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Role of Active Movement in Place-Specific Firing of
Hippocampal Neurons

Eun Young Song,1 Yun Bok Kim,* Young Ho Kim,? and Min Whan ]ungl*

ABSTRACT:  The extent of external and internal factors contributing to
location-specific firing of hippocampal place cells is currently unclear.
We investigated the role of active movement in location-specific firing by
comparing spatial firing patterns of hippocampal neurons, while rats
either ran freely or rode a motorized cart on the same circular track. Most
neurons changed their spatial firing patterns across the two navigation
conditions (“remapping”), and they were stably maintained across re-
peated active or passive navigation sessions. These results show that
active movement is a critical factor in determining place-specific firing of
hippocampal neurons. This could explain why passive displacement is not
an effective way of acquiring spatial knowledge for subsequent active
navigation in an unfamiliar environment. o 2004 Wiley-Liss, Inc.
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INTRODUCTION

One of the most striking and consistent features of hippocampal neuronal
activity is place-specific firing. Principal cells of the hippocampus fire at
elevated rates when an animal is within restricted places of a given environ-
ment but are silent elsewhere (O’Keefe and Dostrovsky, 1971; Jung and
McNaughton, 1993). These “place cells” are considered to represent allo-
centric spatial information (O’Keefe and Nadel, 1978). Rotation of distal
visual cues induces corresponding rotation of place fields (e.g., O’Keefe and
Conway, 1978), demonstrating the role of external sensory inputs in deter-
mining place cell activity. However, place-specific firing can be maintained
following removal of all distal visual cues (Muller and Kubie, 1987; O’Keefe
and Speakman, 1987) or turning off the light (Quirk et al., 1990; Markus et
al., 1994), indicating that place-specific firing can also be maintained by
summing internally generated displacement cues (path integration; but see
Save et al., 2000). Currently, the relative contributions of external and
internal information to the discharge of hippocampal neurons are not fully
understood.

We investigated the role of active movement in place-specific firing of
hippocampal neurons. In a previous study that compared hippocampal neu-
ronal activity under active and passive navigation conditions, place cells
stopped firing in the place field when rats were returned there while physi-
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cally restrained (Foster et al., 1989). This study leaves
open the possibility that hippocampal neurons may ac-
tively discharge during passive movement if rats are not
physically restrained. Indeed, a more recent study has
shown that place cells do not shut off under a less re-
strained condition. In this study, rats were passively
moved on a mobile robot with their heads fixed to a robot
with the body suspended in a hammock with legs dan-
gling freely. Hippocampal neurons showed spatially se-
lective firing patterns, although they were broadly tuned
(Gavrilov etal., 1998). This study did not compare active
versus passive navigation, thus it is difficult to determine
whether hippocampal neurons maintain or alter their fir-
ing patterns across the two navigation conditions. In the
present study, we compared firing patterns of hippocam-
pal neurons across active and passive navigation condi-
tions in the same environment with minimal physical
restraint. If place-specific firing of hippocampal neurons
is constructed primarily from external sensory inputs and
path integration, similar patterns of neuronal activity
would be expected across the two navigation conditions.
Otherwise, if factors such as motor command signals and
efference copy play important roles, different spatial fir-
ing patterns will be observed. The present study has been

presented previously in abstract form (Song and Jung,
2002).

MATERIALS AND METHODS

Behavior

Fifteen male Sprague-Dawley rats (280-320 g, 8—11
weeks old) were trained to (1) actively run, and (2) pas-
sively ride a motorized cart (16 cm long, 8 cm wide, 4.5
cm above the maze floor with a 5-cm-high wall) on a
circular track to obtain water reward on two locations
(180° apart; identical locations across active and passive
navigation sessions). Movement of the cart was remotely
controlled by an experimenter, and the animals stopped
completely at the reward sites in both navigation condi-
tions. The delivery of water was automatically controlled
in active navigation sessions. As the rat approached one of
the reward locations, a photodetector activated solenoid
valves so that 50 pl of water was dropped from polyeth-
ylene tubing to the maze floor at both reward locations.
Water delivery was completed before arrival of the animal
at the reward locations. In passive navigation sessions, the
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same volume (50 pl) of water was manually delivered using a
syringe onto a small transparent acryl plate that was attached to the
front side of the motorized cart at the reward locations. The circu-
lar track was 100 cm in diameter (OD), and the width of the track
was 15 cm. It was elevated (40 cm) from the floor with 5 cm high
walls along the entire track. A 5-cm-wide rail was installed on the
maze floor along which the cart was driven. The recording room
was rich with visual cues. The animals were trained to go through
one active navigation (A1), one passive navigation (P), and second
active navigation (A2) sessions (Fig. 1a). They were trained for
7-10 days before surgery. A subset (n = 5) of animals was trained
in an additional passive navigation session (P2). The animals ran
20 laps per each session. The duration of each session was 4—7 min,
and there was a 0.5-3-min intermission between consecutive ses-
sions. They were placed on a pedestal inside the circular track
without disorientation between behavioral sessions.

