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I. I N T R O D U C T I O N 

The role of the hippocampus in learning and memory processes has been the 
subject of intense scrutiny since the 1957 report (Scoville and Milner, 1957) 
of the remarkably severe amnesia in patient H.M., which resulted from the 
surgical removal of the hippocampal formation and a large amount of the 
adjacent tissue in the medial temporal lobes. Since then we have made great 
strides in documenting the hippocampal contribution to learning and memory, 
and we have generated a massive literature on the subject. As a result, there 
is virtually universal consensus that the hippocampus is involved in learning 
and memory. Nevertheless, many questions remain about the specific kinds 
of memory subserved by the hippocampus, the specific processes enabled by 
hippocampal neurocomputation, and the kinds of information encoded by 
hippocampal neurons. 

Accounts of the potentially unique contribution by hippocampus to learning 
include its role in spatial processing (e.g., O'Keefe and Nadel, 1978; Poucet, 
1993; Long and Kesner, 1996; Goodrich-Hunsaker et al., 2005), working 
memory (Olton et al., 1979), relational learning (Eichenbaum and Cohen, 
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2001), episodic memory (e.g., Tulving, 2002), context processing (e.g., Hirsh, 
1974), declarative memory (Squire et al., 2004), and the encoding of experi
ences in general (Moscovitch et al., 2005). Attempts to reconcile these dispa
rate accounts will require converging evidence from different levels of analysis, 
from single-cell analysis to the study of the functions of entire brain structures 
to studies of the broader network within which the involved brain areas 
operate. A circuit-level approach involving recording neuronal activity from 
multiple anatomically connected brain regions has shown that the hippocampus 
is part of an extended circuitry in which different regions make unique con
tributions to memory and navigation (Gabriel, 1993; Redish and Touretzky, 
1997; Mizumori et al., 2000b; Smith et al., 2004). Large-scale recording of 
neuronal ensemble activity patterns (e.g., Wilson and McNaughton, 1993) and 
biologically plausible computational models (e.g., Blum and Abbott, 1996; 
Wallenstein and Hasselmo, 1997) can begin to suggest principles of network 
dynamics that might mediate hippocampal mnemonic functions. Studies of 
synaptic plasticity and investigations of the response characteristics of indivi
dual neurons can identify neurobiological mechanisms underlying the circuit 
dynamics that ultimately result in the learning and memory functions of the 
hippocampus. 

The focus here is to evaluate the potential relationship between neural 
representation by individual hippocampal neurons and learning and memory. 
The most commonly reported behavioral correlate of hippocampal output 
neurons (pyramidal cells) is location-selective firing, referred to as place fields 
(see examples in Fig. 5-1; O'Keefe and Dostrovsky, 1971). The seminal dis
covery that hippocampal pyramidal neurons exhibit remarkably distinct and 
reliable firing when rats visit particular regions of the environment led to the 
highly influential idea that the hippocampus was the neural substrate of the 
cognitive map (O'Keefe and Nadel, 1978). Over 35 years of study has yielded 
a vast literature on hippocampal place cells (for reviews, see O'Keefe, 1976; 
O'Mara, 1995; McNaughton et al., 1996; Muller et al., 1996; Wiener, 1996; 
Mizumori et al., 1999b). In spite of our remarkably detailed knowledge about 
factors that influence the response properties of place fields and an extensive 
literature on the critical role of the hippocampus in certain forms of memory, 
including apparently nonspatial memory, the fundamental issue of how place 
fields are related to the broad role of the hippocampus in learning and memory 
remains unclear. Improved technology for recording large numbers of single 
neurons (McNaughton et al., 1983b; Gray et al., 1995) and for careful moni
toring of behavior during learning and performance in well-designed behav
ioral tasks has improved our ability to answer questions about the mnemonic 
significance of place cells (Fig. 5-1). In the following, evidence is provided 
that demonstrates the sensory and movement responsiveness of place fields. 
Then we discuss past work that has attempted to address more directly the 
role of place fields in learning and memory. A context discrimination 
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F I G U R E 5-1 A. Schematic illustration of recordings from freely behaving rats. Output from 

a video monitor is synchronized in time to incoming neural signals. Multiunit records can be 

decomposed into signals from individual cells by using a cluster analysis that compares values for 

spike parameters on two separate electrodes of a tetrode. Shown are clusters that were generated 

when the amplitude of the signal from one electrode was compared to the amplitude of the signal 

recorded from an adjacent electrode. B . - E . Color density plots illustrated location-selective firing 

by hippocampal place cells. Whi te lines outline visited locations as a rat performed a spatial 

working memory task on an eight-arm radial maze. Values to the right of each plot illustrate 

the maximum firing rate for the cell being illustrated. 
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hypothesis is then presented to account for the role that place fields may play 
in hippocampal-dependent mnemonic functions. 

II. PLACE FIELDS: SENSORY A N D 
MOVEMENT CORRELATES 

Some of the earliest studies showed quite convincingly that many place fields 
are sensitive to changes in the visual environment (e.g., Ranck, 1973; O'Keefe, 
1976; Olton et al., 1978; Muller and Kubie, 1987). More recent studies dem
onstrate specific aspects of the visual environment that are particularly relevant 
to place cell firing, such as geometric features of the test environment (e.g., 
Kubie and Ranck, 1983; Gothard et al., 1996; O'Keefe and Burgess, 1996b; 
Wiener, 1996, 2002). Also, local cues can have different effects on place fields 
when compared to distal cues (e.g., O'Keefe and Speakman, 1987; Wiener 
et al., 1995; Tanila et a l , 1997; Truiller et a l , 1999). Although it is clear that 
visual cues exert a strong influence over place fields in navigating rats, it has 
also been shown that the location-specific and nonlocation-specific firing of 
pyramidal cells can be correlated with other types of external sensory stimuli, 
such as olfactory cues (Eichenbaum et al., 1999; Save et al., 2000), auditory 
cues (O'Keefe and Conway, 1978; Sakurai, 1994; McEchron and Disterhoft, 
1999), and somatosensory cues (Young et al., 1994; Tanila et al., 1997). Thus, 
it is generally accepted that hippocampal pyramidal cells are capable of process
ing multimodal (external) sensory cue information. Such results have been 
taken as evidence that the hippocampus represents the external sensory features 
of a context (e.g., Nadel and Wilner, 1980; Kubie and Ranck, 1983; Nadel 
and Payne, 2002). 

Place fields, however, reflect more than details of the external sensory sur
round, since they are observed when external cues are essentially absent 
(O'Keefe and Conway, 1978; Quirk et a l , 1990; McNaughton et al., 1996). 
In the absence of such cues, temporal or internal sensory cue information can 
shape the characteristics of place fields. As an example, the elapsed time since 
leaving a goal box was often a better predictor of place fields than the features 
in the environment (Gothard et al., 1996; Redish et al., 2000). Also, there are 
many demonstrations that internal (idiothetic) cues that are related to one's 
own movement impact place fields. For example, the velocity of an animal's 
movement through a place field has been shown to be correlated with cell 
firing rates (e.g., McNaughton et al., 1983a). Also, the orientation of an animal, 
or the direction in which it traverses a field, may importantly affect the firing 
of place cells (e.g., McNaughton et al., 1983a; Markus et al., 1994). Vestibular 
(or inertial) information may further inform place cell responses (e.g., Hill and 
Best, 1981; Knierim et a l , 1995; Wiener et al., 1995; Gavrilov et a l , 1998). 
Interestingly, the extent to which place cells are sensitive to idiothetic cues is 
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reported to decline systematically from the septal pole to the temporal pole of 
the hippocampus (Maurer et ah, 2005). Coincident with this trend is the 
finding that place fields become increasingly larger for place cells recorded 
along the dorsal-ventral axis (e.g., Jung et al., 1994). Thus, place field selectiv
ity appears related to the degree of sensitivity to idiothetic cues. One factor 
that may regulate the influence of movement-related information on place 
fields is the degree to which animals are free to move about in an environment 
(Foster et al., 1989; Gavrilov et al., 1998; Song et al., 2005). Compared to 
passive movement conditions, in which rats are made to go through a place 
field either by being held by the experimenter or by being placed on a movable 
robotic device, active and unrestrained movement corresponds to the observa
tion of more selective and reliable place fields. 

