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Abstract

The hippocampus is thought to contribute to episodic memory in part by binding stimuli to their
spatiotemporal context. The present study examined how hippocampal neuronal populations encode
spatial and temporal context as rats performed a task in which they were required to remember the
order of trial-unique sequences of odors. The results suggest that a gradual change in the pattern of
hippocampal activity served as a temporal context for odor sampling events and was important for
successful subsequent memory for the order of those odors.

Episodic memory involves our capacity to bring to mind events in the context in which they
were experienced, including the order and the location in which they occurred (Tulving and
Madigan, 1970; Tulving, 2002). The hippocampus is essential for episodic memory and is
thought to be involved in binding stimuli to their spatiotemporal context, connecting the “what”
with the “where” and “when” of the memory (Morris, 2001; Eichenbaum, 2004). An abundance
of data indicates that hippocampal activity is strongly modulated by spatial context (Burgess
et al., 2001; Jeffrey et al., 2004), but little is known regarding how events are encoded in their
temporal context, that is, when they occur within an episode.

The present study assessed the influence of temporal as well as spatial cues on hippocampal
neuronal activity in rats performing a task in which they were required to remember the order
of trial-unique sequences of odors. Our hypothesis was that temporal cues—cues derived from
background information that gradually changes over time, including a sense of satiety or fatigue
as well as the accumulated residue of memories for recently experienced odor stimuli—could
lead to a representation of temporal context that would be particularly important to memory
for the order of ongoing events. According to this view, odor sampling events that occurred
close together in time would have been accompanied by similar temporal cues, whereas events
occurring farther apart in time would likely have been accompanied by dissimilar temporal
cues. To the extent that these temporal cues influence hippocampal neural populations as a
contextual signal, the similarities and differences in temporal context signals could organize
memories for the order in which the odors were encountered. Our results indicate that the
hippocampus had access to both a representation of the presented odors as well as a gradually-
changing representation that could function as temporal context. These findings suggest that
successful memory for order occurs when the odor stimuli are bound in a sequence by
association with their temporal context.
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Results and Discussion

On each trial, rats alternated between two sides of a testing enclosure as they sampled a unique
sequence of 5 odors (Figure 1). At subsequent test, rats were presented with arandomly selected
pair of non-adjacent sample odors and were rewarded for choosing the odor that had appeared
earlier in the sample phase. Across 19 recording sessions, each of 5 rats completed at least 19
trials and performed on average 78.6 percent correct (SEM = 1.7%). For odors separated at
study by 1, 2 and 3 intervening odors (adjacent study items were never presented together at
test), rats performed at 72.9 (£2.9), 82.4 (£2.9), and 76.8 (x3.5) percent correct, respectively
(mean + SEM, all pairwise comparisons, p >.1), indicating that rats generally remembered the
order of all items in the sequence. Unless specified otherwise, the following analyses
considered data from only trials that were performed correctly.

We first sought to verify our previous finding that hippocampal CA1 activity carries
information about the identity of the individual odors encountered during performance of a
memory task (Wood et al., 1999). We conducted an ensemble analysis on population vectors
constructed for each odor sampling event during the study phase of the experiment (see
Supplementary Material). To quantify the fidelity of odor representation in the hippocampal
ensembles, we conducted an analysis in which we sampled cells randomly across sessions and
attempted to reconstruct the identity of the odor presented. We measured the mutual
information between the actual odor sequence and the predicted odor sequence and found an
approximately linear relationship between the information transmitted about odor and the
number of cells (see Supplementary Figure 1). A linear extrapolation of this relationship
suggests that an ensemble of approximately 1000 cells could identify the odors as well as the
animals identified their order in the present task (i.e., at 78.6% correct). This estimate is
comparable in magnitude to previous estimates for odor coding in the orbital-frontal cortex
(Schoenbaum and Eichenbaum, 1995), a structure that receives prominent olfactory input.
These findings indicate that the hippocampus sparsely coded the odor cues used in each
sequence.

