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The hippocampus has been proposed to support a cognitive map, a mental representation of the spatial layout of an
environment as well as the nonspatial items encountered in that environment. In the present study, we recorded
simultaneously from 43 to 61 hippocampal pyramidal cells as rats performed an object recognition memory task in
which novel and repeated objects were encountered in different locations on a circular track. Multivariate analyses of the
neural data indicated that information about object identity was represented secondarily to the primary information
dimension of object location. In addition, the neural data related to performance on the recognition memory task. The
results suggested that objects were represented as points of interest on the hippocampal cognitive map and that this map
was useful in remembering encounters with particular objects in specific locations.

[Supplemental material is available online at http://www.learnmem.org.]

The hippocampus plays an important role in spatial memory for
both humans and rodents (O’Keefe 1999; Burgess et al. 2002).
Findings from many studies in rodents indicate that the hippo-
campus supports memory for locations referenced to external
landmarks, a capacity that O’Keefe and Nadel (1978) described
over 30 yr ago as a “cognitive map” (using a term they borrowed
from Tolman 1948). In the time since that pioneering thesis, it has
become clear that the rodent hippocampus is also important for
nonspatial memory (Eichenbaum et al. 1999). Damage to the rat
hippocampus (defined here as CA fields, dentate gyrus, and sub-
iculum) leads to impairments on nonspatial tasks, including ob-
ject recognition memory (Clark et al. 2000; Fortin et al. 2004),
transitive odor associations (Bunsey and Eichenbaum 1996), mem-
ory for temporal order (Fortin et al. 2002; Kesner et al. 2002), and
social transmission of food preference (Alvarez et al. 2001; Clark
et al. 2002).

The circuitry by which information arrives at and exits from
the hippocampus is consistent with the idea that the hippocam-
pus is important for both spatial and nonspatial memory. In both
rats and macaques, detailed anatomical studies have indicated
that spatial information arrives at the hippocampus via the
postrhinal cortex (parahippocampal cortex in primates) and the
medial entorhinal cortex, whereas nonspatial information takes
a path largely through the perirhinal cortex and lateral entorhinal
cortex (Witter and Amaral 1991; Suzuki and Amaral 1994; Witter
et al. 2000). Thus, the hippocampus is ideally situated to combine
spatial and nonspatial information in the service of remembering
item-location associations (Manns and Eichenbaum 2006).

Single-unit recording studies in the rat hippocampus have
largely focused on the spatial correlates of hippocampal pyramidal
neuron firing rates. Fewer studies have investigated nonspatial
correlates of hippocampal activity during memory tasks for non-
spatial items. However, in one such study, Wood et al. (1999)
found that some individual hippocampal pyramidal neurons
responded to particular odors and that others responded to
particular odors in specific locations during an odor recogni-
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tion memory task. Thus, activity of individual cells appeared to
contain information about nonspatial items as well as spatial
locations.

An important question is how the activity of individual
hippocampal neurons combine to represent item-location associ-
ations as a neural ensemble. In particular, how is an encounter
with an object in a particular location represented in the pattern of
spiking among many hippocampal pyramidal neurons? How
might this representation relate to memory for the object or for
the location? In the present study, we recorded simultaneously
from 43 to 61 hippocampal pyramidal cells as rats performed an
object recognition memory task in which novel and repeated
objects were encountered in different locations on a circular track.
Multivariate analyses of the neural data indicated that informa-
tion about object identity was represented secondarily to the
primary information dimension of object location. In addition,
the analyses indicated that the neural data related to performance
on the recognition memory task. The results suggest that objects
were represented as points of interest on the hippocampal
cognitive map and that this map was useful in remembering
encounters with particular objects in specific locations.

Results

Exploration behavior

The task involved rats encountering objects at various locations as
they completed laps on a circular track for small pieces of
chocolate (for a full description of the task, see Materials and
Methods). Figure 1 shows a schematic of the testing procedure.
The basic design for each block of laps was that, after every three
laps, new objects were added to the track in previously unoccupied
locations, and existing objects (actually, copies of the objects) were
moved to new locations. Novel objects were used for each block of
trials, and rats encountered up to 40 objects over 10 blocks of laps
on each testing day (rat 4 completed only nine blocks).

Previous studies using a similar task in rats (Save et al. 1992;
Clark et al. 2000; Mumby et al. 2002), monkeys (Zola et al. 2000;
Bachevalier and Nemanic 2008), and humans (Pascalis et al. 2004;
Pihlajamaiki et al. 2004) have found that incidental memory for
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Figure 1. Schematic of the recognition memory task procedure. Ten
blocks of trials were completed in each recording session. On each block
of trials, four objects (indicated by letters) were encountered in various
locations as rats completed clockwise laps on a circular track. Each block
started with an empty lap, and the numbers on the drawing of the empty
lap indicate the o’clock positions in which objects were encountered.

objects and their locations depends on the same hippocampal
memory system that supports other types of recognition memory
tasks. In addition, performance in humans on a similar task
correlated with overt recognition memory judgments but not
perceptual priming (Manns et al. 2000). Thus, performance on
the present task likely relied on a hippocampus-dependent type of
recognition memory.