Unit Recording

Single units were recorded from the dorsal hippocampus as pre-
viously described (Jung etal., 1994). Two tetrodes were implanted
(one in each hemisphere) above the hippocampus (3.8 mm poste-
rior, 2.0 mm lateral from bregma, 1.0 mm ventral from the brain
surface) of the well-trained animals under deep sodium pentobar-
bital anesthesia (50 mg/kg). After =1 week of recovery period from
the surgery, tetrodes were lowered into CA1/CA3 cell body layer
by manipulating microdrives to obtain unit signals. Unit signals
via an FET headstage were amplified 3,000-11,000X, filtered at
0.6—6 kHz, digitized at 25 kHz, and stored on an IBM-compatible
personal computer using custom software. Unit activities were also
recorded with the animals placed on the pedestal before and after
experimental sessions to examine stability of recorded unit signals.
Unstable units were not included in the analyses. EEG was re-
corded from the opposite hippocampus through one channel of
the other tetrode. EEG signals were amplified 300500, filtered
at 0.1-50 Hz, and digitized at 500 Hz. The animal’s location and
head direction were monitored by tracking two sets of light-emit-
ting diodes mounted on the headstage at 20 Hz. When recordings
were completed, small marker lesions were made and recording
locations were verified histologically. The experimental protocol
was approved by the Ethics Review Committee for Animal Exper-
imentation of Ajou University School of Medicine.

Analysis

Single units were isolated by projecting the four channel relative
amplitude data two dimensionally, and manually applying bound-
aries to each subjectively apparent unit cluster using custom soft-
ware (Xclust, M. Wilson). Spike width was also used as an addi-
tional spike waveform characteristic for unit isolation. A spatial
firing rate map was constructed for each behavioral session for each
unit. The 128 X 128-cm square containing the circular track was
divided into 64 X 64 pixels, and the firing rate (total number of
spikes divided by total occupancy time) for each pixel was calcu-
lated.

“Adaptive binning” was used in this process as described previ-
ously (Jung etal., 1994) to optimize the tradeoff between sampling

error and resolution. Pixel-by-pixel correlations (r) among firing
rates maps were then computed as follows:
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where f; and g; denote firing rates of the i-th pixel of two different

firing rate maps, and f and g denote firing rates averaged over all
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pixels. Those pixels that contain 0 occupancy in either firing rate
map were excluded from the calculation. The correlation coeffi-
cients were transformed to Fisher’s z for normalization as the fol-
lowing (Rosner, 1995):

z=0.5[In(1 + 7 — In(1 — #)]. (2)

Note that Fisher’s z can be >1 or <—1.

A place field was defined as a group of 10 or more adjoining
pixels with the average firing rate of each pixel exceeding three
standard deviations above the mean firing rate. Only complex-
spike cells were included in the analyses concerning place field.
Spatial information content per spike was calculated as previously
described (Skaggs et al., 1993). The rotation of place-specific firing
across different sessions was quantified by measuring a rotation
correlation score in a similar manner as in a previous study
(Knierim, 2002). Pixel-by-pixel correlation of firing rate maps be-
tween two sessions (e.g., Al vs. P) was calculated while rotating the
firing rate map of the second session clockwise by —177-180° at 3°
intervals. The rotation angle that produced the highest correlation
was taken as the rotation correlation score. Fast-Fourier transforms
were performed on EEG data for each behavioral session, and the
relative power of 6-9-Hz theta band was calculated. Student’s
t-test and one-way analysis of variance (ANOVA) (repeated mea-
sure) were used for statistical comparisons. For rotation correlation
scores, Watson—Williams test (circular statistics) was used for sta-
tistical comparisons (Batschelet, 1981). A P-value of < 0.05 was
used as the criterion for a significant statistical difference. All data
are expressed as mean = SEM.

RESULTS

Characteristics of Unit Discharge

We recorded 60 single units in CAl and CA3 regions of the
dorsal hippocampus in 15 rats during active (A1), passive (P), and
second active (A2) navigation sessions (Fig. 1a). Different defini-
tions of “place cells” have been used by different investigators. In
the present study, rather than selecting place cells, we included all
the neurons that emitted >20 spikes in each recording session in
the analysis. Thus, after excluding those units (n = 14) that emit-
ted <20 spikes in any of the three sessions, a total of 46 units (39
complex spike cells and 7 theta cells; Ranck, 1973) were analyzed.
Since theta cells also show spatially biased firing (Kubie et al.,
1990), both complex spike cells and theta cells were included in the
analysis, although same conclusions were obtained when only
complex spike cells were analyzed.

