted this training procedure for use in rodents to ask whether the
hippocampus mediates the ability to use contextual information to overcome interference
(Fig 4). Rats were trained on two lists of eight odor discrimination problems either in the
same context or in different contexts. In order to induce interference, some of the odors
appeared on both lists with their predictive value reversed. Just as with human subjects, rats
that learned the two lists in different contexts experienced less interference and,
consequently, they performed better than rats that learned both lists in the same context.
However, rats given muscimol infusions into the dorsal hippocampus gained no advantage
from learning in different contexts. Instead, their performance was similar to rats that
learned the two lists in the same context. Interestingly, the muscimol rats were not impaired
in the same context condition, relative to controls, when contextual information was not
available to help prevent interference. Inactivation also had no effect on performance in a
low interference version of the task involving non-overlapping odor lists. These findings
indicate that the hippocampus was specifically involved in the ability to use contextual
information to overcome interference.

When combined with results indicating that hippocampal neural ensembles represent the
context, these findings suggest a working model for how hippocampal context coding
promotes the interference free retrieval of memories (Fig 4D). When a subject encounters a
new context, a unique hippocampal ensemble is recruited to represent it. With experience,
this context code becomes associated with the stimuli, events and behaviors that occur in
that context. For example, the memory for a particular odor is presumably established and
stored in extra-hippocampal circuitry since memory for individual odors and their
association with reward does not depend on the hippocampus (Eichenbaum et al., 1986).
With experience, the active hippocampal ensemble becomes associated with the memory
representation of the odor and the appropriate response (dig or do not dig). When the rat is
later returned to the context, the hippocampal ensemble is automatically reactivated and this
primes the retrieval of the odor memory. If the rat is then asked to learn a new list of odors
in a different context, a new hippocampal ensemble is activated and it quickly becomes
associated with the new odor memories. Because the two ensembles are very different and
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each ensemble primes a different set of odor memories, retrieval is not hampered by
interference. However, if the rat needs to retrieve a new set of odor memories within the
same context, the old hippocampal ensemble continues to prime the old odor memories,
resulting in persistent intrusions of inappropriate memories and severe interference. As a
result, learning is delayed until the rat forms new associations over the course of many
repetitions. Since rats with lesions do not have hippocampal context representations, they
are left with only the intrinsic (hippocampal independent) strength of the odor memories,
they perseverate on the previously rewarded odors and they cannot prime the new odor
memories, resulting in very slow learning.

Thus, hippocampal context representations provide a crucial means of priming relevant
memories so that other memories are less likely to interfere. This role in resolving
interference is supported by a number of other findings. Interference is a prominent
characteristic of many hippocampal dependent tasks that require subjects to respond
appropriately to a cue that has been rewarded some times and not others (Agster et al., 2002;
Fortin et al., 2002; Rajji et al., 2006; Smith et al., 2004) or that require memory for the
events of the current trial without interference from previous trials (Olton and Papas, 1979).
Disruption of adult hippocampal neurogenesis has also been shown to increase susceptibility
to interference (Luu et al., 2012; Winocur et al., 2012). Pattern separation is another
hippocampal mechanism for preventing interference by generating highly distinctive
representations even when sensory input is similar (Colgin et al., 2008; Hunsaker and
Kesner, 2013; Yassa and Stark, 2011). Our account of how hippocampal context
representations prevent interference depends on the capacity to efficiently form highly
unique representations for each context, and pattern separation plays a critical role in this
process (Leutgeb et al., 2007; Leutgeb and Leutgeb, 2007).