The overall question was whether the rats’ behavior (and the
pattern of neuronal activity in the hippocampus) would reflect
memory for encounters with the objects. Based on numerous
previous studies using a similar task (e.g., Ennaceur and Delacour
1988; Mumby et al. 2002), we expected that memory for repeated
objects would be reflected in shorter durations of exploration for
the repeated objects compared with the novel objects. In addition,
we expected durations of exploration for objects repeated in a new
location to be longer than for objects repeated in the same
location.

Rats’ pattern of object exploration indicated memory for
both object identity and object location. Figure 2 shows the
average object exploration time as a function of the number of
times an object was encountered. The data are plotted for the
objects that were encountered in at least two locations (i.e., the
fourth object from each block is not included). Only the first six
encounters are shown because some objects were encountered
only six times. For the first three times a rat encountered an object,
the object remained in the same place. A repeated-measures
ANOVA for the first three encounters revealed a statistically
significant linear contrast (F 3y = 13.88, P < 0.05), indicating that
exploration decreased with repetition. We more specifically de-
fined a “repetition effect” as the difference in exploration between
the first and second encounters. This measure also indicated that
rats explored repeated objects for a shorter duration than novel
objects, indicating a memory for the repeated objects (paired-
sample t-test: 3 = 2.75, P < 0.05). For this and all subsequent
paired-sample t-tests, one-tailed P-values are used because we had
clear a priori predictions (Ennaceur and Delacour 1988; Mumby
et al. 2002) and because a two-tailed P-value might be underpow-
ered for n = 4. In between the third and fourth encounter, objects
were moved to a new location on the track. We defined a “re-
location effect” as the difference in exploration time between the
third and fourth encounters. This measure revealed that rats
reinitiated exploration of repeated objects moved to a new loca-
tion (paired-sample t-test: f3) = 2.48, P < 0.05). This effect sug-
gested that the rats had memory for not only the object itself but
also the object’s previous location.

Objects were removed and copies were repositioned on the
track after every three laps, and thus the delay between laps was
somewhat longer in these instances compared with instances in
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which objects were not moved. As a result, the time elapsed since
arat last saw a particular object was somewhat longer for laps after
objects had been moved compared with laps in which the objects
had not been moved (mean interstimulus interval = SEM =73.6 +
8.6 sec vs. 22.5 + 5.3 sec, respectively; t3) = 11.76, P < 0.01). We
therefore asked whether there was a relationship between the
interstimulus interval and duration of exploration that might
account for some of the rats’ tendency to inspect moved objects
longer than unmoved objects. For each rat, we calculated the
correlation between interstimulus interval and exploration dura-
tion for all encounters with objects after the objects had been
moved. However, none of the correlations reached statistical
significance, and there was no overall trend across the four rats
(r=0.24,-0.17, —0.28, and 0.21 for rats 1, 2, 3, and 4, respectively;
all Ps > 0.05). Thus, the somewhat longer interstimulus interval
did not seem to account for the rats’ tendency to explore moved
objects longer than objects that were not moved.

Single-unit analyses

A total of 205 hippocampal pyramidal neurons were recorded (149
CA1l neurons and 56 CA3 neurons). The numbers of neurons
recorded in the four test sessions were 61 (43 CA1, 18 CA3), 43 (18
CAl, 25 CA3), 44 (44 CA1, 0 CA3), and 57 (44 CA1, 13 CA3) for
rats 1, 2, 3, and 4, respectively.

Although the main goal of the study was to ask how object-
location associations were represented by multiple neurons, we
first asked whether information about both object location and
object identity would be detectable in the activity of individual
hippocampal pyramidal cells. Firing rates were calculated for each
0.5-sec object encounter event (see Materials and Methods). For
each cell, the firing rates were then separately entered into two
ANOVAs. The first ANOVA was a one-way ANOVA with location as
the factor (there were 10 possible locations). With an « level of
0.01, the effect of location reached statistical significance for 123
of 205 pyramidal cells (60.0%; 96 of 149 CA1 cells and 27 of 56
CA3 cells). Based on an « level of 0.01, approximately two of the
205 ANOVA tests (1%) would, in principle, be expected to yield
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Figure 2. Performance on the recognition memory task. Duration of
exploration is plotted for the first six encounters with each object. For the
first three encounters, the object remained in the same location. (*)
Indicates a statistically significant reduction in exploration between the
first and second encounter with an object (see Results), presumably
reflecting memory for the repeated object. Between the third and fourth
encounter, the object was moved to a new location. (1) Indicates a
statistically significant increase in exploration between the third and
fourth encounter (see Results), presumably reflecting memory for the
object and its previous location. Error bars, SEM across the four rats.
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a statistically significant result due to chance alone. However, due
to the fact that the data were skewed (many encounters yielded
a firing rate of zero for many of the neurons), we sought to verify
that the ANOVA tests did not overestimate the incidence of
statistically significant location information. We randomly re-
shuffled the location assignments for each trial in such a way
that all three encounters with an object within a trial were
randomly assigned the same location. We reshuffled the data
100 times and recalculated the number of neurons that showed
statistically significant location information for each shuffle.
Across the 100 shuffles, the average number of statistically
significant neurons was 2.7 (1.3%), and thus the ANOVA tests
did not appear to overestimate the incidence of statistically
significant location information in the original data. We also
verified the results from the ANOVA tests by conducting parallel
nonparametric Kruskal-Wallis tests on object location for each
neuron, which also resulted in 123 of 205 neurons (96 of 149 in
CAland 27 of 56 in CA3) reaching statistical significance with an «
level of 0.01. Thus, the single-unit analyses indicated that over
half of the individual pyramidal cells showed significant informa-
tion about object location.