Next we addressed our primary hypotheses, that activity in the hippocampus during the
sampling of trial-unique sequences of odors might have been influenced by both spatial and
temporal cues and that the influence of temporal cues would be particularly important for
performance on the task. There were diverse potential sources for both types of cues. Available
spatial cues included prevalent visual stimuli surrounding the testing enclosure as well as
internal self motion cues and path integration cues. Potential temporal cues included increasing
fatigue and satiety, an internal sense of time passing, and lasting representations of recently
presented odors. We characterized the influence of both types of cues indirectly by asking
whether the activity of hippocampal cells changed as a function of the spatial location of the
animal and over elapsed time. Figure 2 shows for an example session the tendency of some
cells to exhibit a high degree of spatial specificity (“place fields”) as well as the tendency of
some cells to increase or decrease their firing rates over the course of the testing session.
Moreover, a substantial number of cells exhibited a combination of these properties as a change
(increase or decrease) in the infield firing rate over the course of the session (see Figure 2B).

To examine the influence of temporal cues, we asked whether odor sampling events that
occurred close together in time were represented more similarly to one another by ensemble
patterns of hippocampal activity as compared to sampling events that occurred farther apart in
time. Similarly, to quantify the influence of spatial cues during the period surrounding odor
sampling, we asked whether odor sampling events that occurred in the same location were
represented more similarly to one another by ensemble patterns of hippocampal activity as
compared to sampling events that occurred in different locations. We operationally defined
contextual representations as the activity of simultaneously recorded groups of neurons from
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1 sec before to 3 sec after onset of each sniffing event. We constructed N-dimensional
population vectors for each study event. The distance between two population vectors can be
thought of as a measure of the similarity (or dissimilarity) in the pattern of firing across two
odor sniffing events. We measured the distance between population vectors using Mahalanobis
distance, a standard multivariate measurement of distance. The Mahalanobis distance has
several properties that make it particularly useful for the present analyses. First, it scales the
components of the vectors such that cells with a high firing rate do not dominate the
measurement. Second, the Mahalanobis distance is sensitive to the correlational structure of
the data, such that it controls for redundancies between cells. To allow for fair comparisons
across sessions with different numbers of cells, we calculated a Distance Index by dividing the
Mahalanobis distance by two times the number of units recorded in that session. Thus, a lower
Distance Index represented more similar events, and a higher Distance Index represented less
similar events. We expected greater similarity of contextual population vectors between
sniffing events occurring in the same location as compared to different locations and between
sniffing events occurring close together in time as compared to events occurring farther apart
in time. Figure 2 shows several examples of the activity of recorded neurons taken from events
spread across one example session and includes the Distance Indices of ensemble contextual
representations between these events.

We first compared the similarities of contextual representations between odor sampling events
from across the entire session as a function of the number of trials separating the events. The
influence of spatial contextual cues was assessed by separately plotting comparisons involving
the same spatial position and comparisons involving different spatial positions. In this analysis,
both correct and incorrect trials were included due to the fact that incorrect responses occurred
on different trials for different sessions. The results are shown in Figure 3 and indicate the
influence on hippocampal ensemble representations for both spatial and temporal context. First,
the contextual representation was more similar for events that occurred in the same position
as compared to events that occurred in different positions (two way repeated-measures
ANOVA, effect of position: F(1,18) = 45.61, p < .001), reflecting the tendency of many
hippocampal neurons to show a high degree of spatial specificity. Second, the contextual
representation was more similar for events that occurred closer together in a session and was
more dissimilar for events that occurred farther apart (two-way repeated measure ANOVA,
effect of trial lag: F(1,18) = 6.49, p. <.001). The two way ANOVA revealed a significant
position by lag interaction (F(1,18)=7.72, p. <.001), suggesting that the effect of trial lag might
have been more robust for comparisons of events occurring in the same location. Nevertheless,
the effect of trial lag was still apparent when the analysis was repeated separately for
comparisons involving same locations (one way repeated-measures ANOVA, main effect of
lag: F(18,18) = 10.60, p <.001) and for comparisons involving different locations (F(18,18) =
2.91, p <.001). Thus, the results suggested that hippocampal activity reflected a contextual
representation that changed across the entire session.

