The Journal of Neuroscience, June 1, 2001, 27(11):4016-4025

Instability in the Place Field Location of Hippocampal Place Cells
after Lesions Centered on the Perirhinal Cortex

Gary M. Muir and David K. Bilkey
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The perirhinal cortex appears to play a key role in memory, and
the neighboring hippocampus is critically involved in spatial
processing. The possibility exists, therefore, that perirhinal-
hippocampal interactions are important for spatial memory pro-
cesses. The purpose of the present study was to investigate the
contribution of the perirhinal cortex to the location-specific
firing (“place field”) of hippocampal complex-spike (“place”)
cells. The firing characteristics of dorsal CA1 place cells were
examined in rats with bilateral ibotenic acid lesions centered on
the perirhinal cortex (n = 4) or control surgeries (n = 5) as they
foraged in a rectangular environment. The activity of individual
place cells was also monitored after a delay period of either 2
min, or 1 or 24 hr, during which time the animal was removed
from the environment.

Although the perirhinal cortex lesion did not affect the place
field size or place cell firing characteristics during a recording

session, it was determined that the location of the place field
shifted position across the delay period in 36% (10 of 28) of the
cells recorded from lesioned animals. In contrast, none of the
place cells (0 of 29) recorded from control animals were unsta-
ble by this measure.

These data indicate that although the initial formation of
place fields in the hippocampus is not dependent on perirhinal
cortex, the maintenance of this stability over time is disrupted
by perirhinal lesions. This instability may represent an errone-
ous “re-mapping” of the environment and suggests a role for
the perirhinal cortex in spatial memory processing.
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The hippocampus is an important component of the medial
temporal lobe memory system (Zola-Morgan et al., 1994; Buffalo
et al.,, 1998). Damage to the hippocampus appears to produce
some degree of amnesia (Rempel-Clower et al., 1996), and the
integrity of the hippocampus has been shown to be important for
the performance of spatial memory tasks (Jarrard, 1995). It has
been suggested that this latter function is dependent on the fact
that hippocampal pyramidal neurons (place cells) appear to en-
code the location of an organism in the environment, because
these cells increase their firing rate when an animal is in a
particular position (place field), independent of other behaviors
(O’Keefe and Dostrovsky, 1971; O’Keefe and Nadel, 1978).

The location of the place field of an individual place cell is
normally stable over several days of recording in an unchanged,
familiar environment (Muller et al., 1987; Thompson and Best,
1990), although the animal may be removed from that environ-
ment for extended periods. This feature of place cell activity may
determine whether an animal perceives an environment as famil-
iar or not, and because recognition of an environmental context
may be an important hippocampal function, it is of primary
interest to determine what factors and brain structures contribute
to place cell stability.
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Although a number of previous studies have investigated the
environmental and developmental factors that affect the stability
of the hippocampal place cell signal (Knierim et al., 1995;
McHugh et al.,, 1996; Rotenberg et al., 1996; Stackman and
Taube, 1996; Barnes et al., 1997; Kentros et al., 1998; Shapiro and
Eichenbaum, 1999), few studies have examined what brain re-
gions support this characteristic. It has been determined, how-
ever, that place cells show significantly decreased stability after
major damage to the dentate granule layer (McNaughton et al.,
1989), lesions of the septal area (Leutgeb and Mizumori, 1999),
or lateral dorsal thalamus (Mizumori et al., 1994). Other lesion
studies have, however, shown no effect of damage to afferent
structures (Mizumori et al., 1989; Shapiro et al., 1989) or have not
specifically described the locational stability of the place fields in
an unchanged, familiar environment (Miller and Best, 1980).

The aim of the present experiment was to examine the contri-
bution of the perirhinal cortex to the locational stability of dorsal
CA1l hippocampal place cells in a familiar environment. The
perirhinal cortex is connected to the hippocampus both directly
and via the entorhinal cortex (Deacon et al., 1983; Burwell et al.,
1995; Liu and Bilkey, 1996a, 1997; Burwell and Amaral, 1998a;
Naber et al., 1999; Shi and Cassell, 1999), and it appears to be
critically involved in object recognition memory (Meunier et al.,
1993; Murray, 1996; Buckley et al., 1997). It is possible, therefore,
that functional interactions between these regions are crucial for
mnemonic processes that rely on the integration of spatial and
object information. The perirhinal contribution to this process
may involve maintaining a representation of some aspect of the
environment, for example, cue position, such that this informa-
tion can be used by the hippocampus at a later time.
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MATERIALS AND METHODS

Surgical procedures. Nine male Sprague Dawley rats weighing between
300 and 400 gm were anesthetized with sodium pentobarbitol (60 mg/kg,
i.p.) and placed in a Kopf stereotaxic apparatus such that bregma and
lambda were in the same horizontal plane. Body temperature was main-
tained at 37°C, and a midline incision was made to expose the skull.