The second ANOVA was a one-way ANOVA with object
identity as the factor. It was not feasible to conduct an ANOVA
with all 40 objects (or 36 in the case of rat 4) because some objects
were encountered only three times. Thus, we restricted the
analysis to the first object encountered on each block (e.g., the
“A” object for the first block), each of which was encountered 12
times. This approach also had the effect of making the analysis of
object identity and object location more similar: Each of 10
locations was sampled 30 times and each of 10 objects was
sampled 12 times. With an « level of 0.01, the effect of object
identity reached statistical significance for 34 of 205 pyramidal
cells (16.6%; 29 of 149 in CA1 and five of 56 in CA3). Over 100
random shuffles of object identity, an average of 0.6 cells (0.3%)
reached statistical significance, indicating that the ANOVA did
not overestimate the incidence of statistically significant object
identity information. Parallel Kruskal-Wallis tests yielded statisti-
cal significance for 27 of 205 neurons (13.2%; 22 of 149 in CAl
and five of 56 in CA3), a similar number
to that obtained from the ANOVA tests.
Thus, although the activity of individual
pyramidal cells appeared to contain
much less information about object iden-
tity compared with object location, the
amount of information about object
identity appeared to be greater than one
would expect by chance. A two-way
ANOVA (object identity by object loca-
tion) was not conducted because each
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of object identity coding, only two of the four neurons show
a significant effect of object identity.

Multiple-unit analyses

We next asked whether detectable information about object
location and object identity would be apparent when considering
the pattern of activity across all pyramidal neurons recorded
during the test session. We expected to observe reliable informa-
tion about object location based on the results with the single-unit
analyses, but we were also interested in whether the neural
representation of object identity would be more prominent when
inspected by multiple-unit analyses. We were also interested in
whether an interaction would exist between object location and
object identity, a question that was not feasible for single-unit
analyses. Similar to the single-unit analyses, we observed no
significant differences between neurons recorded in CA1l versus
CA3, and the following multiple-unit analyses combine both
types of cells.

Our aim was to determine whether the pattern of activity for
one object encounter was similar to another encounter in the
same location, irrespective of object identity. We also examined
whether the pattern of activity for one object encounter would be
similar to another encounter with the same object, irrespective of
location. Finally, we asked whether the similarity would be great-
est for another encounter with the same object in the same
location. For each 0.5-sec object encounter event, a multivariate
data point was obtained by first calculating the firing rate for each
pyramidal neuron in that session. The data point was then
represented as a point in multidimensional space such that each
axis represented the firing rate of one neuron. Thus, for the four
sessions, the number of dimensions ranged from 43 to 61 (i.e., the
total number of pyramidal neurons for that session). We then
asked whether the next closest data point for each object encoun-
ter was from an encounter with the same object or from an
encounter in the same location (or both). Distance was measured
as simple Euclidean distance. Proximity of multivariate data points
was taken as a measurement of similarity between the pattern of
firing rates for object encounters and, to the extent that patterns
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object appeared in at most four locations, 23 r:
and thus there was insufficient data to
conduct this type of analysis using uni-
variate statistics.

Figure 3 shows four example neu-
rons firing rates during object encounter
events as a function of object identity and
as a function of object location, parallel to
the two ANOVAs reported previously (as
in the prior analyses, the location plots in-
clude all objects whereas the object iden-
tity plots include only the first object,
e.g., “A,” from each block). Reflecting the
prominence of location coding in the
single-unit analyses, all four example neu-
rons show a significant effect of object
location. Reflecting the lesser prominence
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Firing rates from four example neurons as a function of object location (top row) or object
identity (bottom row). The four example neurons are taken from rats 1, 2, 3, and 4, respectively.
Example neurons 1 and 3 are CA1 pyramidal neurons, and neurons 2 and 4 are CA3 pyramidal neurons.
Separate one-way ANOVAs were conducted on the data to test for main effects of object location and
for object identity. All four neurons showed a significant effect of location (Ps < 0.01), whereas only two
showed a significant effect of object identity (Ps < 0.01), reflecting the lesser prominence of object
coding observed across all cells (see text for details).
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were reliable across repetitions of object location or object iden-
tity, was taken as an indicator of the level of information about
objects and their locations. The approach is formally a k-nearest
neighbor classification approach (where k = 1), which has been
used frequently in situations in which the underlying distribution
is not known (Cover and Hart 1967).

