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Learning-Related Development of Context-Specific Neuronal
Responses to Places and Events: The Hippocampal Role in
Context Processing

David M. Smith and Sheri J. Y. Mizumori
Department of Psychology, University of Washington, Seattle, Washington 98195

Contextual information plays a key role in learning and memory. Learned information becomes associated with the context such that the
context can cue the relevant memories and behaviors. An extensive literature involving experimental brain lesions has implicated the
hippocampus in context processing. However, the neurophysiological mechanisms of context coding are not known. Although “context”
has typically been defined in terms of the background cues, recent studies indicate that hippocampal neurons are sensitive to subtle
changes in task demands, even in an unchanging environment. Thus, the context may also include non-environmental features of a
learning situation. In the present study, hippocampal neuronal activity was recorded while rats learned to approach different reward
locations in two contexts. Because all of the training took place in the same environment, the contexts were defined by the task demands
rather than by environmental stimuli. Learning to differentiate two such contexts was associated with the development of highly context-
specific neuronal firing patterns. These included different place fields in pyramidal neurons and different event (e.g., reward) responses
in pyramidal and interneurons. The differential firing patterns did not develop in a control condition that did not involve a context
manipulation. The context-specific firing patterns could modulate activity in extrahippocampal structures to prime context-appropriate
behavioral responses and memories. These results provide direct support for a context processing role of the hippocampus and suggest

that the hippocampus contributes contextual representations to episodic memories.
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Introduction

Contextual information plays a key role in learning and memory.
Learned information becomes associated with the context such
that recall is best when testing takes place in the learning context
(Godden and Baddely, 1975). The context primes relevant mem-
ories and serves as a cue that elicits conditioned responses (Blan-
chard and Blanchard, 1972; Balaz et al., 1980; Fanselow, 1986).
An extensive literature involving brain lesions has implicated the
hippocampus in context processing (for review, see Myers and
Gluck, 1994; Anagnostaras et al., 2001; Maren, 2001). For exam-
ple, hippocampal lesions impair conditioned fear responses to
contextual stimuli (Kim and Fanselow, 1992; Phillips and Le-
Doux, 1992), and lesions of the hippocampus or entorhinal cor-
tex render subjects insensitive to changes in the context (Penick
and Solomon, 1991; Freeman et al., 1997). Also, subjects with
fornix lesions were severely impaired in learning two different
discrimination tasks that were trained in different contexts
(Smith et al., 2004). In the same subjects, context-specific neuro-
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nal firing patterns were degraded in structures receiving hip-
pocampal input via the fornix (anterior thalamus and cingulate
cortex). These findings suggested that the hippocampus gener-
ates a unique context code that modulates processing in down-
stream structures. However, the neurophysiological mechanisms
of context coding are not known.

Previous studies have defined “context” in terms of the static
background cues. However, recent findings indicate that subtle
changes in task demands are associated with remarkable alter-
ations of the spatial firing patterns [i.e., place fields (O’Keefe and
Dostrovsky, 1971)] of hippocampal pyramidal neurons, al-
though the spatial environment was unchanged (Markus et al.,
1995; Skaggs and McNaughton, 1998; Wood et al., 2000; Song et
al., 2005). To the extent that such spatial firing is part of a context
code (Nadel et al., 1985; Mizumori et al., 1999), these results
suggest that hippocampal neurons differentially encode contexts
that differ only in terms of the situational demands. Therefore,
any definition of context, as it relates to hippocampal function,
should also incorporate non-environmental task features.

Thus far, the relevance of these firing patterns to contextual
learning has not been demonstrated. The present study was de-
signed to explicitly test whether context-specific firing patterns
develop when subjects learn to discriminate contexts. Hip-
pocampal neurons were recorded while rats learned to retrieve
rewards from two different locations in the same environment.
Thus, the two contexts were defined by the reward location rather
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than by the environment. Each context was a distinct situation
that required subjects to remember and approach a different re-
ward location. If hippocampal neurons are involved in context
processing, then context-specific neuronal responses should de-
velop only when subjects learn to discriminate the two contexts
and not in a control condition that does not involve a context
manipulation.

Hippocampal interneurons are widely thought to code ego-
centric movement information (Feder and Ranck, 1973). It is not
known whether these neurons play a role in context processing.
However, interneurons respond to task-relevant stimuli (Wiebe
and Staubli, 2001), suggesting an involvement in the mnemonic
functions of the hippocampus. Thus, interneuron responses were
also examined to determine whether context-specific firing de-
velops during learning.