A common interpretation of the sensitivity of place fields to orientation and 
idiothetic information is that place fields represent a combination of sensory 
and response cues to update place (visual) representations in familiar environ
ments (e.g., Knierim et al., 1995; McNaughton et al., 1996; Gavrilov et al., 
1998; Maurer et al., 2005). In this way, place cells contribute to both egocen
tric and allocentric information processing, perhaps for the purpose of facilitat
ing a path integration process (e.g., McNaughton et al., 1996; Whishaw, 1998) 
that allows rats to navigate environments in which external cues become 
unreliable. The precise relationship between such path integration functions 
and more general learning and memory processes remains enigmatic. What is 
clear, however, is that one needs to consider carefully both environmental and 
idiothetic variables when evaluating place field functions. 

III. PLACE FIELDS: RELATIONSHIP TO LEARNING 
A N D MEMORY 

Seven approaches can be identified that test more directly the relationship be
tween learning, memory, and place representation by hippocampus (Table 5-1). 
One approach has been to determine whether experimental manipulations have 
comparable consequences for place fields and learning. For example, the effects 
of NMDA receptor antagonists have been shown to impair hippocampal-
dependent learning and to reduce the stability of place fields (Shapiro and 
Eichenbaum, 1999). Similarly, mice lacking functional NMDA receptors have 
poor spatial learning abilities (Tsien et al., 1996) and less specific place fields 
(McHugh et al., 1996). While this approach has revealed that place field stabil
ity/specificity and learning have common underlying neurobiological mecha
nisms (e.g., NMDA receptor activation, Kentros et al., 1998, 2004; Nakazawa 
et al., 2004), it offers little in terms of helping us to understand how place 
representations contribute to the mnemonic functions of hippocampus. A 
related second approach to establishing a connection between place fields and 
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T A B L E 5-1 Approaches U s e d to Assess t h e C o n t r i b u t i o n of Place Cel ls to L e a r n i n g 

a n d M e m o r y 

1. Test whether experimental manipulations similarly affect learning and place fields 

2. Examine the relationship between synaptic models of learning (e.g., LTP) and place field 

plasticity 

3. Evaluate place field responses during new learning 

4. Evaluate place field responses to exposure to novel environment 

5. Compare place fields from subjects that differ in learning capability 

6. Examine place field responses to changes in familiar information 

7. Use tasks with common test environments and behavioral response to evaluate place field 

responses to changes in cognitive demand 

learning/memory is to evaluate the relationship between synaptic models of 
neuroplasticity and place field plasticity. As an example, it was shown that the 
induction of long-term potentiation (LTP), a leading candidate model of 
learning-induced synaptic changes (Martin et al., 2000), alters place fields 
(Dragoi et al., 2003). Also, experience-dependent changes in immediate early 
gene expression are correlated with experience-dependent changes in place 
field responses (Guzowski et al., 2005). 

There are only a handful of studies that have attempted to test directly how 
place fields contribute to new learning (a third approach). Although the sample 
size was small, place fields became more localized and/or stable as learning 
progressed (e.g., Mizumori and Kalyani, 1997). Relatedly, place fields may 
move toward new goal locations when tested in a familiar room (e.g., Hollup 
et al., 2001; Lenck-Santini et a l , 2001, 2002). Before one can conclude that 
such changes in place fields are related to new spatial learning, however, it is 
necessary to show that changes in the place fields were not due to the changes 
in behavior that accompany learning. A fourth approach has been to correlate 
changes in place field properties (e.g., field specificity and/or reliability, and 
firing rates) with timed exposure to novel environments (e.g., Wilson and 
McNaughton, 1993; Frank et a l , 2004; Leutgeb et al., 2005). While pro
vocative effects have been described, a difficulty with this approach is that 
hippocampal-dependent learning is not assessed. A fifth approach is to compare 
place field properties across groups of animals that differ in their learning 
capabilities. Place fields recorded from young, adult, and aged rats were 
compared (Mizumori et al., 1996; Tanila et al., 1997; Barnes et al., 1997), 
but different conclusions were drawn regarding the effects of age on the stabi
lity of place fields, and hippocampal-dependent learning was not assessed 
(Mizumori and Leutgeb, 1999). 

A sixth approach to understanding the relationship between place fields and 
learning and memory is to demonstrate that place fields change in response to 
encounters with specific combinations of cues or to a change in familiar cues. 



Mnemonic Contributions of Hippocampal Place Cells 161 

Numerous studies describe place cells that fire relative to (presumably) learned 
combinations of cues or spatial relationships (e.g., Young et al., 1994; Cressant 
et al., 1997; Shapiro et al., 1997; Tanila et al., 1997). While these studies often 
establish a correlation, the reasons for the correlations are not certain, due to 
the fact that different behaviors were required to demonstrate learning and/or 
the learning was not hippocampal dependent. Wiener et al. (1989) showed that 
a given pyramidal cell may exhibit a place field during performance of a spatial 
task in one portion of a test compartment and then switch modes of firing 
such that it fires relative to a nonspatial aspect of the task (i.e., task phase or 
a particular odor) when rats perform an olfactory discrimination task in a dif
ferent part of the test chamber. While this study demonstrates that hippocampal 
pyramidal neurons can shift the nature of their representation (from spatial to 
nonspatial) depending on prior learning, the differential neural responses may 
reflect different behaviors exhibited during different test phases. Thus, the 
significance of the place field remained somewhat ambiguous. Place fields have 
been reported to change after fear conditioning (Moita et al., 2004), but 
behavioral and motivational differences across different test phases cloud strong 
conclusions about the relationship between memory and place representation. 
This is especially the case because hippocampus appears to process motivational 
information (Kennedy and Shapiro, 2004). Auditory responses of hippocampal 
cells have been shown to vary, depending on the learned significance of the 
auditory stimulus during conditioning (Sakurai, 1994; Freeman et al., 1996; 
McEchron and Disterhoft, 1999). Since spatial correlates were not evaluated, 
however, it is not known how such learning correlates are related to place 
representation. Many studies have tested place cell responses to a change in 
task demands (e.g., changes in reward location, task phase, or required behav
ior; Wible et al., 1986; Foster et a l , 1987; Markus et a l , 1994; Gothard et a l , 
1996). These experiments showed clear neural responses to changes in task 
demands. But more often than not, either the animals were not performing a 
hippocampal-dependent task or a direct evaluation of the relationship to learn
ing was not provided. 