This nearest neighbor approach identified the correct (i.e.,
the same) location for 72.7%, on average, of all object encounters
(77.2%, 61.3%, 74.4%, and 77.8% for rats 1, 2, 3, and 4, respec-
tively). The likelihood of this result being obtained due to chance
was determined for each session by randomly reshuffling location
assignment across all points 1000 times and repeating the nearest
neighbor analysis on each reshuffle. A percentage as high as the
actual data was never observed in the reshuffled data, indicating
that the P-value for each session was less than 0.001. In addition,
for the randomly reshuffled data, on average 9.7% of all object en-
counters were nearest to another encounter from the same loca-
tion, a chance level that reflects the 10 possible locations. As a
group, the nearest neighbor object location classification for all
four rats significantly differed from this chance level (t3, = 16.30,
P < 0.001). Thus, information about object location was prom-
inent in the multiple-unit pattern of firing rate activity.

The nearest neighbor approach identified another encounter
with the same object for 15.3%, on average, of all object encoun-
ters (15.5%, 13.2%, 16.7%, and 15.6% for rats 1, 2, 3, and 4, re-
spectively). The same reshuffling procedure as described for ob-
ject location analyses indicated that the object identity P-value
for each session was less than 0.001 (average chance level was
2.8% for the reshuffled data). As a group, the nearest neighbor
object identity classification significantly differed from the chance
level (t3) = 16.93, P < 0.001).

Since it was not possible to plot the multivariate data points
in the total number of dimensions, we used principal components
analysis (PCA) as a dimension reduction technique to enable
plotting. Figure 4 shows for rat 1 a three-panel plot in which each
panel shows a combination of the first three principal compo-
nents. PCA was used only for plotting purposes, and all analyses
were based on measurements of Euclidean distance in the original
multidimensional space in which axes represented firing rates of
individual neurons. Each point in the plot is labeled according to
both object location and object identity.

The appearance of the PCA plot confirmed the results of the
nearest neighbor analyses regarding object location. Data points
for object encounters in the same location showed a strong
tendency to cluster together. Thus, location appeared to be pri-

mary in determining the ensemble pattern of firing rates (the
pattern was the same for the other three rats) (see Supplemental
Fig. 1). Less clear was whether data points tended also to cluster
according to object identity. The previous nearest neighbor
analyses suggested that object identity significantly influenced
firing patterns. However, the prominence of object location in-
formation raises a concern with this previous analysis. In partic-
ular, objects were encountered in the same location more than
once, and thus the proximity of data points for the same object
might have been due to location coding rather than identity
coding.

The appearance of the PCA plots suggested to us additional
nearest neighbor analyses related to object identity, analyses that
would not be confounded by object location. In particular, we
hypothesized that object identity might be represented as second-
ary clusters of data points within primary clusters of object
location. Accordingly, we asked if there would still be an above-
chance tendency for the pattern of firing rates to be similar for
encounters with the same object if the analysis was restricted to
objects encountered in the same location. For all four sessions, the
average number of object encounters for which the nearest
neighbor was another encounter with the same object in the
same location was 19.9% (22.4%, 16.8%, 21.1%, and 19.3%, for
rats 1, 2, 3, and 4, respectively). The likelihood of this result
occurring due to chance was obtained by randomly reshuffling
object identity assignment within each location 1000 times. Using
this approach, the P-value was observed to be less than 0.001 for
each of the four sessions (average chance level, 7.7%). As a group,
this nearest neighbor object identity classification for all four rats
significantly differed from the chance level (¢3) = 10.06, P < 0.01).
Thus, there was statistically significant information about object
identity that appeared to be represented secondary to the primary
dimension of object location.

Furthermore, we reasoned that if object identity was com-
pletely secondary to object location, data points for encounters
with the same object in different locations should have been no
closer together than one would expect by chance. Across the four
sessions, the average percentage of nearest neighbors that repre-
sented the same object encountered in different locations was
only 3.3%. The likelihood of this result occurring due to chance
was obtained by randomly reshuffling the object identity assign-
ments within each location 1000 times and finding the nearest
neighbor for each point for each reshuffle. Using this approach,
the average chance level was 2.5%, less than 1% different than the
actual value. Despite these small values, the P-value for the

individual sessions was observed to be
less than 0.01 for three of the four rats.
However, a comparison of the actual