Previous accounts have suggested that the hippocampus acts as an index that connects the
various neocortical elements that are active during a behavioral experience, thereby binding
them into a distributed episodic or contextual memory (Squire and Zola-Morgan, 1991;
Teyler and DiScenna, 1986; Teyler and Rudy, 2007). Subsequently, partial reactivation of
the hippocampal index leads to pattern completion and automatic retrieval of the full blown
episodic memory. Our account also posits that reactivation of hippocampal ensembles
automatically reactivates extra-hippocampal representations. However, we suggest that the
role of this hippocampus is not to link the individual components of an episodic memory,
but rather to link memories with contexts. This is consistent with the observation that
animals with hippocampal lesions can form and retrieve many kinds of memories, but they
are unable to associate them with the context. In addition to episodic memory, Pavlovian
and instrumental learning, emotional responses, motor skills and perceptual priming are all
sensitive to manipulations of the context (for reviews see Maren et al., 2013; Thomson and
Davies, 1988). Interestingly, many of these kinds of memory do not depend on the
hippocampus in their basic (i.e. non-contextual) form, but they become highly sensitive to
hippocampal damage when a contextual component is added. A key benefit of this
mechanism for encoding contexts is that hippocampal output to the various memory systems
of the brain can be used to modulate processing in each system according to the context,
thereby supporting a remarkable degree of behavioral and cognitive flexibility across
contexts.

6. Conclusions and Remaining Questions
Although many studies have shown a hippocampal role in contextual memory, there has not
been a detailed account of the form and function of hippocampal context representations.
The evidence reviewed above suggests that the hippocampus encodes contexts that are
defined by a variety of environmental, behavioral and motivational factors. These
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representations take the form of a coherent ensemble code that changes as a whole rather
than in a piecemeal fashion. The generation of a new context representation can be triggered
when subjects encounter a new environment or by significantly changing the behavioral and
motivational demands of the situation. Thus, each context is encoded by a distinct neural
ensemble within the hippocampus. These ensemble context codes play a key role in
resolving interference by priming extra-hippocampal memory representations that are
associated with the context. This provides a highly adaptive mechanism for contextual
cueing of relevant memories and, because only the appropriate memories are primed for
retrieval, they are less susceptible to interference from irrelevant memories.

The idea of ensemble context representations raises some interesting questions about the
functional significance of the individual neurons that make up the ensembles. For an
ensemble code to be useful as a context representation, it needs only to provide a distinct
and reproducible pattern of hippocampal output for each context. From this perspective, the
details of what drives the individual neurons to respond are irrelevant. Information flow
through the hippocampal subregions results in highly patterned output by unique neural
ensembles regardless of the specific details of the sensory input (Colgin et al., 2008;
Leutgeb et al., 2007; McNaughton et al., 2006) and hippocampal ensembles appear to form
spontaneously and only later are they assigned to represent experiences (Dragoi and
Tonegawa, 2011). Are individual responses such as place fields or other responses to task
stimuli (e.g. odors) only useful to the extent that they participate in these ensembles?
Alternatively, do hippocampal neurons carry information at two levels, with contextual
information at the level of activity in large ensembles and information about spatial location,
events and stimuli at the level of specific responses? Indeed, it is possible that individual
responses are the critical encoding unit (e.g. for episodic memory functions) and that the
utility of the ensemble activity as a context code is simply a fortuitous byproduct. Definitive
answers to these questions await further study.

Another important question relates to the roles of different kinds of representational change
in encoding contexts. Hippocampal firing patterns can change in different ways. A neuron
can exhibit entirely different responses in different contexts (commonly referred to as
complete remapping). For example, a neuron with a place field in one context can become
silent, exhibit a place field in a different location or even exhibit a different kind of response
(e.g. an odor response) in another context (Eichenbaum et al., 1987; Smith and Mizumori,
2006a). Neurons can also change their response properties by maintaining the same
preferred location but changing their firing rate (i.e. rate remapping). Complete remapping is
the predominant response to large scale changes in the context, including changes in
behavioral demands such as those discussed above. However, rate remapping can occur in
response to smaller changes in the environment (Hetherington and Shapiro, 1997; Leutgeb et
al., 2005) or simply with the passage of time (Mankin et al., 2012). At present, the factors
that determine whether the hippocampus generates an entirely new ensemble representation
or engages in rate remapping are not fully understood, nor are the functional differences
between these two kinds of representational change (for a review of this topic, see Colgin et
al., 2008).