Materials and Methods

Subjects and surgical procedures. The subjects were 14 food-restricted
(80—85% of free-feeding weight) adult male Long—Evans rats (Simonsen
Laboratories, Gilroy, CA). Movable stereotrode recording electrodes,
fabricated by twisting together two 25 um lacquer-coated tungsten wires
(McNaughton et al., 1983a), were stereotaxically positioned just above
the CAL field of the hippocampus (2.5—-4.5 mm posterior to bregma, 2.5
mm lateral, and 1.7 mm ventral). The rats were anesthetized with sodium
pentobarbital (40 mg/kg). They were also given atropine sulfate (0.2
mg/kg) to prevent respiratory congestion, an antibiotic (5 mg/kg Bay-
tril), and an analgesic (5 mg/kg Ketofen). All procedures complied with
guidelines established by the University of Washington Animal Care and
Use Committee.

Behavioral training. It was reasoned that if the rats were required to
perform different responses in two contexts that contained few distin-
guishing features, they would be forced to rely on internal context rep-
resentations. Therefore, rats were trained to retrieve rewards (two drops
of chocolate milk) from one location on a plus maze during the first half
of each training session and from a different location in the same envi-
ronment during the second half of the sessions. The two session halves
constituted separate contexts, which were defined by the task demands
rather than the background stimuli. The environment and the specific
motor behaviors (e.g., locomotion, right and left turns) were equivalent
across contexts. Thus, any differential firing patterns in the two contexts
cannot be attributed to these factors.

The maze occupied a circular area, enclosed by curtains, with objects
placed around the perimeter to serve as visual cues (for details, see Yesh-
enko et al., 2004). Trials began when the rats were placed on the maze
facing outward at the end of an arm and ended when the rat arrived at the
reward. During an intertrial interval (ITI) of ~60 s, the rats were placed
on a platform adjacent to the maze. The position of the ITI platform was
constant throughout training.

Before beginning regular training sessions, the rats were given a pre-
liminary training session during which baseline neuronal and behavioral
data were collected. During this session, the rats started each trial on a
randomly designated arm and searched for rewards located on a different
randomly designated arm. The rats were given two blocks of 10 training
trials, separated by 30 s of darkness. The training procedures and behav-
ioral requirements did not differ between the two blocks of trials. These
random reward sessions served as a control condition that did not have a
context manipulation.

After the random reward session, the rats were given daily training
sessions consisting of two blocks of 15 trials each. During the first block
of every training session, the reward was always placed at the end of the
east arm. During the second block, the reward was always placed at the
end of the west arm. The start positions for each trial were randomly
designated from among the three nonreward arms. The two blocks were
separated by 30 s of darkness to cue the rats that the second block was
about to begin. Training continued with the same two reward locations
presented each day until the rats attained a behavioral criterion of at least
75% correct choices. After achieving this criterion, the rats were given
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2-10 additional training sessions for the collection of neuronal data dur-
ing asymptotic performance.

Data collection and analysis. Neuronal spike data and video data were
collected with the Cheetah Data Acquisition System (Neuralynx, Tucson,
AZ). Before training, the recording probes were lowered in 40 wm incre-
ments until isolatable units were encountered. The electrodes were ad-
vanced to obtain new units when records were lost. The electrodes were
also advanced to obtain new units between asymptotic performance ses-
sions to improve the yield. Signals from the electrodes were amplified
3000-10,000 times, filtered at 600 Hz and 6 kHz, and digitized. All wave-
forms exceeding a user-defined threshold were stored to disk along with
their time of occurrence for off-line analysis. Standard spike-sorting
techniques were used to separate the multiunit records into component
single units (MClust; A. D. Redish, University of Minnesota, Minneapo-
lis, MN). Waveform features used for sorting included spike amplitude,
spike width, waveform principle components, and waveform area. Ad-
ditional template-matching algorithms were used to facilitate sorting.
The rat’s position and direction of travel were monitored by digitized
video (sampled at 20 Hz) of a light-emitting diode array attached to the
rats head. Video data were also used to establish the time of the trial start,
arrival at the reward, and return to the ITI platform after each trial.

Units with spike widths >270 s were classified as pyramidal neurons,
and units with spike widths <270 us were classified as interneurons. An
additional firing frequency criteria (>3 Hz) was established to help ex-
clude pyramidal neurons, which are known to exhibit event-related re-
sponses, from the analyses of interneuron event responses. The mean
spike widths and firing frequencies were 328 us and 2.2 Hz for pyramidal
neurons and 176 us and 15.0 Hz for interneurons.

To examine the spatial firing patterns of the neurons, the firing fre-
quencies (number of spikes divided by time in the pixel) were binned
into pixels (2.8 X 2.8 cm) according to the position of the rat. The firing
frequency data were smoothed by replacing the frequency in each pixel
with the weighted average of the 3 X 3 array of pixels in which it was
centered.