The most conspicuous EEG rhythm observed in the hippocam-
pus during an animal movement is ~7 Hz (theta). In our study,
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FIGURE 1. Behavioral tasks and unit discharge characteristics. a:

Animals alternately went through active and passive navigation ses-
sions on a circular track. Left: active navigation. The animals ran
clockwise to obtain water reward at two opposite locations. Right:
passive navigation. The animals rode a motorized cart that was con-
trolled by an experimenter. The animals were rewarded at the same
locations as in the active navigation condition. b: Averaged EEG
power spectrum of the three behavioral sessions (n = 32). Bin width
is 0.5 Hz. Al and A2: the first and the second active navigation ses-
sion. P, passive navigation session. c: Mean firing rates of units (n =
40) averaged across the same behavioral sessions. d: Spatial informa-
tion content (n = 46). *significant difference (P < 0.001).

similar degrees of relative theta EEG power (6—9 Hz) were ob-
served across Al, P, and A2 sessions (one-way ANOVA, P> 0.05;
Fig. 1b), which is consistent with previous studies that report ob-
servation of theta EEG during both active and passive movement
of animals (Winson, 1976; Foster et al., 1989; Gavrilov et al.,
1995, 1996). The mean firing rates of the analyzed units (n = 46)
were 6.9 £ 1.7,69 £ 1.4 and 7.4 = 1.8 Hz in Al, P, and A2
sessions, respectively. There was no significant difference in the
mean firing rate across the sessions (one-way ANOVA, P > 0.05;
Fig. 1c). However, spatial information content was significantly
lower in the P session (one-way ANOVA, P < 0.001; post-hoc
LSD test, P < 0.001 for both A1-P and P-A2 comparisons),
indicating that spatial selectivity of unit discharge is lower under
the passive navigation condition (Fig. 1d), which is consistent with
the previous report (Gavrilov et al., 1998). The average spatial
information contents were 0.91 = 0.10, 0.43 * 0.06 and 0.84 *+
0.10 bits/spike for Al, P, and A2 sessions, respectively. Because
discharges of theta cells are known to depend on rat’s motion
(Ranck, 1973), the difference in spatial information contents may
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be attributable to different theta cell activities between active and
passive navigation sessions. To rule out this possibility, we ex-
cluded theta cells and compared spatial information contents of
complex spike cells only (n = 39). They were 1.06 * 0.10, 0.49 =
0.06, and 0.98 = 0.11 bits/spike for Al, P, and A2 sessions, re-
spectively. It was significantly lower in the P session (one-way
ANOVA, P<0.001; post-hoc LSD test, 2 << 0.001 for both A1-P
and P-A2 comparisons).

Remapping of Place-Specific Firing

Figure 2a shows representative examples of spatial firing pat-
terns of two complex spike cells (top and middle) and a theta cell
(bottom) during A1, P, and A2 sessions. Figure 2b shows pixel-by-
pixel correlations (transformed to Fisher’s z) among firing rate
maps in Al, P, and A2 sessions of all analyzed units (n = 46). As
shown, spatial firing patterns of most units were poorly correlated
between Al and P sessions and P and A2 sessions, but remained
similar between Al and A2 sessions. A one-way ANOVA indicated
that a significant difference existed among groups (2 < 0.001).
Post-hoc LSD tests indicated that the correlation between A1 and
A2 sessions (1.15 £ 0.09) was significantly higher than that be-
tween both A1-P sessions (0.23 * 0.05, P < 0.001) and P-A2
sessions (0.18 = 0.05, 2 < 0.001).

The above result could have arisen due to either remapping or
different spatial resolutions of location-specific signal across active
and passive navigation conditions. To distinguish between these
two possibilities, we compared rotation correlation scores across
Al, P, and A2 sessions. As shown in Figure 2d, most data points
clustered around 0 for A1-A2, whereas they were widely dispersed
for A1-P and P—-A2 session pairs. Absolute values of the rotation
correlation scores were 65.7 = 8.4, 17.3 = 5.8 and 65.4 *+ 8.2°
between Al and P, Al and A2, and P and A2 sessions, respectively.
The rotation correlation score of A1-A2 session pair was signifi-
cantly different from those of AI-P and P-A2 session pairs
(Watson—Williams test, 2 < 0.001), indicating that remapping of
spatial firing patterns occurs across active and passive navigation
conditions. We also selected only those units that had similar spa-
tial information contents across the three behavioral sessions (n =
14 units). Their spatial information contents were 0.17 * 0.04,
0.14 = 0.06 and 0.19 = 0.06 bits/spike for A1, P, and A2 sessions,
respectively, which were not significantly different (one-way
ANOVA, P > 0.05). Their spatial firing rate map correlations
(Fig. 2¢) were similar to those shown in Figure 2b. The correlation
between sessions Al and A2 (1.16 £ 0.15) was significantly higher
than that between Al and P (0.23 = 0.10) or P and A2 (0.24 *
0.14; one-way ANOVA, P < 0.001; post-hoc LSD tests, P <
0.001 for both comparisons). These results indicate that the low
correlation between active and passive navigation sessions is pri-
marily due to remapping of location-specific firing across the two
navigation conditions.

If difference in spatial firing across active and passive navigation
sessions represents true remapping, one can expect to find those
neurons that have place fields in one condition, but not in the
other. We tested this possibility by analyzing those complex spike
cells that had at least one place field across the three recording
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sessions, regardless of the minimum number of spikes. Of 44 such
complex spike cells, 21 (47.7%) had place fields across the three
sessions. Fifteen (34.1%) had place fields in the two active sessions,
but not in the passive session. An example of this type of unit is
shown in Figure 2e. Two (4.5%) had place fields in the passive, but
not in the active sessions. The rest (6, 13.6%) showed inconsistent
place field activity across the two active sessions. They had place
fields in either A1 or A2 session, but not in the other. Thus, 17 of
44 units (38.6%) had place fields in one navigation condition, but
not in the other, further demonstrating remapping of location-
specific firing across the two navigation conditions.