% 0 & values for the four to chance indicated
20 q that as a group they did not significantly
L Y i ; differ from chance (2.3%, 1.4%, 4.5%,
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Figure 4. Multivariate representation of hippocampal activity for each object encounter for one  SPiking activity distinguished between
example session (rat 1; see Supplemental Fig. 1 for graphs for the other three rats). The three panels  different objects encountered in the same
show the three possible parings of the first three principal components of the pattern of activity across  location but that there appeared to be
61 simultaneously recorded hippocampal pyramidal neurons. The data point for each encounter is  jittle to no significant object identity

depicted by both a letter (or symbol), which represents the identity of the specific object, and a color,
which represents the position in which it was encountered on the circular track. Data points tended to
cluster first by object location and then by object identity (see Results). It should be noted that princi-

coding independent of object location
coding.

pal components were used only for plotting purposes and that all analyses were performed on the To further investigate the interac-

raw data.
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tion between object and location coding,
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Figure 5. Nearest neighbor classification accuracy for object identity.
Accuracy is shown as the percentage of object encounters for which the
multivariate data point was closest to the data point of another encounter
with the same object. The left bar shows the accuracy when considering
only objects in the same location. The right bar shows the accuracy when
considering only objects encountered in a different location. The accuracy
for objects in the same location was well above chance (indicated by
a dashed line) but was not significantly above chance for objects in
different locations (see Results). Error bars, SEM for the four rats.

we calculated an average similarity measurement for each object
encounter event related to each of four categories: (1) all other
events involving the same location and the same object, (2) all
other events involving the same location and different objects,
(3) all other events involving a different location and the same ob-
ject, and (4) all other events involving a different location and a
different object. For each object encounter event, the similarity
measurement was obtained by averaging all Euclidean distances in
multidimensional firing rate space between the event and all other
events in each of the four categories. The reasoning is that shorter
average distances would reflect greater similarity (greater cluster-
ing) within each category and thus more prominent information
coding. This approach differs from the nearest neighbor approach
in that it considers all data points with a category rather than just
the closest data point.

Figure 6 shows the average similarity (average multivari-
ate distances) for object encounter events as a function of whether
the events involved the same location and/or same object. The
distances for each session were transformed to Z-scores before
averaging across sessions because distance measurements would
have differed across sessions according to the total number of
neurons recorded and because distances could have been influ-
enced by baseline firing rate differences. Thus, negative scores
represented the shortest distances (i.e., the greatest similarity).
A two-factor repeated-measures ANOVA (same object/different
object by same location/different location) revealed a significant
interaction between object identity and object location (F3) =
75.96, P < 0.01) as well as partial effects of object identity (F(; 3) =
42.19, P < 0.01) and object location (Fg,3) = 102.45, P < 0.01).
Follow-up paired-samples t-tests revealed a significant difference
between similarity scores (average standardized distances) for
encounters with the same object in the same location and
encounters with different objects in the same location (t3, =
8.81, P < 0.01) but not between similarity scores for encounters
with the same object in different locations and encounters with
different objects in the different locations (3, = 2.80, P = 0.07;
although this latter result approached statistical significance, it
was in the opposite direction of the previous result: Encounters
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with different objects in different locations were numerically more
similar to one another than encounters with the same object in
different locations). Thus, the results indicate that hippocampal
representations of encounters with the same object were more
similar than encounters with different objects but only when the
encounters were in the same location, similar to the findings with
the nearest neighbor classification accuracy depicted in Figure 5.

We next sought to relate patterns of firing rate activity to
object exploration. For these analyses, we again used the nearest
neighbor approach. Figure 7 shows the average multivariate dis-
tance between nearest neighbors for both object location (i.e.,
distance between an encounter’s data point and the closest data
point representing the same location) and object identity (i.e.,
distance between an encounter’s data point and the closest data
point representing the same object). Based on the previous results,
we defined information about object identity here as the nearest
neighbor distance between two encounters with the same object
in the same location. The data are plotted as a function of the
number of times an object was encountered, similar to the way
that the behavioral data were plotted in Figure 2. The distances for
each session were transformed to Z-scores before averaging across
sessions because distance measurements would have differed
across sessions according to the total number of neurons recorded
and because distances could have been influenced by baseline
firing rate differences. A shorter distance indicated greater simi-
larity in the pattern of firing rates, and due to the Z-transforma-
tion, the shortest distances (the greatest similarity) were repre-
sented by negative numbers. Overall, nearest neighbor distances
between multivariate data points representing encounters in the
same location were much shorter than distances between points
representing encounters with the same object, a trend that is
consistent with the idea that location was the primary dimension
of information coding (repeated-measures ANOVA; main effect of
location vs. identity: F(; 3y = 66.77, P < 0.01).