Pyramidal neurons were classified as having a place field if they (1)
fired in at least four adjacent pixels but less than half of the maze area, (2)
had a within-field firing rate at least twice that of the firing rate outside
the field, and (3) fired during >50% of the passes through the field. To
assess event-related firing, perievent time histograms (100 ms bins) were
constructed with the data centered on the arrival at the reward location,
the start of training trials, and the return to the ITI platform after training
trials. Separate histograms were constructed for the two blocks of trials
within each session. The firing frequencies of the 10 preevent bins were
compared with the 10 postevent bins using the Wilcoxon signed rank
test. Neurons with a significant ( p < 0.05) difference between preevent
and postevent firing rates were classified as having an event response.

The firing of many hippocampal interneurons is correlated with the
rats’ velocity such that apparent event responses could be attributable to
changes in locomotion occurring at the time of events (e.g., trial start or
arrival at the reward). To eliminate this possibility, interneurons (n = 25)
with velocity-related firing that could have accounted for observed event
responses were excluded from the analyses.

The data of all of the neurons that exhibited event responses were
further analyzed to detect differences in event-related neuronal firing
across the two blocks of each training session. For these analyses, the values in
the histograms were normalized (z-transformation) using the mean and SD
of the firing rate recorded for 5 s before the event. Thus, the firing rate data
were expressed in standard units of change from the preevent baseline. The
10 postevent bins (1 s) of the first block were then compared with 10
postevent bins of the second block.

After classification of the neurons with regard to their responses, the
data were analyzed to determine whether context-specific firing devel-
oped during learning. In the case of neurons that had place fields, sepa-
rate firing rate maps were constructed for the first and second blocks of
each training session, and a pixel by pixel correlation coefficient (Pear-
son’s r) of the firing rates was computed. Only the pixels visited in both
blocks were used. The correlation coefficients served as a measure of the
similarity of the spatial firing patterns across the two blocks of trials. The
correlation coefficients of neurons recorded during the random reward
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session were compared with the coefficients of neurons recorded during
asymptotic performance with ANOVA. To assess the development of
context-specific event responses, the numbers of neurons with event
responses that differed across the two blocks during the random reward
session and during asymptotic performance were submitted to x>
analysis.

Results

Behavior

The rats achieved the performance criterion in an average of 6.7
sessions. During postcriterial asymptotic performance sessions,
the rats correctly chose the appropriate goal arm (with no erro-
neous entries onto nonrewarded arms) on 79.1% of the trials.
This level of performance was significantly greater than chance
performance of 33.3% (t,3) = 33.54; p < 0.001). Performance
during the random reward session did not differ from chance
(35.7% correct; 15y = 1.01; p < 0.35).

Spatial firing patterns

Hippocampal pyramidal neurons developed highly differenti-
ated spatial firing patterns in the two contexts (Fig. 1). Four hun-
dred eleven pyramidal neurons were recorded, 105 during the
random reward session and 306 during asymptotic performance.
Thirty four and 120 of the neurons recorded during the random
reward session and asymptotic performance, respectively, exhib-
ited place fields. Pixel by pixel correlations reflecting the similar-
ity of the spatial firing patterns across the two blocks of the train-
ing session were submitted to ANOVA, which indicated that the
correlations were significantly reduced during asymptotic per-
formance relative to the random reward session (F(, ;55 = 7.51;
p < 0.01). Thus, spatial firing became more distinct in the two
contexts after learning.

Some neurons (n = 11) exhibited place fields that were de-
pendent on complex conjunctions of events, such as a place field
that was exhibited only when the rat arrived at the field from a
particular start arm. It is not clear whether these place fields were
controlled by the subject’s current position relative to a particular
start and goal location (i.e., relational coding), the specific trajec-
tory or path taken by the subject (trajectory coding), or whether
they fired in relation to previous or intended future actions (pro-
spective and retrospective coding) (Frank et al., 2000; Wood et
al., 2000; Ferbinteanu and Shapiro, 2003). In any case, the current
results indicated that even these complex firing patterns were
specific to a particular context. Figure 2 illustrates neuronal firing
in response to the conjunction of a location and start position in
one context and a different location and start position in the
other context. A second example is illustrated in Figure 5B, in
which the neuron reliably fired in response to the reward when-
ever the rat had come from the west start arm. This firing was
present in one context but not the other. Nine neurons exhibited
context-specific responses that depended on complex conjunc-
tions of places and events. Two neurons exhibited complex re-
sponses that did not differ across contexts.

Because the rats of the present study approached different
reward locations, the paths they took and their direction of travel
differed in the two contexts. Both the direction of travel and the
specific path followed by the rats have been shown to influence
the spatial firing of hippocampal neurons (McNaughton et al.,
1983Db; Frank et al., 2000). Most of the spatial and event responses
observed here were not specific to a particular start position and
therefore could not have been modulated by the path of the rat.
However, as described above, some neurons did fire only when
the rat arrived at the field from a specific start position. The fact
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that these neurons could exhibit different start-specific responses
in the two contexts (Fig. 2) suggests that the responses were mod-
ulated by the context rather than the path taken by the rat.