Animal Trajectory

In the following, we show analysis results that examine whether
remapping of location-specific firing across active and passive nav-
igation sessions are attributable to the factors known to influence
discharges of hippocampal neurons: differences in movement tra-
jectory, movement speed, head direction, or elevation of the ani-
mal (McNaughton et al., 1983; Knierim et al., 2001). For the
animal trajectory, we first compared the average lateral head posi-
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tion along the track across the three recording sessions (Fig. 3a).
There were no significant differences among the three sessions
(n = 32 sessions, one-way ANOVA, P > 0.05), indicating that
lateral deviations of animal head position, on average, are similar
across the three sessions. Second, because local variations in the
animal trajectory could lead to different spatial firing patterns, we
compared spatial distributions of head position (occupancy distri-
butions) on the track across the three sessions. Correlation of oc-
cupancy distributions was higher between the two active sessions
(z-transformed correlation coefficient: 1.20 = 0.06) than between
sessions Al and P (0.34 £ 0.05), or P and A2 (0.38 = 0.06,
one-way ANOVA, P < 0.001, post-hoc LSD tests, P < 0.001 for
both comparisons, Fig. 3b). To test whether the difference in oc-
cupancy distribution is responsible for different spatial firing pat-
terns across two navigation conditions, we selected those data that
had similar occupancy distributions (i.e., similar trajectories)
across the three conditions. As we sequentially removed those data
with large differences in occupancy distribution maps, there left a
regime of data where occupancy correlations were not significantly
different across different behavioral session pairs and =3 units
were included (3-15 units). Significant remapping of place-spe-
cific firing persisted within this regime (one-way ANOVA, P <
0.05). In the example shown in Figure 3¢, only those units with the
difference of <0.3 in occupancy correlation between any two of
the three session pairs were selected. Although occupancy correla-
tions were not significantly different across different behavioral
session pairs (n = 15 units, one-way ANOVA, P > 0.05), spatial
firing patterns of the selected units were poorly correlated between
Al and P (0.26 * 0.12) sessions and P and A2 sessions (0.19 *
0.10), but similar between Al and A2 sessions (1.34 *= 0.16).

FIGURE 2. Remapping of spatial firing pattern across active and
passive navigation conditions. a: Representative examples of complex
spike cells (top and middle) and a theta cell (bottom) that remapped
their spatial firing patterns across active and passive navigation con-
ditions. Each spatial firing rate map shows the spatial distribution of
the firing rate. Red indicates the maximum firing rate that is different
for each plot. Top: 26.0, 30.9 and 46.8 Hz for Al, P, and A2 sessions,
respectively. Middle: 28.6, 1.1, and 33.8 Hz, respectively. Bottom:
54.2, 49.4, and 51.2, Hz, respectively). Cumulative spike waveforms
(30 traces superimposed) recorded through four tetrode channels (ch
1-4) are shown on the right for each cell. Top and bottom rows for
each cell correspond to unit signals recorded before and after behav-
ioral sessions, respectively. The theta cell shown was recorded with
only three channels leaving out a bad channel (ch 3). Correlations
(z-transformed): Top: A1-P: —0.07, A1-A2: 1.48, P-A2: —0.14.
Middle: A1-P: —0.08, A1-A2: 2.19, P-A2: —0.05. Bottom: A1-P:
0.46, A1-A2: 1.13, P—A2: 0.43. b: Group data. Pixel-by-pixel corre-
lations among firing rate maps were computed and transformed to
Fisher’s z for all neurons that emitted >20 spikes in each recording
session (n = 46). Mean correlation coefficients are indicated. c: Pixel-
by-pixel correlations among firing rate maps of those units that had
similar spatial information contents across the three behavioral ses-
sions (n = 14). d: Rotation of place-specific firing. Each dot indicates
the amount of rotation of place-specific firing (rotation correlation
score) between two sessions. e: An example of complex spike cells that
had place fields in only one navigation condition. This unit had a
place field in active (Al and A2), but not in passive (P) navigation
session. Maximum firing rates: 10.6, 1.0 and 9.4 Hz for A1, P, and A2
sessions, respectively. Scale bar = 0.5 ms and 100 V.
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FIGURE 3. Comparison of animal trajectory. a: Average lateral

positions of the animals in A1, P, and A2 sessions (n = 32). The lateral
position was determined by measuring the radial distance of animal
position from the inner circle of the track. b: Correlations of spatial
distribution of occupancy across the three sessions (n = 32). c: Firing
rate map correlations of the selected units. Those data that had similar
occupancy distributions across Al, P, and A2 sessions were selected
(n = 15). d: Those units that were recorded in the Al and P sessions
having similar spatial distributions of occupancy near the Al place
field were selected (n = 10).