To circumvent some of the concerns of past studies, recent investigations 
of the relationship between place fields and learning or memory employ new 
behavioral designs to test the responsiveness of place cells to changes in cogni
tive demand (a seventh approach). Ideally, for this kind of test, sensory and 
motivational influences should be held constant across test conditions. More
over, behavioral responses should be "clamped." That is, identical behaviors 
should be required for the phases of the task that are being compared. The 
latter condition is critical so that differential behavioral expression of learned 
information cannot be used to explain discriminating responses of place cells. 
By holding sensory, response, and motivational factors constant, the relation
ship between learning or memory operations and place field plasticity can be 
revealed. Based on this approach, it has been suggested that the exhibition of 
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F I G U R E 5-2 Illustration that place fields are sensitive to behaviors exhibited prior to entering 

the field location. A rat W2is trained to obtain food reward on the east maze arm when started 

from either the north, west, or south arm of the maze. A . W h e n considering the firing pattern 

for an entire training session, place fields are found on the east arm and the north sector of the 

central platform of the maze. However, when the data were divided according to the starting 

arm location, it is clear that the place fields were not exhibited when rats arrived from the north 

(B) or west (C) maze arms. D . Rather, the place fields were observed only when entering the 

goal arm from the south maze arm. 

place fields is conditional on the recent (exemplifying retrospective coding) or 
upcoming (exemplifying prospective coding) behavioral sequences or response 
trajectories (Frank et al., 2000; Wood et al., 2000). Although the authors' 
conclusion that hippocampus encodes retrospective and prospective informa
tion is appealing, it should be noted that the tasks used were not hippocampal 
dependent (e.g., Ainge and Wood, 2003). However, Ferbinteanu and Shapiro 
(2003) used a hippocampal-dependent plus-maze task to replicate the Wood 
et al. (2000) finding of trajectory-dependent place codes and to more clearly 
show that place cells are affected by some kind of prospective and retrospective 
information (see Fig. 5-2 for an example of retrospective trajectory coding 
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from our laboratory). That is, the expectation of a future goal location ap
peared to influence some place fields, while the exhibition of place fields by 
other cells depended on recent trajectories taken by a rat on the maze. The 
trajectory-dependent neural codes degraded during error trials. These findings 
demonstrate a temporal modulation of spatial information in hippocampus. 
It was argued that temporally regulated neural codes are likely to be an essen
tial component of the hippocampal contribution to episodic learning and 
memory. 

The features of place fields that have been described so far are certainly 
consistent with the idea that they make a contribution to the mnemonic func
tions of hippocampus. However, understanding the specific nature of the 
contribution by place fields remains a significant challenge. Different reasons 
may account for the noticeably large gap between findings related to place field 
characteristics and studies that implicate a specific role for the hippocampus in 
learning. One reason may be that studies of place cells and studies of the role 
of the hippocampus in learning and memory involve different levels of analy
ses. Most place cell studies involve investigation of only one type of hippo
campal neuron, the pyramidal cell. Lesion and imaging studies of the 
hippocampus' role in learning and memory, on the other hand, involve either 
removing or imaging all cell types within the entire (or circumscribed) hip
pocampal area(s). A second issue of concern is that place cell studies typically 
test rats on tasks that are not hippocampal dependent. Of particular relevance 
to this point is the finding that the extent to which performance of the task 
depends on hippocampal function can change the degree to which place fields 
are controlled by the available visual cues (Zinuyk et al., 2000). Finally, a 
third, but related, issue is that few studies provide unambiguous tests of the 
relationship between place field characteristics and the hippocampal-dependent 
acquisition of new information (but see Smith and Mizumori, in press, dis
cussed later). 

In the following, we attempt to bridge the gap between place field results 
and hippocampal-dependent learning by focusing on what appears to be a 
critical role for the hippocampus in context processing. Extensive animal 
research has implicated the hippocampus in processing contextual information 
(for reviews see Myers and Gluck, 1994; Anagnostaras et al., 2001; Maren, 
2001). For example, subjects with hippocampal damage do not exhibit condi
tioned fear responses to contextual stimuli, even though responses to discrete 
conditional stimuli remain intact (Kim and Fanselow, 1992; Phillips and 
Ledoux, 1992). Also, subjects with hippocampal damage are insensitive to 
changes in the context. Intact subjects exhibit decrements in conditioned 
responding when the context is altered. This does not happen in subjects with 
lesions of the hippocampus (Penick and Solomon, 1991) or the entorhinal 
cortex (Freeman et al., 1996). Recently, it was shown that fornix-lesioned 
subjects trained in different contexts showed severely impaired learning on two 
different auditory discrimination tasks (Smith et al., 2004). In the same sub-
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jects, context-specific firing patterns were degraded in structures that normally 
receive hippocampal input via the fornix (anterior thalamus and cingulate 
cortex). Finally, it appears that manipulations that impact hippocampal plastic
ity (e.g., LTP) also affect context learning (e.g., Shors and Matzel, 1997). These 
findings converge on a hypothesis that hippocampal processing results in a 
unique context code, one that presumably modulates processing in downstream 
structures in a context-dependent manner. 

A context-processing interpretation of hippocampal function is not neces
sarily inconsistent with other views that the hippocampus is necessary for the 
flexible use of conjunctive, sequential, or relational and spatial processing 
(e.g., O'Keefe and Nadel, 1978; Foster et a l , 1987; Wood et al., 2000; Eichen-
baum, 2001; Eichenbaum and Cohen, 2001; O'Reilly and Rudy, 2001). In 
fact, these specific forms of processing are likely to be required in order for 
the hippocampus to make context discriminations. Determining the extent to 
which a learned (or expected) context has changed requires the flexible 
consideration of sequences of sensory and motor information and/or the sig
nificance of (or relationships among) this type of information. Thus a context-
processing interpretation of hippocampal function incorporates flexible, spatial, 
and relational processes. Less clear, however, is how a context-processing 
theory of hippocampus accounts for the numerous findings regarding hippo
campal place cells in freely moving rats. In the following, a context discrimi
nation hypothesis (CDH) is presented not only to account for the wealth of 
place cell data, but to provide a theoretical framework that may serve to 
connect the growing body of work on neuroplasticity of place representation 
and current ideas about the specific role of the hippocampus in especially epi
sodic learning and memory, i.e., learning about and remembering specific 
meaningful events in our lives (Tulving, 2002). 

A. Con tex t Di sc r imina t ion Hypothes is Accoiiiit of Hi 'ppocampal 
Meural Represei i ta t ion 

Hippocampal place cells may represent spatial contexts (Nadel and Wilner, 
1980; Nadel and Payne, 2002) such that the extent to which familiar contexts 
change can be determined, perhaps by performing a match-mismatch com
parison (e.g., Vinogradova, 1995; Mizumori et al., 2000b, 1999b; Anderson 
andjeffery, 2003; Jeffery et al., 2004). Computational models provide sugges
tions for how such error analyses might be implemented within hippocampal 
circuitry and modulated by neurotransmitters such as dopamine and acetyl
choline (e.g., Lisman, 1999; Hasselmo and McGaughty, 2004; Treves, 2004; 
Hasselmo, 2005a, 2005b). The results of match-mismatch comparisons can be 
used to distinguish different contexts, a function that is necessary to define 
significant events or episodes. In support of this view, prior work has shown 
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that fornix lesions impair context discrimination (Smith et al., 2004). A 
context discrimination hypothesis (CDH), then, postulates that the hippocam
pus contributes to complex forms of learning, such as those involved in episodic 
learning and memory, by discriminating meaningful contexts. 