Possible directional influences were examined by comparing
neuronal firing during passes through the fields in one context to
firing during passes through the same region in the same direc-
tion in the other context. In cases involving 110 of the 120 neu-
rons (139 place fields), the rats traversed the fields in the same
direction in both contexts, because either the field was on a part of
the maze that was traversed in the same direction in both contexts
(e.g., the north or south arms) or the rat made errors in one
context that involved passing through the field in the same direc-
tion as the other context. During asymptotic performance, the
firing frequency was significantly greater during passes through
the fields in one context than during passes through the same
region in the same direction in the other context (paired  test,
tssy) = 9.98; p < 0.001). Thus, the spatial firing was highly dif-
ferentiated in the two contexts even when the analysis controlled
for the rat’s direction of travel. Consistent with this, recent find-
ings from our laboratory indicate that hippocampal neurons ex-
hibit context-specific firing, depending on the problem-solving
strategy, even when the rats traversed the same path in the same
direction (Yeshenko et al., 2001).

Studies have shown that a reward can serve as a particularly
salient orienting cue and that moving the reward location causes
place fields to migrate toward the new reward location (Breese et
al., 1989; Hollup et al., 2001; Kobayashi et al., 2003) (but see
Speakman and O’Keefe, 1990). Other studies have shown that
place fields can exhibit “path equivalence,” wherein they fire in
the same relative location along a path (e.g., inbound run, right
turn, outbound run), even when the paths do not traverse the
same region of space (Frank et al., 2000). In the present study,
the equivalent paths are 180° apart (e.g., the right turns toward
the east arm are 180° from the right turns toward the west arm).
Thus, both of these explanations (reorienting and path equiva-
lence) would predict that the place fields recorded in the two
contexts would be 180° apart. Analysis of the cross-block corre-
lations computed after rotating the data of the second block 180°
indicated that, rather than improving the correlations, as would
be expected if the fields had reoriented to the new reward location
or followed equivalent paths, the correlations decreased signifi-
cantly after the rotation (paired t test, t,3,) = 7.23; p < 0.01). In
a small number of cases (9 of the 120 neurons with place fields),
the correlation scores improved substantially (i.e., by >0.2) after
the rotation. However, it is not clear whether these cases repre-
sent realignment of the place fields or whether the fields were
~180° apart in the two contexts simply as a result of chance.

Event-related responses of pyramidal neurons

Pyramidal neurons developed robust context-specific responses
to task-relevant stimuli and events, including the reward, the start
of training trials, and the arrival at the ITI platform after trials
(Fig. 3). The numbers and percentages of neurons that exhibited
various kinds of responses are given in Table 1. The percentage of
neurons exhibiting a context-specific reward response increased
significantly after training (x*, = 12.68; p < 0.001). Similar
training-related increases were found in the percentage of neu-
rons with context-specific ITI responses (x* ;) = 7.79; p < 0.01).
Neurons also exhibited context-specific trial start responses.
However, the analyses did not detect a training-related change in
the percentage of neurons with these responses (5.2% during
asymptotic performance compared with 2.9% during the ran-
dom reward session; Xz(l) =0.93; p < 0.34).
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Random Reward Context A Context B

Asymptotic Performance
Context A Context B

Figure 2.  Contour plots illustrating the spatial firing patterns of a neuron that exhibited
responses to complex conjunctions of locations and events. The neuron exhibited a place field
onthe eastarm during performance in context A and afield on the westarmin context B (4). The
same data are shown in separate firing rate maps for trials that started from the north (B),
opposite (€), and south (D) arms. The firing on the east arm in context A occurred primarily on
trials that started from the south arm. The firing on the west arm in context B occurred primarily
on trials that started on the east arm, opposite the reward.

Many pyramidal neurons exhibited different kinds of re-
sponses in the two contexts. Figure 4 illustrates the firing of a
neuron that exhibited an event (ITI) response in context A and a
place field in context B. During asymptotic performance, 44 neu-
rons exhibited both spatial- and event-related responses, with
one or both being context specific. These results are consistent
with previous findings of different kinds of responses when sub-
jects perform different tasks in the same environment (Eichen-
baum and Cohen, 1988). The current results indicate that differ-
ent kinds of responses can emerge even when subjects perform
similar behaviors if the contextual demands are different.

<«

Figure1.  Contour plotsillustrating the spatial firing patterns during the random reward and
asymptotic performance sessions. The regions of the maze visited by the rat are outlined in
white. Thefiring rates are illustrated by the height and color of the contour peaks, with the scale
indicated for each neuron. A and Billustrate the firing patterns of two neurons recorded during
the first and second halves of the random reward session (Block 1 and Block 2). For each trial,
rewards were placed at the end of randomly designated arms, and the rat started at one of the
three nonrewarded arms. (—Fillustrate the context-specific firing patterns of neurons recorded
during asymptotic performance. Each pair of plots illustrates neuronal firing during the first half

2 efore fter of the session (Context A), when the reward was always placed on the east arm, and during the
04 1.0

1

0

8

)

4 mance (C—F). Spike waveform overlays showing both wires of the stereotrodes recorded during
each half session, and pixel by pixel spatial correlation coefficients () are given for each pair of
plots. Gillustrates the distribution of spatial correlation scores for all of the neurons that exhib-

ited place fields before and after learning.