Rats were divided into three groups and received either bilateral
ibotenic acid (IBO) lesions of the perirhinal cortex (lesion; n = 4), no
lesions (n = 3), or sham lesions (n = 2). In the treatment and sham
animals, holes were drilled in the skull at 4.5, 5.5, and 6.5 mm posterior
to bregma and 5.5 mm lateral to the midline. A guide tube (23 gauge
needle) containing an obturator (30 gauge needle with sealed end) that
extended (1.1 mm beyond the end of the guide tube, was then angled 10°
laterally and located in the perirhinal cortex at a depth of ~4.5-5 mm
from the dural surface. In the case of the treatment animals, the obtu-
rator was withdrawn from the guide tube, the microinfusion cannula was
inserted, and 0.3 ul of IBO (dissolved in a PBS, pH 7.4, at a concentra-
tion of 10 ug/ul) infused into each site over 4—5 min using a 5 pl syringe
(5BR-5-RAS, SGE) connected to an automatic syringe pump (Bee Sy-
ringe Pump, MF-9090, BAS). The microinfusion cannula consisted of a
30 gauge dental needle (containing enough IBO for the whole surgery)
that extended ~1 mm beyond the end of the guide tube, attached to a
length of plastic tubing filled with distilled water, and separated from the
IBO by a 0.3 ul air bubble. The microinfusion cannula was ~0.1 mm
shorter than the obturator to ensure that it did not become blocked by
tissue situated at the end of the guide tube. The cannula was left in the
brain for 5 min after each infusion to allow for diffusion of the drug and
then withdrawn from the guide tube and wiped down with a cotton swab.
In the case of the sham lesions, the guide tube containing the obturator
was inserted at each infusion site without any infusions being made.

A unit recording electrode consisting of a bundle of 6-7 (25 wm)
formvar-coated nichrome wires mounted in a moveable “Scribe” micro-
drive (Bilkey and Muir, 1999) was then unilaterally (n = 7) or bilaterally
(n = 2) implanted in the hippocampus at coordinates based on Paxinos
and Watson (1998) (3.8 mm posterior to bregma, 2.5 mm lateral, ~1.8
mm ventral). In unilateral surgeries, the implanted hemisphere was
counterbalanced across animals. A stainless steel screw attached to the
skull functioned as the ground. The area between the microdrive and the
skull was sealed with Vaseline, and the microdrive was cemented in place
with dental acrylic. A protective plastic ring was then cemented in place
around the base of the microdrive. Stitches were placed anterior and
posterior to the assembly, and penicillin was injected into the surround-
ing tissue. The rat was then placed in a heated recovery box and left to
awaken from the anesthetic.

Apparatus and behavioral procedures. The experimental chamber con-
sisted of a black rectangular chamber (120 X 60 X 60 cm) with a metal
floor and an open top, within which the rat was allowed to move freely.
Surrounding the chamber was a sheet of black polythene that loosely
followed the lines of the chamber walls almost to the ceiling. Two back-lit
cues were positioned in clearly visible locations on the inner walls of the
chamber; a large crescent shape was positioned approximately one-
quarter of the way along the long wall at a height of 35 cm, and a smaller
star shape was positioned centrally on the end wall nearest the crescent
at a height of 45 cm. After at least 10 d recovery after surgery, rats were
habituated to the experimental chamber for 30 min/d and put on a
schedule of food deprivation until they reached ~85% of their free-
feeding weight (which was then maintained for the duration of the
experiment). During the period of habituation, animals learned to forage
throughout the chamber to recover chocolate-flavored pellets placed
randomly on the floor of the apparatus.