According to the CDH, context discrimination is the computational result 
of context analysis by the entire network of hippocampus neurons, including 
both hippocampal pyramidal cells and interneurons. The combined activity 
profile of these cells represents an experience-dependent context code that is 
unique for a particular test situation. For individual cells of both types, a 
context code might reflect simultaneously a combination of different context-
defining features, such as spatial information (i.e., location and heading direc
tion), consequential information (i.e., reward), movement-related feedback 
(i.e., velocity and acceleration — determinants of response trajectory), external 
(nonspatial) sensory information, the nature of the currently active memory 
(defined operationally in terms of task strategy and/or task phase), and the 
current motivational state. The CDH, then, puts forth a broader definition of 
context than is typical for place cell studies — a definition that emphasizes the 
integration of sensory, motivational, response, and memorial input for all hip
pocampal cell types. The relative strengths of these different types of inputs 
may vary, depending on task demands, such that a given cell may show, for 
example, a place correlate during the performance of one task and a nonspatial 
correlate during the performance of a different task (e.g., Wiener et al., 1989). 
Also, movement correlates observed in one task may not be observed when 
the mnemonic component of the context, and not behavior, changes (e.g., 
Yeshenko et al., 2004; Eschenko and Mizumori, 2007). 

The more inclusive and broader definition of context by the CDH is con
sistent ^vith findings that place fields are sensitive to a variety of types of 
sensory and response information when rats are tested on different tasks. It 
should be noted that the CDH is also consistent with descriptions of pyramidal 
neuron responses during nonspatial task performance, such as olfactory (e.g., 
Wiener et al., 1989) or auditory discrimination (Sakurai, 1994; Freeman et al., 
1996). The CDH also accounts for findings that a variety of correlate types is 
observed for hippocampal pyramidal cells during the performance of a single 
task (e.g.. Smith and Mizumori, 2006; Gothard et al., 1996). Figure 5-3 illus
trates the findings of movement-, reward-, and task phase-related firing by 
presumed pyramidal neurons recorded during spatial maze training. 

A neural representation may demonstrate context sensitivity with changes 
in firing rates and/or altered temporal patterns of unit activity. Indeed, there 
are many reports of place fields that rapidly reorganize (i.e., change field loca
tion and/or firing rate) when the environment changes, while other place 
fields persist despite changes in contextual features (see Fig. 5-4 and 5-5 
for examples). The responsive place fields may reflect the current contextual 
features, while the persistent fields may reflect expected contextual features. If 
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F I G U R E 5-3 Illustration of nonspatial correlates of hippocampal neurons when rats solve a 

spatial maze task. For panels A—C, the x-axis shows time (sec) relative to task events. A . Elevated 

firing of a pyramidal neuron is observed when the rat received food reward, regardless of the 

reward location. B . This pyramidal cell showed increased firing just prior to the beginning of 

the intertrial interval (ITI). C . Interneurons typically show elevated firing during ambulation 

on the maze and reduced firing when the rat reaches the ends of maze arms (i.e., the location 

of the reward). These cells are often correlated with specific features of an animal's movement, 

such as movement velocity ( D ) . 

the current context is determined to be different from the expected context 
(i.e., the two contexts are discriminated), then an appropriately changed 
message may be sent to update cortical memory circuits, which in turn will 
ultimately update the most recent hippocampal expectation for a context. The 
latter process should result in a subsequent reorganization of neural activity 
patterns in the hippocampus. If a context is defined by a unique array of inputs, 
then, in theory, a change in any one or combination of features should produce 
an "error" signal that reflects a mismatch (Mizumori et al., 2000b). Indeed, 
changes in a variety of factors have been shown to have dramatic effects on 
place fields. Changed hippocampal output (which reflects place field reorgani
zation) could be used to update the selection of ongoing behaviors in context-



Mnemonic Contributions of Hippocampal Place Cells 167 

Context A Context B 

F I G U R E 5-4 Some place fields respond, and other place fields do not respond, to the same 

manipulation of the context regardless of the task. Place fields recorded during baseline trials are 

shown in the left column. The right column shows the place field for the same cells but after a 

context manipulation. A . - B . A well-trained rat performed the radial maze task before and after 

the lights were turned off. The cell in panel A showed a field that changed location after the 

lights went off, whereas the simultaneously recorded cell in panel B showed a place field that 

did not respond to the imposed darkness. The r-values represent a spatial correlation score that 

compares the spatial distribution of firing across the two test phases. C . - D . A rat was trained 

to find reward on the east maze arm of a plus maze during the baseline trials. The reward loca

tion switched to the west maze arm during the manipulation phase. The cell shown in panel C 

did not show a place field during the baseline condition, but a clear field appeared during the 

manipulation phase. A simultaneously recorded place cell showed no response to the reward 

switch (panel D) . 
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F I G U R E 5-5 For each panel, the relationship between firing rate and velocity of an animal's 

movement on a radial maze is shown for baseline trials and for trials performed after a context 

manipulation. (Left) It can be seen that some cells of each type showed a significant change in 

velocity correlate after a context manipulation, even though the animal's behavioral performance 

was unchanged. (Right) Other cells of both types showed remarkably stable velocity correlates 

after a context shift. It appears that some of the movement correlates may reflect context-depen

dent responses, while others may represent the current movement state. 

appropriate ways. If it is determined that the context has not changed (i.e., 
there is no place field reorganization), a consistent hippocampal output will 
result in the persistence of currently active neural activity patterns. As a result, 
the most recently engaged memory system and behavioral expression patterns 
will be maintained. 

Given that situations or events have temporal limits, it seems reasonable to 
assume that in addition to changes in rate codes, neural firing relative to the 
occurrence of significant events can be useful for identifying contexts (or 
events). The ability to retain information "online" in the form of retrospective 
and prospective codes (e.g., Ferbinteanu and Shapiro, 2003) may provide the 
hippocampus with a platform on which to compare recent, current, and anti
cipated contextual information. The outcome of the comparison analysis 
(i.e., information about the identification of distinct events or episodes) can 
then be forwarded within an anatomically extended memory system. 

B. Releviiiiee of the Coii text Disc r imiea t io i i Hypothes is 

for Lea rn ing 

In our view, the CDH can not only account for a vast number of the reported 
characteristics of hippocampal place fields, but the C D H also provides a con-
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ceptual framework for linking place cell data with theories regarding a hip
pocampal contribution to learning and memory. During new learning, one's 
perception of the relationship between environmental stimuli, responses, and 
consequences is continually changing. Presumably mismatches between 
expected and experienced contexts are frequently detected, resulting in the 
continual shaping of long-term memory representations (McClelland et al., 
1995). As memory representations become more precise, so will the feedback 
to hippocampal cells encoding the expected contextual features. Thus, it is 
predicted that place fields should become more specific/reliable with continued 
training as one gradually learns about associations relevant to the test environ
ment. While many studies have shown that place fields become more specific 
and/or reliable with short-term exposure to novel environments (e.g., Muller 
and Kubie, 1987; Wilson and McNaughton, 1993, Markus et al., 1995; O'Keefe 
and Burgess, 1996b; Hetherington and Shapiro, 1997; Frank et al., 2004), it 
is less clear how place fields change during the course of hippocampal-
dependent learning. 