Neurons
Neurons

l | second half (Context B), when the reward was always placed on the west arm. The firing

patterns were similar across the two blocks of trials of the random reward session (4, B), but
they were markedly different in the two blocks of trials (contexts) during asymptotic perfor-
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Event-related responses of hippocampal interneurons
Putative hippocampal interneurons also developed context-
specific responses to task-relevant stimuli (Fig. 3F, G, Table 1).
One hundred twenty putative interneurons were included in the
analysis, 44 during the random reward session and 76 during
asymptotic performance. The percentage of interneurons exhib-
iting a context-specific reward response was significantly in-
creased after training (x*(;, = 7.16; p < 0.01). Because interneu-
rons with firing related to the rats’ velocity were eliminated from
the analysis (see Materials and Methods), the event-related firing
of these neurons cannot be accounted for by changes in the rats’
locomotion. Interneurons also exhibited context-specific re-
sponses at the start of training trials and when subjects were
returned to the ITI platform after training trials during asymp-
totic performance. However, the percentages of neurons with
these responses did not change significantly with training.

Spatial and reward response classification

Neuronal records were inspected to ensure that spatial firing was
not mistakenly classified as a reward response and vice versa.
Responses were classified as reward responses if they were time
locked to the reward and if they did not occur in the same location
when there was no reward. Otherwise, they were classified as
spatial responses. Post hoc examination of the records of the neu-
rons with reward responses suggested that the responses were
correctly classified.

One possible source of misclassification was if the rat passed
through a place field, or a spatial region of elevated firing in the
case of interneurons (Kubie et al., 1990), that happened to be on
the distal part of the goal arm. This would cause firing immedi-
ately before the rat’s arrival at the reward. However, elevated
firing (i.e., >60% of the maximum firing rate) on the distal half of
the goal arm was observed in only 12 of 78 (15%) cases for pyra-
midal neurons and 5 of 24 (21%) cases for interneurons.

A second possibility was the presence of a place field, or region
of elevated interneuron firing, positioned precisely at the reward
location at the end of the arm, which would cause firing imme-
diately on the rat’s arrival at the reward location. To address this,
neuronal firing at the reward was compared with firing when the
rat was in the same location and facing the same direction when
there was no reward (i.e., at the start of trials on the same arm in
the other context). For example, firing at the time of the reward in
context A, when the reward was on the east arm, was compared
with firing at the time the rat was placed on the maze at the end of
the east arm during the start of trials in context B. The responses
were significantly greater at the time of the reward than during

<«

Figure 3.  Perievent time histograms illustrating event-related firing of individual neurons
recorded during asymptotic performance. For each plot, the firing was summed across the 15
trials of each training block (context), with raster displays illustrating the trial-by-trial neuronal
firing (1 row of tick marks per trial). Twenty seconds of data are shown, from 10 s before to 10's
after the event. To focus the analysis on firing that was time locked to the event, the analyses
were restricted to 1s before and after the event. Examples of pyramidal neuron responses at the
time of the reward (A, B), the start of training trials (C), and arrival at the IT| platform after
training trials (D, E) are shown. Histogram Cillustrates a similar response in the two contexts. In
each of the remaining plots, the firing patterns during the first half of the session (Context A),
when the reward was always placed on the east arm, were markedly different from firing during
the second half (Context B), when the reward was always placed on the west arm. Histograms
illustrating interneuron firing at the time of the reward and the [Tl are shownin Fand G. In F, the
neuron exhibited a significant decrease in firing rate after the reward in context A but a signif-
icantincrease in context B. In G, the neuron exhibited a significant decrease in firing rate at the
time of the [Tl in context B but not in context A.
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Table 1. The numbers of neurons (and percentages of the total) that exhibited different kinds of responses are given for pyramidal neurons and interneurons

Nonspecific Context-specific Nonspecific Context-specific
Place fields reward responses reward responses Tl responses [Tl responses Multiple responses None Total
Pyramidal neurons
Random reward 34 (32.4%) 16 (15.2%) 7(6.7%) 22 (21.0%) 8 (7.6%) 22 4t (21.0%) 44 (41.9%) 105
Asymptote 120 (39.2%) 33(10.8%) 68 (22.2%)* 43 (14.1%) 59 (19.3%)* 98 201 (32.0%)* 101 (33.0%) 306
Interneurons
Random reward 7 (15.9%) 4(9.1%) 12 (27.3%) 11 (25.0%) 6 (13.6%) 16 (36.4%) 44
Asymptote 23 (30.3%) 23 (30.3%)* 25 (32.9%) 16 (21.1%) 30 (39.5%)* 19 (25.0%) 76