The neural data in Figure 7 also showed evidence of the same
memory effects that were observed in the behavioral data in
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Figure 6. Average similarity of hippocampal representations of object
encounter events. The similarity of hippocampal representations was
represented as the average standardized distances between multivariate
data points for each object encounter event and all other events in one of
four categories: encounters with the same object in the same location,
encounters with a different object in the same location, encounters with
the same object in a different location, and encounters with a different
object in a different location. Shorter distances indicate greater similarity
of neural patterns. Encounters with the same object were more similar
than encounters with different objects (* indicates a P-value less than 0.01
from a paired samples t-test) but only when the encounters were in the
same location (n.s. indicates not statistically significant; P > 0.05; for full
statistical analyses, see text). Error bars, SEM across the four rats.
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Figure 7. Similarity of hippocampal representations of object identity
and object location for the first six encounters with an object. The
similarity of hippocampal representations was represented as nearest
neighbor distances between multivariate data points representing the
pattern of neural activity across all simultaneously recorded cells (see
Materials and Methods). Information about object location for each
object encounter was calculated as the distance between the data point
representing that encounter and the nearest data point representing an
encounter in the same location (shown in blue). Information about object
identity for each object encounter was calculated as the distance between
the data point representing that encounter and the nearest data point
representing an encounter with the same object in the same location
(shown in red). (*) Indicates that nearest neighbor distances for object
identity were significantly shorter for the first repetition of an object in the
same location, reflecting a greater amount of object information for the
second time it was encountered compared with the first time it was
encountered. (1) Indicates that nearest neighbor distances for object
location were significantly longer for the first encounter for an object
repeated in a new location, reflecting a decreased amount of location
information for the object’s new location compared with the previous
location. The overall shorter distances for object location compared with
object identity reflects the primacy of location coding (see Results).
Distances were converted to Z-scores for each session. Error bars, SEM
across the four rats.

Figure 2. First, a “repetition effect” was observed for the neural
representation of object identity. The nearest neighbor distances
between data points of the same object were significantly shorter
for the second encounter with an object compared with the first
(tz) =3.19, P < 0.05). This finding suggests repetition of an object
led to greater information about the object’s identity in the
pattern of hippocampal activity. The repetition effect did not
reach statistical significance for object location (¢3)=0.98, P>0.1),
perhaps because the rat had already encountered each location on
the track many times during training. Second, a “relocation effect”
was observed for the neural representation of object location. The
nearest neighbor distances between data points of the same
location were significantly longer for the first encounter with
a repeated object in a new location compared with the last
encounter in the previous location (f3) = 2.37, P < 0.05). This
finding suggests that moving an object led to less or disrupted
information about the object’s location in the pattern of hippo-
campal activity. The relocation effect did not reach statistical
significance for object identity (f3) = 1.20, P > 0.1), perhaps due
to the fact that the object itself stayed the same, even though it
was moved to a new location.

Discussion
In the present object recognition memory task, we found that the
pattern of activity among many simultaneously recorded hippo-
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campal pyramidal neurons reflected information about both
object location and object identity. Moreover, we found that the
neural information structure of object encounters represented
object-location associations by coding object location as the
primary dimension of information and by coding object identity
only secondarily. Specifically, hippocampal representations of
encounters with the same object in the same location tended to
be similar to each other (more so than different objects in the same
location), whereas representations of the same object in different
locations were no more similar than one would expect by chance.
Indeed, because information about location was so prominent in
hippocampal activity, representations of different objects encoun-
tered in the same location showed much greater similarity than
representations of the same object encountered in different
locations. We also found that object identity and object location
information in the pattern of hippocampal activity corresponded
to the recognition memory task. Repetition of an object in the
same location corresponded to increased information about object
identity, and moving an object to a new location corresponded to
decreased information about object location.

The results of the present study are consistent with O’Keefe
and Nadel’s (1978) proposal that the hippocampus supports
a cognitive map of the external world. Their idea was that the
hippocampus was part of a “memory system, which contains
information about places in the organism’s environment, their
spatial relations, and the existence of specific objects in specific
places” (O’Keefe and Nadel 1978, p. 2). The prominence of spatial
coding in the rat hippocampus was a key observation in the
formation of their idea, and many studies since then have revealed
much about how the hippocampus and adjacent structures
represent this spatial information and relate it to the rat’s move-
ments (McNaughton et al. 2006; Moser et al. 2008). The results of
the present study now reveal how the memory for “specific objects
in specific locations” is represented within this cognitive map. In
particular, the results suggest that objects were represented as
points of interest on the hippocampal cognitive map and that this
map was useful in remembering encounters with particular objects
in specific locations.

The results of the present study are consistent with the
anatomical and electrophysiological data indicating that partially
distinct spatial and nonspatial information pathways converge on
the mammalian hippocampus (Witter et al. 2000; Knierim et al.
2006; Manns and Eichenbaum, 2006). Cortical areas important
for spatial information connect with the hippocampus largely via
the postrhinal cortex (parahippocampal cortex in primates) and
medial entorhinal cortex, whereas cortical areas important for
nonspatial information connect with the hippocampus largely via
the perirhinal cortex and lateral entorhinal cortex (Witter and
Amaral 1991; Suzuki and Amaral 1994; Witter et al. 2000). In
addition, recording studies in the medial entorhinal cortex have
identified prominent spatial correlates (Fyhn et al. 2004; Hafting
et al. 2005), whereas recording studies in the lateral entorhinal
cortex or perirhinal cortex have failed to find significant spatial
information (Burwell et al. 1998; Hargreaves et al. 2005). Instead,
these types of studies have shown that perirhinal and lateral
entorhinal neurons encode specific nonspatial items (Miller et al.
1993; Suzuki et al. 1997; Young et al. 1997).