Learning can be considered to be complete when mismatches no longer 
occur and consistent memory (and associated neural activity patterns) repre
sentations are maintained during behavior. However, to ensure adaptive behav
ioral functions, the hippocampus must continue to engage in context 
comparisons in the event that the context shifts. Similarly, the hippocampus 
should process contextual information even for tasks that do not explicitly 
require contextual knowledge, in case contextual information becomes rele
vant. Indeed, we have shown that specific neural codes in the hippocampus 
remain responsive to changes in context even though contextual learning was 
not necessary to solve the (response) task (Yeshenko et al., 2004). Thus, pro
cessing contextual information by the hippocampus appears automatic and 
continuous (Morris and Frey, 1997). 

If the hippocampus continually processes contextual information, then why 
do hippocampal lesions disrupt only certain forms of learning and not others? 
We suggested that lesion effects are observed only when the intrinsic process
ing by the structure of interest is unique and essential for learning to take 
place (Mizumori et al., 2004). If other neural circuits can compensate for the 
lost function after a lesion (for example, by adopting different learning algo
rithms), then no behavioral impairment will be observed. Thus, stimulus-
response learning is not impaired following hippocampal lesions because striatal 
computations are sufficient to support such learning. This does not mean that 
the hippocampus does not normally play a role in stimulus-response perfor
mance. Hippocampus may contribute by defining the context for the learning, 
which in turn may serve to make the learned information more adaptive to 
new situations in the future. 
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C. Physiological Mecbanist i is Under ly ing H ippocan ipa l 
Con tex t Analysis 

i. Cellular Properties 

Consideration of the nature of rate and temporal codes of place (pyramidal) 
cell and movement cell (interneuron) firing reveals that the hippocampus may 
be ideally suited to engage in context discrimination. The relative influence 
of context-defining input on spike discharge rates may vary not only according 
to the strength of each type of afferent input, but also with the intrinsic 
(membrane) properties of a cell. Place cells exhibit characteristic short-lasting, 
high-frequency bursts of action potentials when rats pass through a cell's place 
field (Ranck, 1973). This type of phasic, burst firing pattern may be associated 
with increased synaptic plasticity using LTP-like mechanisms, possibly result
ing in the encoding of discrete features of a situation that do not change very 
rapidly or often (e.g., significant locations, reward expectations, task phase). 
Interneurons, on the other hand, discharge signals continuously and at high 
rates, a pattern that is well suited to encode rapidly and continuously changing 
features (e.g., changes in movement and orientation during task performance). 
Since details of these movement correlates are context sensitive, interneurons 
may represent to hippocampal networks context-appropriate response informa
tion (Yeshenko et al., 2004). Thus, the specific contribution of pyramidal cells 
and interneurons to context discrimination may differ in large part because of 
their different intrinsic cellular properties. The complex combination of fea
tures encoded by both pyramidal cells and interneurons, then, provides hip
pocampal computational networks with a rich array of information with which 
to identify and distinguish unique situations or contexts. 

There are likely to be multiple stages to the complex process of comparing 
expected and current contexts (Mizumori et al., 1999b). Initially, relevant 
stimuli need to be selected for comparison. The dentate gyrus is thought 
to engage in pattern separation functions that might serve this purpose by 
distinguishing potentially important input (O'Reilly and McClelland, 1994; 
Rolls, 1996; Gilbert et al., 2001). In contrast, CA3 and CAl may be the 
primary players when it comes to determining the stability of contextual 
information. 

2. Comparisons Between CAS and CAl Place Fields and Learning 

Information regarding both expected and current contexts need to be repre
sented, and this information needs to be held "online," in order for a com
parison to be made. Both of these conditions appear to be true for the 
hippocampus. There is ample evidence that the hippocampus represents 
expected and current contextual information. Place fields may reorganize fol-
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lowing context manipulations, indicating that some place cells are sensitive to 
the status of the current definition of context. Other place fields may not 
reorganize following the same context manipulation, and these place fields may 
be driven more by an expectation of the current context based on past experi
ence. The recurrent networks of the CA3 region may provide the short-term 
buffer necessary for comparisons to be made, perhaps via a type of pattern-
completion process (Guzowski et al., 2004; Treves, 2004; Gold and Kesner, 
2005). 

Interestingly, the differential responses by CA3 and CAl place cells suggest 
that these populations of cells make different contributions to the context-
comparison process. When rats perform at asymptotic levels on a hippocampal-
dependent, spatial-working-memory task, CA3 place fields are smaller (i.e., 
more spatially selective) than CAl place fields (Mizumori et al., 1989, 1996; 
Barnes et al., 1990) and more easily disrupted following cue manipulations 
(Mizumori et al., 1999b). Also, CA3 place fields are more sensitive than CAl 
place fields to disruption following reversible inactivation of the medial septum 
(Mizumori et al., 1989). The greater sensitivity of CA3 fields to context 
manipulation seems to occur regardless of the type of task (Lee et al., 2004; 
Leutgeb et al., 2004), a finding consistent with the view that the CA3 region 
is continually engaged in the analysis of contexts. It is important to note that 
despite the greater overall sensitivity of CA3 place fields to changes in con
textual information, about 40% of CA3 place fields continued to persist when 
faced with contextual changes. The combined evidence, then, suggests that 
CA3 place cells could play a primary role in determining whether specific 
features of the current context match expected contextual features. 

CAl also has the potential for representing current and expected contextual 
information. But, relative to CA3, a greater proportion of cells (about 60%) 
show persistent place fields despite context change (e.g. Mizumori et al., 1989, 
1999b; Lee et al., 2004; Leutgeb et al., 2004). One interpretation of the dif
ferences observed for CAl and CA3 place field stability in the face of context 
changes is that CAl neurons are preferentially driven by memory representa
tions of the context, perhaps via entorhinal afferents that bypass CA3 (Witter 
et al., 2000). For this reason, it may be predicted that the behavioral effects 
of context manipulation will be more directly related to the responses of CA3 
place cells than CAl place cells. Although a direct test of this prediction has 
yet to be carried out, it is worth noting that several laboratories have begun 
to report a lack of correlation between CAl place field reorganization and 
behavioral responses (e.g.. Cooper and Mizumori, 2001; Jeffery et al., 2003). 

A question, then, is what is the significance of the CAl code if CA3 is 
primarily responsible for the comparison of contextual information? Temporal 
organization or sequencing of information by the hippocampus had been sug
gested previously by many investigators (e.g., Olton et al., 1979; Rawlins, 
1985; Kesner, 1991), including the possibility of a special role by CAl (Hampson 
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et al., 1993; Wiener et a l , 1995; Gilbert et a l , 2001; Kesner et a l , 2004; 
Treves, 2004). Therefore, one possibility is that a primary function of CAl 
place cells is to temporally organize, or group, CA3 output to allow for mean
ingful sequences to be passed on to efferent targets, such as the prefrontal 
cortex (Jay et al., 1989) and subiculum. Direct and selective entorhinal input 
to CAl (Witter et al., 2000) may provide a route whereby neocortical-based 
memory representations predispose CAl to temporally organize CA3-based 
information in experience-dependent ways (Mizumori et al., 1999b). Although 
the precise nature of the temporal organization remains to be determined, one 
possibility is that CAl is more tightly coupled to the rhythmic oscillations of 
hippocampal EEC, which is thought to contribute to the temporal organization 
of hippocampal output (Buzsaki, 2005). 