We next assessed whether the change in contextual representation observed over the entire
session would also be apparent within individual trials. The task protocol allowed us to examine
the influence of spatial as well as temporal context on each trial (see Figure 1). In particular,
rats alternated between two spatial positions while sampling the five odors on each trial, and
thus temporally adjacent odors (lag = 1; e.g., A and B) as well as odors separated by two
intervening odors (lag = 3; e.g., A and D) appeared on opposite sides of the testing enclosure.
Odors separated by 1 (lag = 2) or 3 (lag = 4) intervening odors appeared on the same side of
the enclosure. Figure 4 shows examples of hippocampal activity from two trials and illustrates
the influence of temporal lag between events and the influence of spatial position. Figure 5
shows examples of hippocampal activity that changed within a trial for events occurring in the
same location. The question of interest was whether temporal cues would have an influence
on hippocampal activity in addition to the expected influence of spatial cues. Therefore, we
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separately compared the Distance Index of hippocampal ensemble representations at a lag of
1 (different positions) to that at a lag of 3 (different positions) and ensemble representations at
a lag of 2 (same position) to that a lag of 4 (same position).

Figure 6 shows the average Distance Indices of contextual representations associated with pairs
of odor sampling events associated with temporal lag and with location. The results were
plotted separately for trials on which the animal subsequently correctly identified the order of
odors and for those on which the animal subsequently incorrectly judged order. For correct
trials, sampling events that occurred closer together in the sequence were represented more
similarly than those farther apart, both for events that occurred in the same locations (lag 1 vs.
lag 3) and for events that occurred in different locations (lag 2 vs. lag 4). A 2X2 repeated
measures ANOVA revealed a main effect of location (same vs. different; F(1, 18) = 25.38, p
<.001) and temporal lag (lag 1 and lag 2 vs. lag 3 and lag 4; F(1, 18) = 15.57, p =.001). Thus,
both spatial and temporal cues had a significant influence on hippocampal activity when the
rats were encoding trial-unique sequences of odors. In contrast, for trials in which the animal
subsequently failed to remember the order of sample odors, a similar ANOVA revealed only
a main effect of location (F(1,18) = 19.53, p < .001) but no effect of temporal lag (F(1,18) =
0.18, p > .1). An additional post-hoc test directly comparing scores on correct versus incorrect
trials indicated that Distance Indices between short lags and long lags averaged across same
and different positions was greater for correct trials than for incorrect trials (t(18) = 2.25,p <.
05), suggesting that the temporal cues were especially important for subsequent memory for
temporal order. In contrast, the influence of spatial cues on hippocampal activity was present
on both correct and error trials.

The findings of a hippocampal ensemble representation of spatial and temporal context were
robust across analysis parameters and statistical measures. The same pattern of results were
obtained when measures other than the Mahalanobis distance were used to estimate similarities
of contextual representations. For instance, in another analysis, a measurement of similarity
between contextual representations for two sampling events was obtained by averaging the
differences in firing rates (calculated in terms of standard deviation) between the two events
for each pyramidal neuron in the session (although this analysis was based on a univariate
statistic, all 302 cells were included to perform an analysis that was parallel to the ensemble
analyses). Using this statistic, there was still a significant effect of trial lag (F(1,18) = 7.70,
p.<.001) and position (F(1,18) = 52.10, p < .001), as well as an interaction (F(1,18) = 19.17,
p. <.001) for the analysis considering data from across the entire session. For the within trial
analysis, there was still a main effect of lag (F(1,18) = 15.71, p=.001) and position (F(1,18) =
61.53, p<.001) for correct trials. For incorrect trials, there was an effect of position (F(1,18) =
57.40, p<.001) but not lag (F(1,18) = 0.09, p>.1). Further, the results obtained using
Mahalanobis distance for both the across session analysis and the within trial analysis were
not dependent on a particular time window. Indeed, similar, statistically significant results were
obtained using a variety of time widows around the sniffing event, including windows that
were both shorter and longer than the one reported here. One example is the result provided
below for the time window when the rat was sniffing the odor and retrieving and consuming
the food reward