However, these anatomical and physiological data do not
provide an answer for why nonspatial object information is
represented secondarily to location information. The arrival of
prominent inputs of both types of information could have been
used to predict several other types of coding, including hypothet-
ical frameworks in which object location and object identity were
on equal footing or in which object location was represented as
a secondary attribute of object identity. One possibility for the
primacy of location coding in the rat hippocampus could be due to
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the possibility that rats attend to spatial features more so than
nonspatial features. If so, perhaps the hierarchy of information
coding might be different in the hippocampus of other species
that attend less to spatial information.

Another possibility for the relegation of object identity in-
formation as secondary to object location information is that
encounters with the objects were incidental to the rats’ task of
completing laps on the circular track. Perhaps coding of object
identity would have been more prominent if the rats had been
rewarded in some way for inspecting and remembering the objects.
Nevertheless, what is clear from the behavioral data in the present
study is that the rats did voluntarily inspect the objects without
overt rewards and that they did remember those encounters.

An additional question regards the temporal dimension of
the data. Objects were encountered not only in different points in
space but also in different points in time. Thus, it is possible that
the neural classification of object identity benefitted from the fact
that objects were encountered across blocks of laps spread over an
hour-long testing session. Indeed, a recent study found that the
pattern of activity across simultaneously recorded hippocampal
neurons gradually changed across the course of a testing session,
and that the rats used this temporal information to guide memory
judgments about the order in which odors had been encountered
(Manns et al. 2007). In the present study, objects were presented in
only one block of laps, and memory for temporal order was not
assessed. Thus, the question would be difficult to answer with the
present design of the task. However, what can be answered is the
question of whether a simple shift in overall firing rate or a change
in running speed across blocks of trials (which could impact firing
rates) could account for the present results. First, only 12 of the
205 pyramidal neurons reported in the present study showed
a significant (P < 0.01) effect of block when their firing rates from
all object encounter events were entered into a one-way ANOVA
with block number as the factor, in a manner similar to the
analyses of object location or object identity (11 of 205 showed
a significant effect of block when entered into a parallel Kruskal-
Wallis test). This number (5.8%) is close to the number (1%) one
would expect by chance. Thus, it does not seem that there was
a tendency for firing rates to differ as a function of block that could
explain the tendency for firing rates to differ as a function of
object identity. Second, rats’ running speeds during object en-
counter events remained relatively constant across blocks of laps
(repeated-measures ANOVA: Fg 3)=0.54, P> 0.1) (for a plot of the
average running speed across blocks of laps, see Supplemental Fig.
2). Thus, there was no change in running speed across blocks of
laps that could account for the differences in hippocampal activity
between object encounter events.

A relevant consideration for the results of the present study is
the fact that all recordings were taken from the dorsal hippocam-
pus. A recent study of hippocampal pyramidal cells found that the
real-world scale of spatial receptive fields (“place fields”) system-
atically differed as a function of where along the dorsal-ventral
axis the neuron was located in the hippocampus (Kjelstrup et al.
2008; see also Jung et al. 1994). Pyramidal cells in the dorsal
hippocampus tended to have small spatial receptive fields, cells in
the middle hippocampus tended to have medium spatial receptive
fields, and cells in the ventral hippocampus tended to have large
spatial receptive fields. Based on the findings from this study, one
would predict that if cells were recorded from the ventral hippo-
campus in the present task, the spatial receptive fields would have
encompassed a large portion (if not all) of the circular track. Thus,
information in the pattern of neural activity about the specific
location of the objects on the circular track might be much less
prominent in this case. If so, these large-scale spatial representa-
tions in the ventral hippocampus might be viewed as useful in rep-
resenting a general spatial context rather than a specific location.
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A final question is why damage to the hippocampus has
resulted in impairments on nonspatial tasks in previous studies
(Bunsey and Eichenbaum 1996; Clark et al. 2000, 2002; Alvarez
et al. 2001; Fortin et al. 2002, 2004; Kesner et al. 2002). In the
present study, no information about object identity was observed
independent of object location, and thus one might be led to
conclude that the hippocampus is unimportant for nonspatial
memory. However, this finding does not mean that there was no
information about object identity at all. In fact, the pattern of
hippocampal activity distinguished between different objects
encountered in the same location at levels well above chance.
Indeed, the modulation of location-based spiking activity by
objects or events occurring in these locations might represent an
effective neural strategy for remembering episodic memories,
a possibility previously considered by others (Wood et al. 2000;
Leutgeb et al. 2005). These findings are also consistent with the
view that even simple recognition of objects is in part supported
by recollection of items in the context in which they were
experienced (Zola et al. 2000; Fortin et al. 2004).