3. Temporal Encoding of Contextual Information 

It is becoming clearer that important context information is embedded within 
hippocampal networks in the form of the temporal relationship between the 
activities of locally and distally located neurons. Many years ago, it was shown 
that movement through place fields is associated with dynamic changes in spike 
timing relative to the ongoing theta oscillations in the EEC (O'Keefe and 
Recce, 1993). That is, on a single pass through a field, the first spike of suc
cessive bursts occurs at progressively earlier phases of the theta cycle. The dis
covery of this so-called phase precession effect is considered significant, for it 
was the first clear evidence that place cells are part of a temporal code that 
could contribute to the mnemonic processes of hippocampus. Such temporally 
dynamic changes in spike timing may be a key mechanism by which place 
fields can provide a link between temporally extended behaviors of an animal 
and the comparatively rapid synaptic plasticity mechanisms (e.g., LTP) that are 
thought to subserve learning (e.g., Skaggs et al., 1996). Theoretical models 
have been generated to explain in more detail how phase precession could 
explain the link between behavior and neural plasticity mechanisms (e.g., 
Buzsaki, 2005; Zugaro et al., 2005). 

Another form of temporal-based neuroplasticity involves a change in the 
timing of spike discharge by one cell relative to those of other cells. For 
example, it has been shown that the temporal coherence of the discharges of 
place cells is greater in mice with an intact hippocampus compared to mice 
with deficient NMDA systems (McHugh et al., 1996). Greater synchroniza
tion could offer a stronger output signal to efferent structures. Relatedly, 
experience-dependent temporal codes may be found in terms of the temporal 
relationships between the firing of cells with adjacent place fields. With con
tinued exposure to a new environment, place fields begin to expand asym
metrically, in that the peak firing rate is achieved with shorter latency upon 
entrance into the field (Mehta et al., 1997, 2000). It was postulated that with 
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continued exposure to a spatial task, place cells are repeatedly activated in a 
particular sequence. As a result, synaptic connections between cells with adja
cent fields become stronger, such that entry into one place field begins to 
activate the cell with the adjacent place field at shorter and shorter latency. 
The backward expansion of place fields may result from asymmetric Hebbian 
mechanisms, such as LTP, since NMDA antagonism blocks the LTP and the 
expansion effect (Eckstrom et al., 2001). The asymmetric backward expansion 
of place fields is thought to provide a neural mechanism for learning directional 
sequences. Moreover, it has been suggested that the backward-expansion phe
nomenon may contribute to the transformation of a rate code to a temporal 
code such as that illustrated in phase precession (Mehta et al., 2002). Perhaps 
the backward-expansion phenomenon could help to explain other place field 
phenomenon, such as the tendency for place cells to fire in anticipation of 
entering a field within a familiar environment (Muller and Kubie, 1989). 
While the dynamic changes in place field shape are intriguing, it remains to 
be determined whether the asymmetric expansion is related directly to spatial 
learning. 

Hippocampal context processing is likely only one component of a broadly 
distributed neural system responsible for a complex form of memory such as 
episodic memory. To fully understand the neurobiology of episodic memory, 
it is essential that we understand better the anatomical and functional basis for 
interactions between the hippocampus and connected brain regions. Thus far, 
recent studies have examined these interactions in different ways. The impact 
of neocortical function on hippocampal place fields was tested following lesions 
or reversible inactivations of prefrontal cortex or posterior cortical regions: 
Place field reliability or specificity became significantly disrupted (Cooper and 
Mizumori, 2001; Muir and Bilkey, 2001; Kyd and Bilkey, 2005). Also, it has 
been recently shown that the temporal relationship between place cell firing 
and the ongoing (local) theta rhythm (i.e., phase precession, O'Keefe and 
Reece, 1993) is linked to phase precession in prefrontal cortex (Siapas et al., 
2005) in a task-dependent manner (Jones and Wilson, 2005). These findings 
suggest that hippocampal place fields are regulated in part from input from the 
neocortex and that hippocampal processing may in turn impact neocortical 
representational organization. The precise mechanism of these interactions is 
not known. 

A common assumption is that long-term memories are represented within 
neocortical circuitry. Therefore, memories may bias the firing patterns of hip
pocampal neurons such that they come to represent the expectation of encoun
tering significant locations (in the case of place cells) or experience-dependent 
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Place Response 

FIGURE 5-6 Rats were trained to shift strategies within a single session of plus-maze training. 
(Left) For place training, the rat started on either the east or west maze arm and found food on 
only the south maze arm. A place field was observed only on the west maze arm. (Right) The 
rat then switched to the use of a response strategy. Again it started on either the west or east 
maze arm, but now the reward location changed depending on the starting location. Regardless 
of the starting location, the rat learned to turn right to obtain reward. It can be seen that when 
this rat switched strategies, a new place field emerged on the central platform area. Thus, cogni
tive factors may importantly influence the place code in the hippocampus. In this case, retrieval 
of different memories resulted in a different spatial organization of the place field. 

behavioral responses (in the case of interneurons). Indeed, several studies show 
that lesion or reversible inactivation of different areas of the neocortex has 
significant impact on hippocampal place fields (Cooper and Mizumori, 2001; 
Muir and Bilkey, 2001; Kyd and Bilkey, 2005). We recently tested this hypoth
esis further by evaluating how retrieving different memories (of the correct 
behavioral strategy) affected hippocampal neural responses. Specifically, we 
studied the effects of switching between two learned task strategies on the 
behavioral correlates of pyramidal cells and interneurons (Yeshenko et al., 
2001; Eschenko and Mizumori, 2007). Rats were trained to perform 10 trials 
on a plus maze according to place strategy (i.e., approach a particular spatial 
location for reward) and then 10 trials according to a response strategy (i.e., 
make a particular response, such as turn right, for reward). Other rats were 
trained to use first a response strategy and then a place strategy. The order of 
strategy use did not impact the neural responses. Figure 5-6 illustrates that 
both place cells and movement-sensitive interneurons dramatically changed the 
nature of their neural representation when rats switched cognitive strategies. 
Different cells lost, gained, or significantly changed the nature of the original 
place or movement correlate after a strategy switch. Interestingly, changing 
which memory is active resulted in a similar pattern of changed neural responses 
as was shown following context manipulations when rats performed different 
responses using the same strategy (Yeshenko et al., 2004). Thus, memory 
influences (or the retrieval of different memories) may comprise a component 
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of the hippocampal context code that is as important as the processing of 
sensory or response information. 

Recent evidence suggests another issue for future consideration regarding 
the role of hippocampal place cells in complex forms of learning and memory. 
Location-selective firing has now been observed in many areas of the brain in 
addition to the hippocampus proper. A question is whether place cells from 
different brain areas make the same or different functional contribution to 
learning. Insights may be gained by comparing the properties and response 
patterns of the place fields of different regions. Place fields are now described 
for cells in brain regions closely connected to the hippocampus, such as subicu-
lum (Sharp and Green, 1994; Sharp, 1999) and entorhinal cortex (Quirk 
et a l , 1992; Mizumori et al., 1992; Frank et al., 2000; Hafting et a l , 2005). 
One striking difference between place fields within the hippocampus and those 
in subiculum or entorhinal cortex became evident following subtle changes in 
the external environment (e.g., enlarging a test environment). It was shown 
that such changes in a familiar environment could produce drastic and unpre
dictable hippocampal place field reorganization, while subicular or entorhinal 
place fields maintained their spatial relationship to external cues. These find
ings, together with the most recent discovery of entorhinal cells that maintain 
multiple, regularly spaced place fields regardless of cue manipulation or experi
ence (i.e., grid cells; Hafting et al., 2005), suggest a function for subicular and 
entorhinal place fields that differs from hippocampal place fields. Sharp (1999) 
suggested that subiculum contained a cognitive map, and Hafting et al. (2005) 
contend that entorhinal cortex provides an equivalent to a spatial reference 
frame within which hippocampal contextual information may become embed
ded. It appears that the functional contribution of place fields, then, may vary 
depending on brain structure. 