A1-A2 correlation was significantly higher than that of A1-P or
P-A2 (one-way ANOVA, P < 0.001; post-hoc LSD tests, P <
0.001 for both comparisons).

In addition, to test the effect of local variations in the animal
trajectory near place fields, we compared animal trajectories near
the place field in A1 session. We selected those sections of the track
where place fields were located in A1 session, and examined spatial
distributions of occupancy during the P session within and outside
the Al place fields. We then selected those sessions in which the
animals in the P session spent >70% of the time inside the Al
place field. Spatial firing patterns of the selected units (n = 10)
were similar only between two active sessions (Fig. 3d). A1-A2
correlation (1.32 = 0.17) was significantly higher than that of
A1-P (0.26 = 0.12) or P-A2 (0.22 % 0.1; one-way ANOVA, P <
0.001; post-hoc LSD tests, P < 0.001 for both comparisons).
Thus, although the animals passively went through the Al place
field >70% of the time in the corresponding section of the track,
the units did not fire at the same location but mostly elsewhere
during the P session, resulting in a low correlation in the firing rate
map between Al and P sessions. In contrast, units fired at similar
locations across Al and A2 sessions.

Movement Speed

There were no statistical differences in the average movement
speed across the three recording sessions (n = 32, Fig. 4a), indi-
cating that overall movement speeds were not significantly differ-
ent. To test local variations in the movement speed, we compared
spatial distributions of instantaneous movement speeds on the
track across the three sessions. Correlation coefficients of speed
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distributions  (z-transformed) were quite low. They were
—0.004 = 0.001, 0.000 = 0.003, and —0.003 = 0.001 for A1-P,
A1-A2, and P-A2 session pairs, respectively (Fig. 4b), which do
not vary significantly (one-way ANOVA, P > 0.05). Thus, move-
ment speed distributions were little related across the three ses-
sions.

We also compared variations of the movement speed near the
Al place field. We selected those sessions in which the average
movement speeds near Al place field were similar (differ by <5
cm/sec) across Al and P sessions. The average movement speeds of
the selected behavioral sessions near the Al place field (n = 17)
were 12.3 + 1.7,12.4 = 1.9 and 14.0 * 1.0 cm/sec for A1, P, and
A2 sessions, respectively which do not vary significantly (one-way
ANOVA, P > 0.05). Spatial firing patterns of the selected units
(n = 17) were similar only between two active sessions (Fig. 4c).
A1-A2 correlation (1.26 % 0.14) was significantly higher than
A1-P (0.15 = 0.08) or P-A2 correlation (0.08 % 0.06; one-way
ANOVA, P < 0.001; post-hoc LSD tests, P < 0.001 for both

comparisons).

Head Direction

When we compared spatial distributions of the head direction
on the track across the three sessions, there was a higher correlation
between the two active sessions than between sessions A1 and P, or
P and A2 (n = 32, 0.98 = 0.07, 0.59 = 0.04 and 0.58 £ 0.03,
respectively; one-way ANOVA, P < 0.001; post-hoc LSD tests,
P < 0.001 for both comparisons; Fig. 5a). As we removed those
data sequentially with large differences in head direction distribu-
tion maps, there left a regime of data where head direction corre-
lations were not significantly varied across different behavioral ses-
sion pairs and =4 units were included (4—16 units). Significant
remapping of place-specific firing persisted within this regime
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FIGURE 4. Comparison of movement speed. a: Average move-

ment speeds of the animals in Al, P, and A2 sessions (n = 32). b:
Correlations of spatial distribution of instantaneous movement
speeds across the three sessions (n = 32). c: Firing rate map correla-
tions of the selected units. Those units that were recorded in the Al
and P sessions having similar movement speeds near the Al place field
were selected (n = 17).
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FIGURE 5. Comparison of head direction. a: Correlations of spa-

tial distribution of head direction across Al, P, and A2 sessions (n =
32). b: Firing rate map correlations of the selected units. Those data
that had similar head direction distributions across Al, P, and A2
sessions were selected (n = 7 units). c: Those units that were recorded
in the Al and P sessions having similar head directions near the Al
place field were selected (n = 9).

(one-way ANOVA, P < 0.05). In the example shown in Figure 5b,
only those units with the difference of <0.1 in head direction
correlation between any two of the three session pairs were se-
lected. Although head direction correlations did not vary signifi-
cantly across different behavioral session pairs (n = 7 units, one-
way ANOVA, P > 0.05), spatial firing patterns were more highly
correlated between A1 and A2 sessions (0.85 = 0.26) than between
Al and P (0.14 = 0.16) or P and A2 sessions (—0.07 £ 0.16;
one-way ANOVA, P < 0.01; post-hoc LSD tests, P < 0.01 for
both comparisons).

We also compared variations of head direction near place fields
in Al session. We selected those sessions in which the average head
direction within the selected section of the track were similar (dif-
fer by <10°) between Al and P sessions. The difference in average
head direction between Al and P sessions near the Al place field
was 4.6 = 2.0°, and that between A1 and A2 sessions was —3.7 =*
4.5° for the selected sessions (n = 9). These relative head directions
were not significantly different from each other (z-test, P > 0.05).
Again, spatial firing patterns of the selected units (n = 9) were
similar only between two active sessions (Fig. 5¢). A1-A2 correla-
tion (1.20 = 0.14) was significantly higher than A1-P (0.35 *
0.10) or P-A2 correlation (0.26 = 0.09; one-way ANOVA, P <
0.001; post-hoc LSD tests, P << 0.001 for both comparisons).