Materials and Methods

Four male Long-Evans rats weighing between 375 and 425 g were
trained to complete clockwise laps on a circular track by rewarding
them with a small piece of chocolate for each lap. Data were taken
from one test session for each rat. The outside diameter of the
circular track was 91.4 cm. The track width was 7.6 cm. On testing
days, objects were placed on the track, and rats were allowed to
explore objects voluntarily. Objects were attached to the outside
edge of the track such that the objects were immediately adjacent
to the track but did not encroach on the track (i.e., rats’ paths did
not need to deviate to inspect objects). The track was divided into
12 equal sections, and objects were placed in 10 of the 12 possible
locations. The section at the end of the central runway (the 12
o’clock position) and the section immediately clockwise to it (the
1 o’clock position) never contained objects. The objects were
a collection of plastic, wood, metal, or ceramic junk objects or
toys that were typically larger than 7 cm X 7 cm X 7 cm but
smaller than 12 cm X 12 cm X 12 cm. Rats were not exposed to the
test objects prior to the testing session.

Rats completed up to 10 blocks of 13 laps (130 laps total)
within a testing session. Figure 1 shows a schematic of the testing
procedure. Fach block of laps began with a lap around an empty
track. The rat then completed three laps in which one object (“A,”
in the first example block depicted in Fig. 1) occupied one of the
10 possible locations. On the next three laps, a copy of the original
object (“A”) was placed in a new location, and a new object (“B”)
was placed in a third location. On the next three laps, copies of the
first two objects were placed in new positions on the track along
with a new object (“C”), which was placed in a previously un-
occupied location. On the final three laps, copies of the first three
objects were placed on the track in new positions along with the
final object (“D”), which was placed in a previously unoccupied
location. Thus, on each block, rats encountered four objects, three
of which were encountered in at least two different locations.
Novel objects were used for each block of trials. Thus, rats
encountered up to 40 objects over 10 blocks of laps on each
testing day (rat 4 completed only nine blocks). The locations of the
objects were randomized for each block, with the stipulation that
a particular location was occupied only once per block. Objects
were chosen to appear together on a block in a way that roughly
equated size. The order in which objects were presented within
a block (e.g., which was assigned to be “A,” “B,” “C,” or “D"”) was
randomly determined.

Performance was recorded and scored using digital video. The
time was recorded for each instance in which a rat’s nose first came
within 0.5 cm of an object. For analysis of neural data, the time
window for an object encounter event was defined as 0.25 sec
before this time to 0.25 sec after this time (0.5 sec in duration). We
refer to these instances as object encounter events or more simply
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as encounters. For analysis of behavioral data, the duration of
exploration for each object was calculated as the length between
the point at which the rat’s nose first came within 0.5 cm of an
object and the point at which the rat broke off active exploration.
Instances in which a rat encountered an object but did not stop to
actively explore the object were assigned an exploration duration
of zero. The fixed 0.5-sec window for neural data analysis was
chosen because it provided a consistent sampling window across
events and because we reasoned that, if rats used memory in-
formation to guide their decision about whether or not to explore
an object, that information must have been available at the outset
of exploration. For behavioral analysis, we used the entire bout of
exploration as an indication of the rat’s memory for the object.
Based on considerable prior data (e.g.,, Ennaceur and Delacour
1988; Mumby et al. 2002), we expected that a rat would explore
remembered objects for a shorter duration on average compared
with new or forgotten objects, but when objects were subse-
quently relocated to new places, the rat would re-explore an object
for a longer duration.

Rats were implanted with a chronic recording headstage
above the left dorsal hippocampus (centered at 3.8 mm posterior
and 2.9 mm lateral to bregma). Eight to 9 tetrodes were used to
record data from CA1 and CA3 in the dorsal hippocampus (for one
rat, data were recorded from only CAl). Each tetrode was com-
posed of 4 12.5-pm nichrome wires whose tips were plated with
gold to bring the impedance to 200 kQ at 1 kHz. Animals were
allowed to recover for 5-7 d, and the tetrodes were then moved
down slowly, over the course of 2-3 wk, until the tips reached the
pyramidal cell layer of CA1 or CA3. Tetrodes were never turned on
the day of the recording. The placement of the tetrode tips was
verified by several electrophysiological hallmarks (CAl: promi-
nent theta oscillations in local field potential; CA3: prominent
gamma oscillations in local field potential; CA1 and CA3: complex
spikes of pyramidal cells, theta-modulated spiking, multi-unit
bursts accompanied by 200 Hz “ripples” in the field potential)
and by histology. A 40-pA current was passed through each
recording tetrode for 20 sec immediately prior to euthanizing
the rat, and the resulting brain lesions served as confirmation of
tetrode position. Pyramidal neurons were distinguished from
interneurons by spike waveform and by baseline firing rate.
During testing, spike activity was filtered (600-6000 Hz), and
above-threshold spikes were saved for offline analysis. Activity of
individual neurons was obtained by using software (Oftline Sorter,
Plexon Inc.) to define clusters of spikes determined by visually
inspecting several waveform characteristics across the four wires
(e.g., spike amplitude or waveform shape). All analyses were
conducted with MATLAB (MathWorks).
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