Perhaps more surprising than the finding of place fields in subiculum or 
entorhinal cortex was the finding of place fields in a very different neural 
system, the striatum (Mizumori et al., 1999a, 2000a; Ragozzino et al., 2001; 
Yeshenko et al., 2004). The finding of striatal place fields presented a challenge 
to current views of the brain organization of memory systems since the stria
tum was thought not to be important for spatial processing. Rather, striatum 
was considered to be a specialized network that guides slower forms of learn
ing, such as stimulus-response, habit, and stimulus-stimulus learning (e.g., 
Packard and White, 1991; Knowlton et al., 1996; Packard and Knowlton, 
2002; Cook and Kesner, 1988). Striatal place fields tend to be larger than hip
pocampal place fields but similar in terms of the reliability with which the 
place fields are observed. Also, in contrast to hippocampal place fields, almost 
all of the striatal place fields that have been tested rapidly respond to cue 
manipulations (Mizumori et al., 2000a; Yeshenko et al., 2004) and strategy 
shifts (Yeshenko et al., 2001; Eschenko and Mizumori, 2007). It was rare to 
find striatal place fields that persist after a context manipulation. Thus, when 
considered as a group, striatal fields are more sensitive to context changes, even 
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more so than CA3 place fields. The characteristics of the striatal place fields, 
combined with the known behavioral effects of striatal lesions, led to the sug
gestion (Mizumori et al., 1999a) that striatum uses contextual information to 
inform basal ganglia computations that are involved in determining the 
context-appropriate, anticipated reinforcing consequences of behavioral 
responses (Schultz, 1997, 1998; Schultz and Dickinson, 2000). Continual 
expression and modification of adaptive responses likely requires continual 
evaluation of the consequences of behavior. Therefore, it may be more impor
tant that striatum has access to the current definition of context than access 
to the remembered context of earlier training. Perhaps this is why we observe 
such a high percentage of striatal place fields that are sensitive to contextual 
manipulations. The source of striatal context information is uncertain. However, 
the posterior neocortex is a likely candidate since hippocampal output is strong 
to that area of the cortex, and since the posterior cortex projects to striatum 
(McGeorge and Faull, 1989). 

It appears, then, that place fields found in different areas may or may not 
represent the same type of information. Thus, to facilitate a neural systems 
perspective of hippocampal function, it would be prudent to test the different 
populations of place cells in comparable behavioral and environmental situa
tions so that direct conclusions could be drawn. 

IV. F U T U R E ISSUES TO CONSIDER 

Understanding the relationship between place fields and learning or memory 
remains a significant challenge. While many impressive findings have been 
reported and provocative ideas proposed, several important issues need to be 
resolved before there is a clear answer to the question regarding the contribu
tion of place cells to hippocampal-dependent learning, especially context 
learning. 

One issue concerns the definition of context when referring to hippocampal 
processing. The evidence provided here challenges the traditional definitions 
of context to include information in addition to that provided by the back
ground sensory cues. In apparent contrast to this view, the more selective term 
spatial context is often applied to interpretations of place fields with regard to 
experience-dependent functions (e.g., Nadel and Wilner, 1980; Mizumori 
et al., 1999b; Jeffery et al., 2004). This term is used to acknowledge the fact 
that, in freely behaving animals, the defining features of events or situations 
are almost always tied in some way to the spatial organization of environ
mental stimuli. Thus, it is argued, a complex form of spatial perceptions likely 
play a prominent role in hippocampal context analysis. 

The call for an expanded definition of the term context and the use of the 
term spatial context are not necessarily contradictory. Rather, the hippocampus 



Mnemonic Contributions of Hippocampal Place Cells 177 

may be biased to evaluate changes in context according to a spatial reference 
any time that animals are asked to move through space to demonstrate learning 
(which happens to be the case for most learning paradigms used to record place 
cells). Where does this bias come from? Changes in the spatial environment 
are initially registered by sensory input systems, and these in turn produce 
continuous and systematic changes in representation at multiple, subsequent 
levels of neural processing (e.g., Merzenich and deCharms, 1996). Since 
higher-level sensory representations have been shown to be importantly affected 
by changes in attention or expectations (e.g., in parietal cortex; Colby and 
Duhamel, 1996; Colby and Olson, 1999), established memories also appear to 
influence our spatial perceptions. Parietal cortex information arrives in the 
hippocampus via entorhinal cortex. Therefore, parietal cortex representations 
of our spatial perceptions may be more organized within the entorhinal cortex 
"grid" structure (Hafting et al., 2005), which reflects the spatially extended 
environment of the animal. As a result, in navigating animals performing any 
task, the hippocampus is strongly predisposed to carry out a significant part 
of its context analysis within a spatial reference system (Redish and Touretsky, 
1997; Mizumori et al., 1999b, 2000b). 

The fact that place fields are such a robust and reliable correlate of hippo
campal pyramidal cells in navigating rats {regardless of the specific task demands or 
task strategy) is certainly consistent with the claim that the hippocampus is 
biased to organize contextual information within a spatial reference frame. In 
this way, fluctuations of either spatial or nonspatial inputs will be reflected by 
the reorganization of place fields (a finding common to many studies). It is 
noteworthy, however, that hippocampal place cells have been described to 
change their responses from spatial to nonspatial ones in tasks where spatial 
information is made explicitly not important (e.g., Wiener et al., 1989). Simi
larly, many have reported that various context manipulations result in a loss 
of place fields for at least a portion of the place cells being recorded. These 
results, together with the fact that nonspatial behavioral correlates have 
been identified for pyramidal neurons (e.g., Eichenbaum, 2001; Smith and 
Mizumori, in press), clearly demonstrate that the spatial component of hippo
campal neural codes can become dissociated from other components. These 
are important observations because they show that spatial representation is not 
absolute or obligatory for the hippocampus (Eichenbaum, 2001; Fortin et al., 
2002; Kesner et al., 2002). 