To test the combined effect of variations in animal behavior, we
quantified how much variance in firing rate map correlations could
be accounted for by variations in animal trajectory, movement
speed, and head direction. Firing rate map correlations of all ana-
lyzed units across all session pairs (Fig. 2b) were subject to a mul-
tiple regression analysis for this purpose. The coefficients of occu-
pancy, speed, and head direction map correlation served as
independent variables. The adjusted R* of the multiple regression
was 0.27, indicating that 27% of variance can be predicted from
the values of the three independent variables. When the navigation

condition (i.e., A1-P, A1-A2, and P—-A2) was added as an addi-
tional independent variable to the regression, they accounted for
51% of the total variance of firing rate map correlations altogether
(i.e., adjusted R? = 0.51). These results indicate that variations in
animal behavior, even when considered together, cannot fully ac-
count for the observed remapping of place-specific firing.

Unit Firing at Different Elevation of the Rat

The head of the animal was elevated ~4.5 cm higher in the P
session than other sessions because of the height of the motorized
cart. To examine whether the observed remapping could be due to
different heights (Knierim et al., 2001), we recorded 11 cells from
four rats in two active navigation sessions with two different
heights. The circular track was elevated by 4.5 cm (equivalent to
passive navigation condition) in the second session. As shown by
an example in Figure 6, similar firing patterns were observed across
the two sessions. The average correlation was 1.03 = 0.21 (n = 11
units), which was significantly greater than the correlation between
A1l and P sessions (0.23 % 0.05, #test, P < 0.01). These results
indicate that the observed remapping across active and passive
navigation sessions is not attributable to the difference in the ele-
vation of the animals.

Stable Representation of Space Across Repeated
Passive Navigation Sessions

The remapping observed in the P session might have been a
random process that resulted from animals paying little attention
to the external environment during the P session. Different levels
of attention could lead to different levels of modulatory signals to
the hippocampus, which may in turn induce changes in hippocam-
pal unit firing. Alternatively, spatial information is represented
stably but differently in the hippocampus during the P session.
These alternative possibilities were examined by recording cells in
repeated passive navigation sessions. A subset of hippocampal neu-
rons (n = 9 out of 46) was recorded throughout the first active
(A1), first passive (P1), second active (A2), and second passive (P2)
navigation sessions from four rats. As shown in Figure 7, spatial
firing patterns between the two active (Al and A2) as well as the
two passive sessions (P1 and P2) were maintained stably. Both
A1-A2 (1.58 * 0.25) and P1-P2 correlations (0.49 * 0.08) were
significantly greater than zero (#-test, P < 0.001 and P < 0.01,
respectively), and they were significantly higher than other corre-
lations (one-way ANOVA, P < 0.001; post-hoc LSD tests, A1-A2
vs. other active-passive correlations: P < 0.001, P1-P2 vs. other
active-passive correlations: 2 << 0.05). These results demonstrate
that spatial information under passive navigation condition is sta-
bly represented in the hippocampus.

Partial Remapping

Firing rate map correlations between Al and P sessions and P
and A2 sessions were significantly larger than 0 (#test, P < 0.001
and P < 0.01, respectively), suggesting that the observed remap-
ping across the active and passive sessions was not a random pro-
cess. To test this possibility further, we randomly rotated firing rate
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FIGURE 6. Comparison of unit firing at different elevation of the
rat in the active condition. This example shows unit firing at two
different heights of the track. The correlation (z-transformed) be-
tween the two firing rate maps is 1.90. Maximum firing rates: 31.1 and
29.1 Hz, respectively.

maps of Al session (A1) and computed their correlations with the
original Al firing rate maps. The correlation (z-transformed) be-
tween the two conditions was 0.01 % 0.05, which was not signif-
icantly different from 0 (#-test, 2 > 0.05) and significantly lower
than the A1-P correlation (#test, P < 0.01; Fig. 8b). Some neu-
rons maintained their spatial firing patterns across active and pas-
sive navigation conditions (Fig. 8a), suggesting that the above re-
sults may be due to mixed responses (some units remap, whereas
others maintain their spatial firing patterns). To test this possibil-
ity, we calculated rotation correlation scores across Al and P ses-
sions (Fig. 2d), and then divided the units into “maintained” and
“remapped” categories. If rotation correlation score was within *
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FIGURE 7. Stable representation of spatial information across
repeated passive navigation sessions. a: Two examples of unit firing
across two active and passive navigation sessions. Maximum firing
rates: top: 26.3, 9.1, 33.3 and 8.5 Hz; bottom: 11.4, 4.3, 16.9, and 2.9
Hz (left to right). Correlations (z-transformed): Top: A1-A2: 1.99,
P1-P2:1.31, A1-P1: —0.08, A1-P2: —0.17, P1-A2: —0.03, A2-P2:
—0.14. Bottom: A1-A2: 2.57, P1-P2: 0.90, A1-P1: —0.16, A1-P2:
—0.06, P1-A2: —0.16, A2-P2: —0.05. b: Group data. Pixel-by-pixel
correlations among firing rate maps are shown for nine units. Mean
correlation coefficients are indicated.
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FIGURE 8. Partial remapping. a: Simultaneously recorded units
with mixed responses. One unit maintained, and the other remapped
their spatial firing patterns across active and passive navigation con-
ditions. Maximum firing rates: Top: 29.4, 22.0, and 36.7 Hz. Bottom:
3.4, 12.0 and 3.7 Hz (left to right). Correlations (z-transformed):
Top: A1-P: 0.76, A1-A2: 1.85, P-A2: 0.66. Bottom: A1-P: —0.39,
A1-A2: 1.47, P-A2: —0.26. b: Correlations between Al and P firing
rate maps, and between Al and randomly rotated Al (A1’) firing rate
maps.