Because the measure of context specificity of the place fields (spatial correlation coefficient) was continuous rather than categorical, neurons were not classified as to whether they exhibited a context-specific place field or not (for distribution
of correlation coefficients, see Fig.16). Event responses and contextual differences in the responses were identified using categorical statistical tests (see Materials and Methods). They could therefore be objectively classified as to whether
they exhibited a context-specific response or not, and the numbers of neurons with context-specific and noncontext-specific event responses are tabulated separately. The numbers of neurons and percentages do not sum to the total because
some neurons exhibited more than one type of response (Multiple responses). The numbers of pyramidal neurons that exhibited all three kinds of responses (place fields, reward, and ITI responses) are given separately (t). The numbers of
neurons that did not exhibit any of these responses are also given (None). Percentages of neurons that were significantly different from the random reward session are indicated (*). Trial start responses did not develop with contextual

learning, so those responses were not tabulated.

Context B

Context A

R ety 10 R
R T N RL FER F AR S |
10 -10 -5 0 5 10

ITI ITI

Figure4.  Context-specific spatial- and event-related firing patterns of the same neuron. The
neuron exhibited a place field during context B and a response hefore being returned to the ITI
platform during context A.

the start of trials in the same location (pyramidal neurons, o, =
3.31, p < 0.001; interneurons, t o) = 4.12, p < 0.001]). Thus, the
context-specific reward responses could not have occurred sim-
ply because the neurons fired in a spatial location that coincided
with the reward location in one context but not the other.

Context-invariant neuronal responses

Consistent with previous findings (Mizumori et al., 1999), some
neurons exhibited response patterns that did not differ in the two
contexts (Fig. 3C). The distribution of the spatial correlation co-
efficients was heavily skewed toward the lower values after learn-
ing (Fig. 1G), indicating that most of the pyramidal neurons ex-
hibited highly differentiated spatial firing patterns in the two
contexts. Nevertheless, some neurons (n = 20; 16.7%) exhibited
similar place fields in the two contexts, as indicated by spatial
correlation scores between 0.45 and 0.92. Similarly, some pyra-
midal neurons exhibited the same reward (10.8%), ITT (14.1%),
and trial start (8.5%) responses in both contexts during asymp-
totic performance. These percentages did not differ from those
observed during the random reward session.

It has been proposed that the hippocampus performs an on-
going comparison of the current context with the memory rep-
resentation of that context (Mizumori et al., 1999, 2001). This
comparative function requires the convergence of information
about altered and invariant features of the environment, which is

reflected in the neuronal response patterns observed here. In the
present study, the majority of the responses were context specific.
After learning, 67% of the neurons with reward responses and
58% of the neurons with ITI responses exhibited context speci-
ficity. Approximately 83% of the neurons with place fields had
spatial correlation scores below 0.45 (Fig. 1G), suggesting that
their responses were also context specific.

Learning-related development of context-specific

neuronal responses

Importantly, context-specific spatial- and event-related re-
sponses developed only when the rats were given training in the
two contexts. As discussed above, neuronal populations exhib-
ited context-specific responses after training but not during the
random reward session. As an additional control, three rats were
given two to five additional random reward sessions before be-
ginning context training. These sessions allowed for neuronal
recording during repeated training sessions without the context
manipulation. Significant block differences in the place fields and
event responses did not develop during these sessions. For exam-
ple, the average spatial correlation coefficients of pyramidal neu-
rons recorded after repeated random reward sessions did not
differ from those of neurons recorded during the initial random
reward session (F(, ,5) = 2.06; p < 0.17). The percentage of neu-
rons with block-specific reward responses also did not change
with repeated random reward sessions (6.9% after repeated ses-
sions compared with 6.1% during the initial session; %}, = 0.03;
p < 0.34). Similarly, the reward responses of interneurons did not
develop block specificity with repeated random reward sessions
(8.3% after repeated sessions compared with 9.4% during the
initial session; x*;, = 0.01; p < 0.92). The number of neurons
with block-specific responses to the start of training trials and the
ITI were insufficient for analysis.

These results indicated that the development of context-
specific firing patterns could not be attributed to repeated expo-
sure to the training environment or to changes in arousal or
motivation over the course of training or during a given training
session. Interestingly, a recent study reported changes in place
fields after pavlovian fear conditioning (Moita et al., 2004). How-
ever, the extreme changes in anxiety or arousal that occur with
fear conditioning could not be ruled out as a causative factor in
the altered spatial firing.