We inspected the activity during the inter-stimulus intervals (3 seconds after onset of sniffing
to 13 seconds after onset of sniffing, during which behavior was uncontrolled). The pattern of
activity during this period showed the same kind of across-session changes in the pattern of
activity as we observed during the odor sampling period. Specifically, a two way repeated
measures ANOVA similar to that performed on the data shown in Figure 3 showed an effect
for the preceding stimulus of lag (F(1,18) = 15.48, p<.001), of spatial position (F(1,18) = 28.23,
p<.001) and an interaction of position and lag (F(1,18)=5.83, p<.001). These changes in activity
over the entire course of the session during the inter-trial interval are consistent with the idea
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that hippocampal activity is typically under the influence of a variety of general temporal cues.
In comparison to the across-trial effect, we did not observe a significant influence of temporal
context during the inter-trial interval that was apparent within a trial (F(1,18)=1.35, p =.26),
although the effect of location was still apparent (F(1,18) = 42.41, p<.001). Presumably this
time window was sufficiently removed from the actual odor sampling period for the odors and
other general features of the odor sampling event to exert an effect on activity that would have
been apparent on the data from within a trial.

The findings on temporal context representation do not seem to be explained by nonspecific
factors. We considered whether differences in running speed, running direction, and duration
of time spent in theta activity for each event could be a source of the temporal changes we
observed in the hippocampal activity during odor sampling. Figure 7 shows for sampling events
the mean theta duration (Fig. 7A), the mean running speed (Fig. 7B), and the mean running
direction (Fig. 7C). None of these factors accounted for our observations in the changing
ensemble patterns of firing rates. Theta duration and running direction did not differ between
correct and incorrect sampling events, across ordinal positions, or across trials (All ps >.1; see
caption for Figure 7). Although running speed for the —1 to + 3 sampling period decreased
slightly across ordinal positions (F(4,14)=4.97, p<.01) and across trials F(18,14)=2.61, p <.
01), the influence of temporal context was still readily apparent when we reanalyzed our
ensemble data for a 0 (onset of sniffing) to + 3 sampling period, a period when the rat was not
running (during this period, the rat retrieved and consumed the food reward). Using this time
window, there was still a significant effect of trial lag (F(1,18) = 5.86, p.<.001) and position
(F(1,18) =56.27, p <.001), as well as an interaction (F(1,18) = 7.21, p. <.001) for the analysis
considering data from across the entire session. For the within trial analysis, there was still a
main effect of lag (F(1,18) = 10.35, p<.01) and position (F(1,18) = 37.94, p<.001) for correct
trials. For incorrect trials, there was an effect of position (F(1,18) = 20.28, p<.001) but not lag
(F(1,18) = 0.82, p>.1). Also, running speed did not differ between correct and incorrect trials.
Finally, although running speed differed slightly across ordinal positions, there was not an
ordinal position by accuracy interaction (F(1,14) = 1.17, p = .34, a similar analysis could not
be performed across trials because rats performed incorrectly on different trials). The similar
slight decline of running speed across incorrect and correct trials indicated that running speed
was unlikely to have propelled the different patterns of Distance Indices between correct and
incorrect trials. Furthermore, all of the statistical results were the same even when the analysis
included only the time periods when the rat was not running. Thus, the slight changes in running
speed observed did not seem to account for the robust changes in hippocampal representations.

In addition, the data for each tetrode for each session was carefully inspected for evidence of
tetrode movement, and data was excluded for any tetrode that showed evidence of movement,
which was infrequently the case. In particular, we carefully inspected data from every tetrode
by viewing unit clusters in numerous 3-dimensional projections in which timestamp was one
of the projections, allowing any changes in the clusters over time to be observed (Offline Sorter;
Plexon inc.). Figure 8 shows data from an example tetrode and shows similar unit cluster
projections across quartiles of a session. In those rare instances in which drift over the session
was observed, we excluded all data from that tetrode.