The observation of time dependent rate remapping raises the question of how the temporal
dynamics of hippocampal firing patterns interact with context coding. As described above,
simultaneously reactivating the neurons of an ensemble can be sufficient to trigger the
retrieval of a context appropriate memory, indicating that some contextual information can
be conveyed without the temporal firing patterns normally present in behaving subjects.
However, other findings suggest that the temporal characteristics of neural firing are very
important to context coding. Recent reports suggest that rate remapping causes hippocampal
representations to continuously change over time (Mankin et al., 2012; Ziv et al., 2013).
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These slow systematic changes in firing may be useful to represent a kind of temporal
context that is important for episodic memory (Manns et al., 2007). Yet another kind of
temporal dynamics is involved in newly discovered ‘time cells,’ which fire during discrete
periods of time during experimental delay periods (Pastalkova et al., 2008). Like place cells,
these time cells are sensitive to behavioral and mnemonic demands of the task, suggesting
that they may play a role in distinguishing contexts (Eichenbaum, 2013; Gill et al., 2011;
Macdonald et al., 2011). However, additional research will be needed for a detailed account
of the significance of these temporal firing characteristics for context representations.
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Highlights

Contextual information plays a critical role in memory.

Contexts are represented by coherent ensembles of hippocampal neurons.

Activity in these ensembles primes the retrieval of context appropriate memories.