If the observed neuronal response patterns were related to
contextual learning, then the responses should be stable across
repeated asymptotic performance sessions. The number of neu-
ronal records with waveforms that were unambiguously the same
across successive days was small. Nevertheless, the available data
were consistent with the contextual learning interpretation pro-
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Figure 5.  Spatial- and event-related firing across training sessions. The context-specific

spatial (A), reward (B), and ITI (C) related firing patterns of three neurons recorded during
asymptotic performance are shown. In 4, context-specific spatial firing patterns were main-
tained throughout 4 consecutive days of recording. In B and C, the reward and ITI responses
present in context A were maintained across successive days. The neuron in B did not fire on all
15of the trials of context A because it fired only when the rat arrived at the reward from the west
startarm.
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posed here. Figure 5 illustrates three neuronal records that were
maintained across multiple days of asymptotic performance. The
spatial- and event-related responses of these neurons were quite
consistent across sessions.

Discussion

Hippocampal neurons developed highly differentiated firing pat-
terns when rats learned to discriminate contexts that differed
only in terms of the required approach response. Thus, hip-
pocampal context processing is not limited to background stim-
uli but is also sensitive to the behavioral and mnemonic demands
of the task. The context-specific neuronal responses developed
only when subjects were exposed to the context manipulation
and not in the random reward control condition. Therefore, the
differential firing patterns were unambiguously associated with
learning about the two contexts and their differing demands.
These results support context processing accounts of hippocam-
pal function (Hirsh, 1974; Nadel et al., 1985; Penick and So-
lomon, 1991; Kim and Fanselow, 1992; Phillips and LeDoux,
1992; Mizumori et al., 1999, 2001; Smith et al., 2004).

The place fields of pyramidal neurons were markedly different
in the two contexts. Pyramidal neurons and interneurons also
exhibited context-specific responses to task events, including the
reward and the subject’s return to the ITI platform after training
trials. The reward responses may reflect mnemonic processing of
the reward and its location, whereas the ITI responses may be
related to memory for the reward locations on upcoming (or
previous) trials. Neuronal responses to task stimuli have been
reported previously (Eichenbaum et al., 1987; Kang and Gabriel,
1998; Moita et al., 2003). The present results suggest that this
information is encoded within a framework defined by the
context.

Hippocampal interneurons have typically been studied in
terms of their contribution to the theta rhythm and their coding
of movement information (Feder and Ranck, 1973; Buzsaki et al.,
1983). The present results indicate that, like pyramidal neurons,
interneurons are highly sensitive to the context. Contextual mod-
ulation of interneuron firing could be achieved via direct control
by pyramidal neurons (Marshall et al., 2002) or by cortical input
(Amaral and Witter, 1989). Interplay between pyramidal neu-
rons and interneurons (Csicsvari et al., 1999; Megias et al., 2001)
likely contributes to the development of context-specific neural
codes. Therefore, as argued recently (Leutgeb et al., 2000), hip-
pocampal interneurons code more than general movement in-
formation and may contribute context-specific information to a
larger population code that facilitates context learning.

The functional significance of hippocampal context coding

The firing patterns of the hippocampal neuronal population were
unique to each context and could therefore serve as neural codes
for the context. These context codes are highly sensitive to the
spatial geometry of the environment (Muller and Kubie, 1987;
O’Keefe and Burgess, 1996; Mizumori et al., 1999). Hippocampal
context coding is also sensitive to the nongeometric features of
the environment, such as colors or odors (Anderson and Jeffery,
2003; Hayman et al., 2003). The present results extend the idea of
hippocampal context coding to incorporate task requirements.
Another study found that the problem-solving strategy used by
the subjects influences hippocampal coding (Yeshenko et al.,
2001). Recently, the hippocampus was implicated in matching
behavioral responses to the subjects’ motivational state (Kennedy
and Shapiro, 2004), suggesting that contexts are also differenti-
ated on the basis of motivational state. The present study manip-
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ulated the reward location, but the previous findings suggest that
manipulation of any feature that subjects could use to distinguish
the contexts would have produced similar results.

The context processing account of hippocampal function ex-
plains why subtle changes in task characteristics are associated
with reorganization of the spatial firing patterns, although the
environment was unchanged (Markus et al., 1995; Skaggs and
McNaughton, 1998; Wood et al., 2000; Yeshenko et al., 2001).
That is, subjects perceived the changes in task demands as a shift
in the context. This account predicts that hippocampal place
fields will undergo reorganization whenever the learning situa-
tion changes sufficiently that subjects need to differentiate the
new context from the previous. Thus, insofar as hippocampal
function is concerned, context can be defined as any situation
that has a specific set of behavioral, mnemonic, or strategic de-
mands that must be distinguished from other situations that have
different demands.