The findings that the pattern of hippocampal ensemble activity grew more dissimilar over the
course of a testing session and even over the span of a single, correctly performed trial strongly
suggested that a gradually changing temporal context played an important part in the rats’
memory for the order of odors. Nevertheless, we sought to address other possible ways in which
activity in the hippocampus might have contributed to performance on the task in addition to
this representation of temporal context. We considered the possibility that hippocampal
neurons might have provided a stronger memory representation for more recent odors and that
this signal could be used to judge differences in the recency of test odors without a specific
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memory for order per se. We also explored the possibility that the hippocampal neural
representations enabled rats to associate an ordinal tag (e.g., “third” or “fifth”, by analogy)
with each odor it encountered during the study period and that the activity of individual CA1
neurons might have reflected this association. However, thorough analysis of both single-unit
and ensemble data found no evidence that activity in the hippocampus contributed to
performance in either of these possible ways (see Supplementary Material). The results
regarding recency are consistent with the results of a previous lesion study that used the same
task (Fortin etal., 2002), which found that information about the recency of items did not enable
rats to perform above chance in remembering the order of items. Thus, the results suggest that
hippocampal activity contributed to performance of the task not by supporting judgments of
recency or by associating ordinal tags with each odor but instead by reflecting temporal context
by a gradual change in the pattern of activity over time.

General Discussion

The present results supported our hypothesis that hippocampal activity during learning
episodes would be influenced by both spatial and temporal contextual cues and that temporal
context would be especially important for remembering the order in which events occurred
within an episode. In particular, the finding that the hippocampal representation of temporal
context became more dissimilar over the entire session strongly suggested that individual odors
were not encoded in isolation but were prominently influenced by a gradually changing
representation of the contextual cues that surrounded each odor sampling event. The finding
that temporal context representation was important for successful performance on individual
trials indicated that temporal contextual cues were a key part of the resulting memaory for
temporal order. Taken together with the confirmation that hippocampal ensembles also encode
the sampled odors, the present results suggest that memory for individual odors might have
been bound in a sequence by the overlapping contextual representations of temporally adjacent
odors (Eichenbaum, et al., 2007; Howard et al., 2005).

A remaining uncertainty concerns the factors that caused the pattern of activity in the
hippocampus to change gradually over time. One possibility is that the gradual changes in the
pattern of hippocampal activity were simply the result of random drift in network states. A
second possibility is that the gradual changes in hippocampal activity reflected gradual changes
in external stimuli, such as the visual cues that unfold as one navigates. A third possibility is
that the presentation of the odors themselves propelled the gradual changes in the hippocampus.
By this view, the general network state of the hippocampus changed gradually because the
recent history of odor sampling underwent continual update and decay (Howard et al., 2005).
The present results indicate that, regardless of why activity in the hippocampus changed
gradually over time, these gradual changes were important for remembering the order in which
the odors were encountered. Although the link between behavior and hippocampal activity is
correlational, the observation that changes in activity during the sampling events predicted
correct subsequent responses suggests a close relationship between gradual changing temporal
context signals and the ability to remember sequences of events.

More research will be needed to identify the temporal cues that are used to differentiate points
in time in a way that resembles the many previous efforts to identify the spatial cues that are
used to define particular locations. One theme in the effort to characterize the relevant spatial
cues has been the observation that the hippocampal memory system participates in the
integration of information about external landmarks with internal information such as
ideothetic cues and attentional set (McNaughton et al., 2006). Thus, it is possible that future
studies will find that the hippocampal memory system also participates in combining
information about the external environment that changes over time (for example, visual cues
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that unfold as one navigates) with gradually changing internal cues (for example, one’s
continually updating memory for prior events).

It has been proposed that the brain encodes temporal information in at least two general ways,
via oscillations (Buzsaki and Draguhn, 2004) and via gradual changes in network states
(Karmarkar and Buonomano, 2007) like those observed in the present study. Oscillations may
provide a means for precise spike timing and for sequencing the order of spiking activity.
Indeed, there is accumulating data regarding the importance of oscillations in the hippocampus
for timing successive behavioral events (Buzsaki, 2002). For example, a recent study of rats
running on a track found that the dynamics between hippocampal spiking activity and theta
oscillations in the local field potential resulted in a sequencing of spiking activity from different
cells on amillisecond time scale that corresponded to a the rat traversing a sequence of locations
across several seconds (Dragoi et al., 2006). That is, hippocampal theta oscillations provided
ameans for compressing the sequential representation of the rat’s path to a time scale amenable
to cellular processes related to plasticity without disrupting the sequence of the representation.