One way to reconcile the spatial context and nonspatial interpretations of 
hippocampal function is to argue that both are correct but that the type of 
correlate observed is in part a reflection of how the rats have been tested. 
Location-selective firing is a predominant correlate in situations where animals 
move through space to perform a task, even if the task is not hippocampal 
dependent. For example, a high percentage of pyramidal cells exhibit context-
sensitive place fields during the performance of hippocampal-independent 
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tasks, such as egocentric response training (Yeshenko et al., 2004) and random 
foraging tasks (Muller and Kubie, 1987). When locomotion is discouraged or 
made less relevant to accurate performance (e.g., an auditory discrimination 
task in an operant chamber; Sakurai, 1994), task-related correlates (e.g., tone 
onset) are observed. Perhaps, movement is fundamentally important for deter
mining the mode of processing within the hippocampus. By definition, a 
movement-sensitive code reflects indicators of movement through space, such 
as velocity, acceleration, and direction of movement. Indeed place cells (and 
interneurons) have been shown to be sensitive to these movement variables 
(e.g., McNaughton et al., 1983a; Markus et al., 1994; Czurko et al., 1999). 
Moreover, place fields are generally more specific and reliable when animals 
are actively engaged in voluntary movement rather than when they are pas
sively transported (Foster et al., 1989; Song et al., 2005). Theta rhythm appears 
in the EEG record during active and passive movement (Song et al., 2005). 
Therefore the mere presence or absence of theta cannot account for the move
ment effects. The view that movement plays a key role in the hippocampal 
contribution to learning and memory resonates well with previous theories 
(e.g., McNaughton et a l , 1996; Whishaw, 1998; Etienne and Jeffery, 2004). 
However, rather than interpreting the movement code in terms of its role in 
idiothetic-based navigation, it is suggested here that the presence of movement 
codes engages the spatial reference system, which in turn leads to spatial 
context analysis by the hippocampus. 

An implication of the hypothesis that movement changes the mode of hip
pocampal processing is that movement is required for normal spatial learning 
to occur. It could be argued that this is not the case since passive observation 
of a test room (latent learning) facilitates subsequent learning in a water maze 
task (Keith and McVety, 1988). However, in that experiment, rats were trained 
to perform the task in a different room prior to the latent learning test. There
fore, upon exposure to the new environment, the spatial reference frame rele
vant to a similar prior test situation may have been recalled, thereby biasing 
rats to pay attention to potentially significant stimuli. In this sense, this experi
ment does not directly test the hypothesis that movement is necessary for new 
learning. 

It might also be argued that since place fields are observed on the first pass 
through a field by a naive rat, a reference frame must have already existed 
without prior movement. To demonstrate the existence of a place field, rats 
have to move through space. Thus, a spatial reference frame could have been 
called up at the start of the test session prior to entry into the field. It is worth 
noting that in this situation, it has been shown that although place fields appear 
quickly in a novel room, they continue to change, becoming more reliable as 
additional passes are made through the field (Frank et al., 2004). Perhaps it is 
this experience-dependent change in place fields that is related to new learning. 
Indeed, Smith and Mizumori (2006) recently reported that hippocampal 
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place fields discriminate contexts only when the significance of the contexts 
changes. 

The demonstrated modifiability of place fields in nonspatial tasks or the 
existence of nonspatial correlates of pyramidal neurons does not negate the 
claim of a strong bias by the hippocampus to code contextual information 
within a spatial reference frame. On the other hand, the existence of place 
fields does not prove that the hippocampus processes only spatial information. 
Rather, it is suggested that when discussing place cell results, it remains appro
priate to refer to hippocampal processing in terms of its analysis of the spatial 
context. We must be ready, however, to address the issue of how this spatial 
context analysis reflects more generally on our understanding of the role of 
the hippocampus in processing context information. 

A second challenge is to understand the relationship between hippocampal 
context processing, and more specifically place field properties, and the behav
ioral expression of learning. As described earlier, many past attempts to provide 
a functional interpretation of place fields have been conducted with tasks that 
do not require hippocampal processing. A significant advance toward making 
the connection between place fields and context discrimination is the finding 
that place fields develop context-specific characteristics only when animals are 
explicitly trained to distinguish contexts, and not when animals are trained on 
the same maze but not required to distinguish contexts (Smith and Mizumori, 
in press). 

Although it is expected that place fields will be found regardless of the task, 
details of place field characteristics may vary as a function of the task demand. 
These details included variations in the rate code (e.g., place field specificity, 
in-field firing rates, and place field reliability) and/or changes in the temporal 
dimensions of place fields (e.g., temporal coherence, correlations with different 
phases of the ongoing EEG, and spike-timing-dependent plasticity). Given the 
hypothesis that the outcome of context discrimination by the hippocampus 
informs a larger neural network responsible for episodic learning and memory, 
future research needs to focus on the consequences of changes in place field 
characteristics for processing by extended, yet connected, neural circuitry. 
Using the hippocampal-prefrontal circuit as a model, recent new work has 
demonstrated that indeed changes in place field properties impacts the relation
ship between the hippocampus and connected efferent structures (Siapas et al., 
2005). 

A third issue that requires attention relates to the attempts to establish a 
direct link between episodic learning and memory (as defined most recently 
by Tulving, 2002) and the behavioral performance of rats during place cell 
recordings. Tulving refers to episodic processing in terms of the learning of 
significant events that is revealed by the conscious recollection of relevant 
information. Place fields are referred to in terms of their representation of 
sensory and motor associations or in terms of an analysis of contextual features. 



180 Sherri J. Y. Mizumori et al. 

At first glance, there seems to be a fundamental difference in terms of the 
nature and level of processing being compared. Therefore, one may question 
whether it is even possible to understand the neurobiology of episodic learning 
and memory by studying hippocampal, in particular place cell, functions in 
rats and mice. Investigators have attempted to establish a potential link between 
place fields and episodic functions by operationalizing episodic processing into 
the components of the "when," "what," and "where" information that defines 
events (e.g., Ferbinteanu and Shapiro, 2003; Ergorul and Eichenbaum, 2004). 
It is likely that there will continue to be much discussion about the validity 
of this approach. Part of the discussion should address whether hippocampal 
context codes reflect or define events. 

A final issue here is the need to consider more fully the functional role of 
hippocampal interneurons in the overall mission of the hippocampus to evalu
ate changes in context. Interneuron codes may contribute movement-related 
information that acts to engage intrahippocampal neural networks that are 
involved in spatial context analyses. In this way, movement through space 
serves as a signal to evaluate context information within a spatial reference 
frame. It may also be the case that interneuron movement codes represent 
knowledge about context-specific behavioral responses, since the movement 
correlates of many (but not all) interneurons have been shown to change as 
the context (but not behavior) changes (Yeshenko et al., 2004). Clearly, under
standing the interneuron contribution will help us to better understand the 
information network within which place cells operate. 

V. CONCLUSIONS 

The initial trend in place field research was to define this most striking behav
ioral correlate of hippocampal neurons in terms of its sensory and movement-
related elements. This work gave us a rich and detailed view of the dynamic 
neural code that place fields represent. Based on this work, it has become clear 
that place fields do not reflect the mere detection of sensory stimuli and behav
ioral responses. Rather, they represent specific neural computations of spatial 
(geometric) relationships among environmental cues (e.g., O'Keefe and Burgess, 
1996a; Hetherington and Shapiro, 1997), velocity and acceleration (McNaugh-
ton et al., 1983a), and environment-specific directional heading (e.g., Markus 
et al., 1994; Leutgeb et al., 2000). A number of more recent studies have 
attempted to determine how these spatial representations contribute to the vital 
role that the hippocampus is known to play in learning and memory. An 
emerging view is that place cells represent contextual information: For a given 
situation, some place cells encode information about the current context, while 
other place cells may code the memory-driven expectation of relevant contex
tual features. In this way, the hippocampus could engage in a match-mismatch 
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comparison to determine the extent to which a given context has changed. 
The output of such a computation could be used to define events for a larger 
neural system responsible for episodic learning and memory. 
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