The distinct context codes observed here could provide a crit-
ical means of defeating the interference that occurs when subjects
must distinguish similar contexts. One theoretical mechanism
for defeating interference that has been attributed to the hip-
pocampus is pattern separation, a process whereby similar inputs
lead to highly differentiated representations (McClelland et al.,
1995; Gilbert et al., 2001). Consistent with this idea, neurons in
the present study produced markedly different responses to the
same stimuli depending on the context.

Contextual information plays a critical role in memory re-
trieval. For example, exposure to the context primes the relevant
memories and behavioral responses (Hirsh, 1974; Baddely, 1987;
Wickens, 1987). When subjects return to a known context, the
hippocampal context code is expressed. The output of the context
code could modulate activity in extrahippocampal structures,
such as the striatum and the neocortex, so that retrieval of the
appropriate behavioral responses and memories is enhanced. For
example, the neuron in Figure 1 D fired on the north start arm in
context B but not in context A. The firing of this neuron and
others like it could prime the “right turn” response needed to
reach the goal location in context B. When these neurons do not
fire, the right turn response may be suppressed, whereas other
neurons presumably prime the left turn response appropriate to
context A. In this way, the hippocampus could bias the behavioral
expression systems of the brain (Mizumori et al., 2004). This idea
is supported by recent findings that fornix lesions impaired con-
text cued discrimination learning and disrupted the development
of context-specific neuronal response patterns in the cingulate
cortex and anterior thalamus (Smith et al., 2004).

Context and spatial navigation

The present findings raise the question of how the spatial and
context processing roles of the hippocampus are related. The
spatial layout of an environment is a critical feature of any con-
text, and several authors have used the term “spatial context” to
denote this relationship (Nadel et al., 1985; Mizumori et al., 1999;
Jeffery etal., 2004). However, the inclusion of spatial information
as part of the context may be dictated simply by the ubiquitous
nature of spatial information and the fact that the environment
typically provides a reliable means of differentiating one context
from another. However, the tight coupling of spatial and nonspa-
tial contextual information breaks down when the context is not
defined by spatial geometry. The present study was designed so
that the spatial layout remained constant while other features of
the context were manipulated. Under these circumstances, the
hippocampus generated spatial representations that were not
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controlled exclusively by spatial geometry. Rather, the place fields
depended on the context. Thus, spatial coding was subordinate to
context coding and is part of a broader context processing func-
tion of the hippocampus.

Context and episodic memory

The hippocampus has been widely implicated in episodic mem-
ory (Tulving and Markowitsch, 1998; Aggleton and Brown, 1999;
Eichenbaum and Cohen, 2001). Hippocampal neurons respond
preferentially to conjunctions of stimuli, such as the co-
occurrence of a conditional stimulus and a place (Wood et al.,
1999; Moita et al., 2003), and spatial firing can be contingent on
past or future actions (Frank et al., 2000; Wood et al., 2000;
Ferbinteanu and Shapiro, 2003). Findings such as these suggest
that hippocampal neurons encode the relations among stimuli in
the interest of episodic memory. Consistent with this idea, some
neurons (Fig. 2) responded selectively to the conjunction of a
particular place, start position, and goal position (Fig. 5B). Re-
markably, even these complex responses depended on the con-
text. Like spatial coding, conjunctive or relational coding was
subordinate to context coding.

The idea of context coding is quite compatible with episodic
memory accounts of hippocampal function, because episodic
memory necessarily involves encoding the context in which
events occur. However, the neuronal responses seen here may not
be sufficient for the encoding of some types of episodes. For
example, because rats readily distinguish one trial from another,
such as during alternation learning, they can presumably form
distinct episodic memories of individual trials. In the present
study, neurons typically responded quite reliably from one trial to
the next when subjects entered a place field or experienced an
event within a given context (Fig. 3, rasters). In contrast, the
neuronal responses were markedly different in the two contexts.
Thus, the neuronal responses did not differentiate single-trial
episodes as well as they differentiated contexts.

Hippocampal context coding results in a generic representa-
tion of a situation that subjects may revisit many times. In con-
trast, episodic memories explicitly distinguish each visit to a given
context as a discrete episode, distinct from all other visits. Be-
cause episodic memories incorporate the context in which they
occurred, context representations provide a necessary structure
for episodic memory. However, these representations are not
sufficient to distinguish one experience in a given context from
another. Therefore, episodic memory may be mediated by ex-
tended circuitry that includes, but is not limited to, the hip-
pocampus. Several authors have suggested that hippocampal
memory functions are mediated by circuitry involving the ento-
rhinal cortex, anterior thalamus, prefrontal cortex, and retrosple-
nial cortex (Aggleton and Brown, 1999; Eichenbaum, 2000; Su-
zuki and Eichenbaum, 2000; Smith et al., 2004; Wiltgen et al.,
2004; Siapas et al., 2005). The present results suggest that the
hippocampus contributes contextual information to a wider cir-
cuitry for the formation of episodic memories.
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