Gradual changes in network states, like those observed in the hippocampus in the present study,
have long been thought to be important for memory (Estes, 1955). More recently, this proposal
has gained renewed interest in computational modeling and cognitive psychology (Burgess
and Hitch, 2005; Howard et al., 2005; Kahana et al., in press). For example, recency and
contiguity effects in episodic recall, which have been hypothesized to depend on a gradually-
changing representation of temporal context, have been observed across many tens of seconds
and even across lists of items (Howard, et al., in press). What has been missing has been
physiological evidence that processes such as these actually occur in the brain and relate to
memory performance in an important way. Thus, the present results provide the first evidence
that hippocampal ensembles exhibit a gradually changing pattern of neural activity and that
this activity contributes to episodic memory for temporal order.

The idea that the hippocampus is particularly important for encoding spatiotemporal context
is a classic formulation of memory systems in the brain (Hirsh, 1974). One difficulty with this
idea has been the challenge to define what is meant by context. Nevertheless, many spatial and
nonspatial features of the physical environment as well as factors related to internal motivation
or attentional set have been found to influence hippocampal activity (for a review, see Jeffery
et al., 2004). The present results suggest that the set of contextual cues that influence
hippocampal activity should be expanded to include cues that change gradually over time and
thereby distinguish the temporal context of sequential events.

Remembering the order in which items are encountered is likely a complex process subserved
by multiple neural mechanisms and multiple brain areas (Brown and McCormack, 2006;
Marshuetz, 2005). For example, it remains possible that a hippocampal process related to
recency could support judgments of temporal order if the amount of time separating items in
a sequence was large relative to the study-test interval. Also, results from brain damaged
patients (Kesner et al., 1994; Shimamura et al., 1990), functional imaging studies in humans
(Henson et al., 2000; Marshuetz et al., 2000) and unit recording studies in monkeys (Funahashi
et al., 1997) have indicated that the prefrontal cortex plays an important role in memory for
ordinal position. Thus, the results of the present study should be considered as an addition to
the list of neural mechanisms supporting episodic memory for the order of events.

Experimental Procedures

Five male Long-Evans rats were trained on a task that was similar to that used in two previous
studies (Fortin et al., 2002; Kesner et al., 2002), which both found that damage to the
hippocampus resulted in severe deficits in memory for order and not the ability to discriminate
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or remember the occurrence of particular odors. On each trial, rats sampled 5 odors one at a
time (e.g., A, B, C, D, then E) at approximately 10 sec intervals and then at test were presented
again with an arbitrarily selected pair of non-adjacent odors (e.g., B and D). The rat was
rewarded during study for sampling each odor and during the test phase for choosing the odor
that had appeared earlier in the sample phase. On each trial the sample odors were selected
randomly from a set of 10 and the sequence of odors was randomly determined. The rat
remained in the recording chamber (0.76 m by 0.38 m wooden enclosure with 0.43 m high
walls) throughout testing, including a 2.5-min inter-trial interval. The placement of the pot
containing the scented sand on each side of the enclosure was guided by marks on the floor of
the testing enclosure. Rats were given 8 trials a day (5 days a week) until they reached a criterion
of at least 75% correct for three successive testing days. The number of trials needed to reach
criterion ranged approximately from 600 to 1200.

After a rat reached criterion performance, it was implanted with a chronic recording headstage
above the left dorsal hippocampus (3.6 mm posterior and 2.6 mm lateral to bregma). The
recording headstage contained from 6 to 12 independently movable tetrodes aimed at CAL.
Each tetrode was composed of 4 12.5 um nichrome wires whose tips were plated with gold to
bring the impedance to 200 kQ at 1 kHz. Animals were allowed to recover for 4 to 6 days, and
the tetrodes were then moved down slowly, over the course of 2 to 3 weeks, until the tips
reached the pyramidal cell layer of CA1 and the animal’s performance had again met criterion
levels. Tetrodes were never turned on the day of the recording, and tetrode drift during the
approximately 1-hour recording sessions was rarely observed. Nevertheless, since the
possibility of tetrode drift was an important concern, we carefully inspected data from every
tetrode by viewing unit clusters in numerous 3-dimensional projections in which timestamp
was one of the projections (Offline Sorter; Plexon inc.). In those rare instances in which tetrode
movement was observed, we excluded all data from that tetrode (also see General Discussion
for more details).