9°, the unit was defined to have “maintained” place-specific firing
across the two sessions. Otherwise, units were defined to have
“remapped” place-specific firing. There were nine “maintained”
(19.6%) and 37 “remapped” (80.4%) units. The chance for a unit
to have maintained place-specific firing after random rotation is
only 5%, and the probability for 46 units to have 9 or more main-
tained units after random rotation is <0.001, indicating that a
significant number of units maintained place-specific firing across
Al and P sessions. Similar results were obtained with the analyses
concerning P and A2 sessions (data not shown).

We then examined whether simultaneously recorded units
behaved in the same way (maintenance vs. remapping of spatial
firing patterns) across active and passive navigation conditions.
Of the nine units that maintained their firing patterns across Al
and P sessions (i.e., rotation correlation score was within *= 9°,
Fig. 2d), five were simultaneously recorded with one or more
units. These five units were recorded in five separate recording
sessions; in other words, each unit was recorded with one or
more units that showed remapping of place-specific firing across
Al and P sessions. Figure 8a shows such an example. As shown,
one neuron remapped, but the other neuron maintained place-
specific firing across Al and P sessions. These results show that
some neurons maintained, but at the same time, others
remapped their spatial firing patterns across active and passive
navigation conditions (i.e., partial remapping).
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DISCUSSION

Role of Active Movement in Place-Specific
Firing of Hippocampal Neurons

The results of this study show that spatial information is repre-
sented differently across active and passive navigation conditions in
an identical environment. The distal visual cues were identical
under the two navigation conditions and the animals were not
disoriented nor removed from the recording room. The observed
remapping cannot be explained by the difference in movement
trajectory, velocity, head direction, or height of the animal. The
remapping did not occur due to an unknown time-dependent
variable either, because spatial firing was stably maintained across
repeated active and passive navigation sessions. Care was taken to
maintain the variation in local cues (tactile and olfactory) in a
minimal level. The texture or odor of the moving cart was not
likely a factor in location-specific firing on the track, because it was
not stationary but moved along the track. We cannot completely
rule out the possibility that potential variations in the texture or
odor on the track contributed to the observed remapping of place-
specific firing. However, results from previous studies suggest that
this is not a likely possibility. In a number of studies using a
cylinder or a square box, the floor of the arena was covered with a
new sheet of paper before each recording session; i.e., potential
local cues on the floor were different across different recording
sessions. In such cases, as long as distal cues remained the same,
place specific firing was maintained relative to the distal cues (e.g.,
Muller and Kubie, 1987). Perhaps local cues, if they exist, and
distal cues are associated so that either one can drive place-specific
firing at the same location. The absence of local cues (such as in the
P condition) would not alter spatial firing of hippocampal neurons
as long as distal cues are intact. Regarding potential variations in
odor cues on the track in particular, they must have been strong
and consistent if they have influenced unit firing during active
sessions, because similar place-specific firing was observed across
repeated active sessions. If this is the case, it is likely that the odor
cues were available to the animal during the passive navigation
condition, because the animal was mostly sticking its head out of
the moving cart. Finally, the relative power of conspicuous theta
EEG and average firing rate were similar between the two condi-
tions, suggesting that information was similarly processed under
these conditions. Combined, external sensory information and in-
ternal path integration signals would lead to the same spatial com-
putation under the two navigation conditions. In this circum-
stance, if the hippocampus concerns only the spatial computation
regardless of the mode of navigation, then similar spatial firing
patterns should be observed across the two navigation conditions.
Even when considering different patterns of sensory input to the
hippocampus across the two navigation modes, place fields should
be found at similar locations with somewhat different spatial res-
olutions or some drift. However, instead, place-specific firing
remapped across the two navigation modes in our study. These
results strongly suggest that the difference in the liberty of move-

ment between the two navigation conditions is responsible for the
observed remapping.