Priming the relevant memories prevents interference by other, irrelevant memories.
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Figure 1. Single Unit Studies of Hippocampal Context Coding
Hippocampal neurons are sensitive to various aspects of the context, including the color and
ambient odor. Rats were exposed black or white (B or W) boxes that could be scented with
lemon or vanilla (L or V). The spatial firing of two different neurons are shown in A and B.
Both were highly sensitive to the context (adapted from Anderson and Jeffery, 2003). In C-
E, rats were trained to approach the east and west arms of a plus maze for reward in different
blocks of trials (adapted from Smith and Mizumori, 2006a). In this task, the ‘go east’ and
‘go west’ contexts were defined by the behavioral demands rather than by the environment,
which remained constant. As with environmental manipulations, hippocampal neurons were
highly sensitive to the behavioral context. Place fields of the neurons in C and D were
selective for the east and west conditions, as was the firing in response to the reward on the
west arm in E.
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Figure 2. Ensemble Coding of Context in the Hippocampus
Panels A-C illustrate an experiment in which rats had to avoid two danger zones associated
with shock (Kelemen and Fenton, 2010). One danger zone (shown in red, panel A) was
stationary within the room framework while the other (shown in blue) rotated along with the
local environment of the arena. The danger zones were not marked and the rat kept track of
them using local arena cues (not shown) and distal room cues. Some hippocampal place
fields were stationary within the room frame, while others rotated along with the local arena
(panel B). This created two distinct representational frames, or contexts (room frame and
arena frame), each encoded by its own ensemble of neurons. The current state of the
hippocampal representation was measured in terms of the positional information content of a
population vector including all of the recorded neurons measured with respect to the room
and the arena (Ipos, panel C). The relative proximity of the rat to the two shock zones is
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indicated by the black trace in plot C. When the rat approached one danger zone or the other
the hippocampus switched to the relevant representation (room or area Ipos was greater). In
another experiment (panels D-F, Jezek et al., 2011), rats foraged in a box that could have
two different visual configurations (contexts) controlled by LED lighting, either white lights
under the floor or green lights along part of the upper walls (panel D). Population analyses
were used to assess the current representation on a moment by moment basis. The context
was instantaneously switched from the white-floor box to the green-wall box at time zero
(arrow, panel E), and the representation quickly shifted (red bars show correlation of the
current firing with the “white-floor” representation and blue bars show correlation with the
“green-wall” representation). However, even after the representation had switched to context
B, the hippocampus frequently ‘flickered’ back to the context A representation (box).
Flickers were most frequent after a context change but they also occurred spontaneously
after several minutes in a new context (box, panel F). Panels A-C were adapted from
(Kelemen and Fenton, 2010), and panels D-F were adapted from (Jezek et al., 2011).
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Figure 3. Artificial Reactivation of Hippocampal Ensembles
Channel rhodopsin was selectively expressed in active dentate gyrus neurons using a c-fos
promoter which could be suppressed with doxycycline (panel A, for details see Ramirez et
al., 2013). Later, the same neurons could be stimulated using light delivered via an optic
fiber implanted in the brain. The training procedure is illustrated in panel B. The rat was
exposed to context A without doxycycline (Off Dox), allowing the active hippocampal
ensemble (stars) to be labeled with channel rhodopsin (red). Selective labeling was achieved
by keeping the mice on Dox at all other times (green shading). On the day after labeling, the
mice were given foot shocks in a different context (lightning bolt in context B) while the
context A neurons were artificially reactivated with light. Grey circles represent neurons that
were activated by exposure to context B, but which were not activated by light because they
were not labeled with channel rhodopsin. The rats were subsequently tested in context A
where they had never been shocked (A′), and in a novel context (C), where a new population
of neurons was active (white circles). Test results are shown in panel C. Experimental rats
exhibited fear responses (elevated freezing, blue bars) during the test in A′ but not during the
initial exposure to context A or in the novel context C. Control rats given similar treatment,
but without the channel rhodopsin, did not exhibit fear responses in either test context (grey
bars). Illustrations were adapted from (Ramirez et al., 2013).
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Figure 4. Hippocampal Context Representations and Interference
Rats were trained on two lists of odor discrimination problems (Panel A, for details see
Butterly et al., 2012). On each trial, one of the discrimination problems was presented in the
form of cups containing odorants mixed into a digging medium with a buried reward in the
designated (+) cup. All of the rats first learned List 1 in a white box, followed by training on
List 2, in either the same white box (Same Context) or in a different black box (Different
Contexts). Note that the two lists contained overlapping items with their valence reversed, so
that the second list was a mixture of previously rewarded odors, previously non-rewarded
odors and novel odors. Muscimol or saline infusions into the dorsal hippocampus were
given during training on list two. The percentage of trials with a correct choice for rats in
each condition is shown in B. Control rats that learned the second list in a different context
(Saline Different) performed significantly better than rats that learned the two lists in the
same context (Saline Same), but muscimol rats showed no contextual learning advantage
(Muscimol Different compared to Muscimol Same). Rats that were trained on another
version of the task in which there were no overlapping items on the two lists (Low-Int)
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performed at a high level regardless of whether they were given muscimol or saline
infusions, suggesting that the hippocampus was not needed when there was little
interference. We also computed the change in performance from list one to list two (panel
C). Negative values indicate proactive interference from List 1 while positive values indicate
facilitation. Control rats that learned the two lists in different contexts did not experience
interference. In contrast, control rats in the same context condition and muscimol rats
experienced significant interference. Rats in the low interference condition showed no
proactive interference but instead showed significant facilitation. Panel D illustrates our
theoretical account of how hippocampal ensemble representations of the context influence
memory retrieval and interference. During learning of List 1, the hippocampal ensemble
representation of the context (represented by the filled triangles) becomes associated with
the relevant odor memories and their association with reward (shading indicates primed odor
memories, while green and red colors indicate rewarded and non-rewarded odor
associations). When List 2 is encountered in the same context, the old ensemble
representation continues to prime the old odor memories (e.g. Odor A as a rewarded odor
and D as a non-rewarded odor although the valences are now different), resulting in
interference. In the different context condition, a new ensemble representation of the black
box is generated and the old odor memories are not primed by the context (reduced priming
is indicated by weaker colors). Because each memory representation is primed by the
hippocampal context representation, context-appropriate retrieval is facilitated and
interference from memories that belong to other contexts is minimized.
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