Following recovery, animals performed 20 trials per day. The placement of the tetrode tips was
verified by several CA1 pyramidal electrophysiological hallmarks (complex spikes, theta-
modulated spiking, multi-unit bursts accompanied by 200 Hz “ripples” in the field potential)
and by histology. During testing, spike activity was amplified (10,000X), filtered (600-6000
Hz), and saved for offline analysis (DataWave Technologies). For single-unit analyses, data
were analyzed for each tetrode from only one recording session to avoid analyzing a single
unit more than once. This process resulted in 126 cells being analyzed. For ensemble analyses,
data from all tetrodes were included such that each session represented sampling with
replacement from the total population of neurons. This process resulted in 302 cells being
analyzed. For both types of analyses, all pyramidal units that emitted at least a minimum of
activity (>3 spikes during any event window) were included.

Local field potentials were also recorded from tetrodes in the CA1 pyramidal layer for each
session (1,500X; 4-400Hz). The sampling frequency for field potentials was 1,000 Hz for some
sessions and 250 Hz for other session. The field potential from the entire session was divided
into theta-present and theta-absent sections by first filtering the recorded wide-band field
potential (1-400 Hz) to a more restricted theta band (4—12 Hz). Peaks and troughs of the
oscillation in the filtered signal that departed more than one standard deviation from the
baseline (determined by the grand mean of the filtered signal) were marked, and sections of
the field potential lasting at least one full cycle of marked peaks and troughs was considered
to be a theta-present section. Thus, the minimum length of time marked as a theta-present
section was 1 theta cycle (typically around 1/7t of a second).

Behavior was recorded with high-resolution digital video (30 frames per sec) that was
synchronized with the acquisition of neural data. Onset of sniffing was defined as the video
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frame on which the rat’s nose was first within 1 cm of the pot. During post-session video
analysis, the position of the rat’s head was marked on every frame using a mouse pointer.
Although labor intensive, this process yielded a highly accurate frame-by-frame record of the
rat’s position that did not suffer from false detections or unmarked frames, an occasional
occurrence with automated LED position tracking. Running speed and running direction were
calculated based on these head positions. Specifically, running speed for a given time period
(e.g., the 1-sec approach period that ended with the onset of sniffing) was calculated by
summing the number of pixels traversed and dividing by the number of seconds. The running
trajectory during the 1-sec approach period was nearly always a direct path for all rats, and
thus a meaningful running direction could be obtained. For this period, a running direction was
calculated by measuring the angle between the start point and the end point. Rat position data
was available for only 15 of 19 sessions due to a corruption of 4 video files after those files
had been scored for sniffing behavior.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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15 sec TeSt

Figure 1.

Schematic of the task. On each trial, rats alternated between left and right sides of the enclosure
as they encountered a trial-unique sequence of 5 odors. Rats were then probed with a non-
adjacent pair of the odors and were rewarded for selecting the odor that had appeared earlier
in the sample sequence.
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Figure 2.

Examples of gradual changes in hippocampal firing across a testing session. A. Example of
hippocampal firing rates as a function of the rat’s location in a rectangular testing enclosure
for the 8 (out of 18) pyramidal cells that met the criterion for exhibiting at least one place field
in this example session. The results are shown for the entire test session (leftmost column) and
separately for blocks of five trials (rightmost four columns). B. Average absolute change in in-
field firing rate for all pyramidal units with place fields from all sessions used in the study.
Some cells showed increases in in-field firing rates, whereas others showed decreases or no
changes, and thus the graph shows absolute differences relative to the first block of trials (as
a consequence, block 1 is shown as 0; effect of block for blocks 2-4: F=1.76, p=.01). C.
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Example rasters for trials 2, 8, 14, and 20 (all of which occurred on the left side of the testing
enclosure) and for trials 1, 7, 13, and 19 (all of which occurred on the right side of the testing
enclosure) for the same example session shown in A. The numbers above double arrows
indicate the Distance Index between the events (all events were from the 4 ordinal position
on each trial).
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Figure 3.