Neural Mechanisms Underlying Remapping

What is the neural mechanism that leads to different represen-
tations of space across active and passive navigation conditions?
Neural signals related to voluntary movement, such as motor com-
mand signals, efference copy or proprioceptive feedback signals
may play important roles in determining hippocampal neuronal
activity. Alternatively, active and passive navigations may be rep-
resented as separate behavioral tasks. Previous studies have shown
that spatial firing patterns of hippocampal neurons in the same
environment may be altered depending on behavioral tasks
(Markus et al., 1995; Kobayashi et al., 1997). It is possible that
brain structures such as the prefrontal cortex play important roles
in this process. Prefrontal cortex is known to encode “rules” of
behavioral tasks (Winocur and Moscovitch, 1990; Jung et al.,
1998; Wallis et al., 2001) and it is heavily interconnected with the
hippocampal formation (Witter, 2003). Additional work is needed
to identify neural mechanisms underlying different representations
of space across active and passive navigation conditions.

Performance Under Different Navigation
Conditions

In our daily experience with automobiles, a passive navigator
(passenger) has much more trouble than an active navigator (the
driver) in subsequent spatial navigation in an unfamiliar region.
Following passive navigation in a simulated three-dimensional en-
vironment, the subjects’ performance during the subsequent active
navigation (test trials) was significantly lower compared to those
who underwent prior active navigation (Peruch et al., 1995). Our
results suggest that the poor performance in test trials following
passive navigation may be due to different representations of space
between the two navigation conditions. Assuming that spatial in-
formation is separately represented across active and passive navi-
gation conditions in the human hippocampus as in the rat, it
would be more difficult to use spatial information acquired in one
condition (e.g., passive navigation) on the other navigation condi-
tion (e.g., active navigation). Furthermore, the spatial information
content of unit activity was lower under the passive navigation
condition, suggesting that external space is represented with lower
resolution during passive navigation. This would lead to inferior
spatial learning during passive navigation compared to active nav-
igation. It should be noted, however, that the experimental settings
in our study are quite different from those in the human navigation
study (Peruch et al., 1995). It is also unclear whether or not hu-
mans and rats share common spatial navigation strategies or com-
mon neural mechanisms for representation of spatial information.
Additional work is needed to resolve these matters.

Interplay Between Spatial and
Nonspatial Factors

The scope of hippocampal memory functions has long been

debated. Since the proposal by O’Keefe and Nadel (1978), the



cognitive map theory has maintained that the hippocampus pri-
marily concerns spatial memory. Others argue that the hippocam-
pus subserves broader memory functions (declarative, relational or
episodic memory) and that spatial memory is just one aspect of
hippocampal memory functions (e.g., Squire, 1987; Eichenbaum
et al., 1999). According to the latter argument, the results of our
study can be interpreted as reflecting qualitatively different epi-
sodes that occur in the same place while running or riding. On the
other hand, although behavioral structures were rather homoge-
nous on the track except at the two reward locations, strong loca-
tion-specific firing was observed under both navigation conditions.
This observation is consistent with the possibility that spatial in-
formation processing is an inherent function of the hippocampus.
Whereas a number of studies have shown nonspatial correlates (for
review, see Eichenbaum et al., 1999; Redish 1999, 2001), place-
specific firing is perhaps the most conspicuous and consistent fea-
ture of hippocampal neuronal activity, at least in the rat. These
observations suggest that hippocampal unit activity is an outcome
of interactions between spatial and nonspatial factors. Then how
do they interact? Two different views have been proposed regard-
ing this matter. O’Keefe and Nadel (1978) have proposed that the
hippocampus contains a spatial map in which representations of
objects experienced in the environment are ordered within a frame-
work generating a unitary space. On the other hand, several inves-
tigators (McNaughton et al., 1996; Redish, 1999; Sharp, 1999;
Jeffery and Anderson, 2003) have proposed that the hippocampus
stores multiple spatial maps of the same environment depending
on behavioral contexts. How can we reconcile these two different
views? First, they are not mutually exclusive; the hippocampus may
store multiple spatial maps depending on behavioral contexts, with
each map providing a unitary spatial framework where memories
about various events in the corresponding behavioral context are to
be stored. Second, although these views are different at the con-
ceptual level, they do not necessarily require separate neural mech-
anisms. Partial remapping (e.g., Knierim, 2002; Anderson and
Jeffery, 2003; present study) suggests that hippocampal place-spe-
cific firing is not an outcome of strong attractor dynamics (weak
external input connections and strong internal connections), but
rather, it is under relatively strong modulation by incoming sen-
sory information. Assuming that hippocampal unit firing is largely
determined by relative weights of different sources of information
impinging on a given neuron, most hippocampal units would
remap their firing patterns under two largely different conditions,
whether the difference is two different behavioral contexts in the
same environment or an occurrence of a certain event at a certain
location under only one condition. As such, the two conceptual
arguments may not be different in terms of neural network dynam-
ics. Perhaps one role of the hippocampus is to associate spatial
information with nonspatial information that may be separately
provided by the medial and lateral entorhinal cortex, respectively
(Quirk et al., 1992; Otto et al., 1996; Hargreaves et al., 2002;
Khnierim, 2003). This would, depending on the experimental de-
sign, appear as storing multiple maps for different behavioral con-
texts or providing a single spatial framework within which objects
and events are to be stored.
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