Similarity of ensemble responses according to temporal lag between trials. Results from odors
encountered in the same position (red) are plotted separately from odors encountered in
different positions (blue). A lower Distance Index corresponds to greater similarity. Error bars
show SEM for the variability across the 19 sessions analyzed.
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Figure 4.

Example from one session of changes in the pattern of hippocampal activity within a trial. The
top row of graphs show the 15¢, 3™ and 5t events on trial 15 of this session. Because the rat
alternated sides of the testing enclosure, these events all occurred on the left side of the
enclosure. The bottom row shows the 15t, 34, and 5t events on trial 16 of the same session.
These events all occurred on the right side of the enclosure, and the difference in pattern of
activity between the top row and bottom row illustrates the influence of location on the
hippocampal ensemble response. The difference between events within a trial illustrates the
effect of temporal context on the hippocampal ensemble, and the numbers above the double
arrows show the Distance Indices for the indicated comparison.
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Examples of changes in the pattern of hippocampal activity within a trial from 10 different
sessions. Each row of graphs is taken from a different session and shows activity from the
18t, 3 and 5t odor from one trial. The numbers above the double arrows (and in the rightmost
column) show the Distance Indices for the indicated comparison. The session number, trial
number, and right/left side of the enclosure are indicated by text to the left of each row (in the

format “S[session number], T[trial number] (L[eft]/R[ight])™).
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Figure 6.

Similarity of ensemble responses according to temporal lag between odors encountered during
the sample phase. Results from odors encountered in the same position (red) are plotted
separately from odors encountered in different positions (blue). In addition, results from trials
that were subsequently performed correctly are plotted separately from incorrect trials. A lower
Distance Index corresponds to greater similarity. Error bars show SEM for the variability across
the 19 sessions analyzed.
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Figure 7.

A. Mean theta duration. Example traces of the local field potential (recorded in the pyramidal
layer; 1-400 Hz) are shown that represent the first, third, and fifth sampling events from one
trial. The local field potential was divided into theta-present (red) and theta-absent sections
(blue; see text). The amount of time spent in hippocampal theta did not differ between correct
and incorrect events (t(18)=1.00, p > .1), across ordinal positions (F(4,18)=1.37, p>.1), or
across trials (F(18,18)=0.62, p >.1). B. Mean running speed. The mean running speed did not
differ between correct and incorrect events (event = 1 sec prior to onset of sniffing to 4 seconds
later; 1(14)=0.18, p > .1), but showed a slight decrease across ordinal positions (F(4,14)=4.97,
p<.01; this difference was equivalent on correct and incorrect trials, see text) and across trials
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(F(18,14)=2.61, p <.01). Nevertheless, the main results regarding temporal context were
unchanged when the spiking data was considered only when the rat was stationary (see text).
50 pixels/sec corresponded to 13.9 cm/sec. C. Running Direction. The polar plots show the
mean running direction for each session (colored lines) and the average for all sessions (black
arrows). The mean running direction was similar for correct and incorrect events, for all ordinal
positions, and for all trials. Position data (and therefore running speed and running direction)
was unavailable for 4 sessions (see text).
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Figure 8.

Example data from one tetrode showing similar cluster projections across quartiles of the
session. Individual points correspond to neuronal spikes and are colored to represent the
different units recorded on this tetrode. The Y axis shows the amplitude of each spike as it was
recorded on one wire of the tetrode, and the X axis shows the amplitude of another wire from
the same tetrode. The clusters are similar in each of the quartiles, indicating that no tetrode
movement occurred. The green cluster corresponds to Unit 2 in Figure 2, a neuron that showed
changes in firing rate over the session without showing any evidence of tetrode movement
(although the change in firing rate for that unit is apparent as an increase in the number of
spikes in the cluster across the quartiles).
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