Animals were carried directly to the experimental room in an open top
box. The room light was extinguished immediately before placing the
animal in the chamber (always from the same location in the room, facing
the star cue). When at least one unit with a satisfactory signal-to-noise
ratio was isolated, a baseline recording session was begun. Each record-
ing session lasted until 10-30 min of data had been recorded, during
which time chocolate-flavored pellets were distributed throughout the
experimental chamber to keep the rat moving. The unit was then re-
corded again after 2 min, 1 hr, and 24 hr delays with the order of these
delays counterbalanced for different units. A unit recorded over all
delays, therefore, was recorded over a 2 d period. The animal was
returned to its home cage during the delay period for all delay durations,
and the box was wiped clean. Only units that demonstrated (1) a low (<4
Hz) mean firing rate (FR) (averaged over all sessions), (2) a maximum
firing rate (averaged over all sessions) of <30 Hz, and (3) a clear place
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field (PF) based on observation of the unit firing and location and
behavior of the animal during a session, were categorized as place cells.
In addition, almost all of these cells exhibited a peak-to-peak spike width
of >400 usec (Fox and Ranck, 1981). Furthermore, because it was
important to ensure as much as possible that the same unit was being
recorded in repeated sessions, only units that exhibited stable spike
amplitudes and consistent waveforms within and between sessions were
included in the present analysis. In most instances, the waveform char-
acteristics of a given unit were consistent enough within and between
sessions that the same cluster boundaries could be used in Datawave
Discovery to uniquely identify the unit across all sessions. On some rare
occasions in which the identity of the unit was not in question, some small
adjustments were made to the cluster box of a unit to maintain accurate
isolation. At the end of this procedure, or if no unit was present, the
electrode was lowered ~20-40 wm, and the animal was returned to its
home cage until the next day. Once the electrode had been lowered and
a “new” unit isolated, any similarities in waveform characteristics or
place field properties between the new unit and an immediately preced-
ing unit would result in the unit not being considered new and the
electrode being lowered again.

After presentation of all the delay sessions, some units were recorded
during additional cue rotation sessions. These rotation sessions were
normally conducted on the day after the last delay session, although
sometimes this involved two additional days of recording. For these
sessions, animals were treated as for the delay sessions except that they
were usually disoriented before entry to the recording chamber by
covering and slowly rotating the transport box for 1 min as the experi-
menter randomly traversed the laboratory. Cues were manipulated by
180° rotations of (1) the visual cues only, (2) the recording chamber only
(i.e., visual cues in the normal location relative to the rat’s entry point),
or (3) both the recording chamber and visual cues.

Electrophysiological procedures. All signals were amplified and filtered
(300 Hz-3 kHz) by preamplifiers (Grass P511K) after being impedance-
matched through a field effect transistor headstage. During unit record-
ing, a separate channel of the unit electrode with minimal activity was
used as the recording indifferent. An overhead video camera monitored
the animal’s movement by tracking the position of two different-colored
LEDs mounted ~7 cm apart on the headstage. This allowed the simul-
taneous acquisition of both the location of the animal and its head
direction via a computer and custom tracking software (D. Bilkey) that
generated DC outputs representing the x and y coordinates of the
animal’s position. All data were then digitized and recorded to tape for
subsequent off-line analysis.

Histological procedures. At the conclusion of the experiment, the final
electrode locations were marked by electrolytic lesions. Animals were
then perfused with an infusion of saline (0.9%), followed by a 10%
formalin solution. The brain was removed and placed in a 10% formalin
solution for at least 1 d before being transferred to a 10% formalin, 30%
sucrose solution for at least 5 d. Each brain was frozen and sliced (on a
cryostat) into 60 wm coronal sections, mounted on slides, and stained
with thionin. Subsequent examination of these sections was used to
histologically verify the location of the electrode and location and extent
of the IBO lesions.

Data analysis. All data were acquired with Datawave Discovery soft-
ware (sampling rate for units, 22 kHz), and units were isolated using the
Datawave Common Processing data analysis package. Position and head
direction were sampled from the tracker at 6.25 Hz with linear interpo-
lation being used to more accurately determine animal position for spike
firing times occurring between any two of these samples. All data
recorded while the tracker had mistracked (i.e., one or both LEDs ceased
to be visible to the video camera) was disregarded. FR maps were
constructed by dividing the floor of the chamber into a 40 X 20 grid in
which each square (pixel) corresponded to 3 cm?. For each pixel, the
number of spikes occurring within it was divided by the amount of time
spent in the same pixel (dwell time) to provide a firing rate. Unit data
from a pixel where the animal spent <1 sec were considered under-
sampled and removed, leaving a firing rate map (Fig. 14) that was used
for the calculation of: (1) the “mean FR”, the average firing rate of
the unit, (2) the “mean in-field FR”, the mean firing rate inside the
place field, (3) the “max in-field FR”, the maximum firing rate inside
the place field, (4) the “mean out-field FR”, the mean firing rate outside
the place field, and (5) “spatial discriminability”, the mean firing rate
inside the place field divided by the mean firing rate outside the place
field. To determine the half-amplitude PF size, the location of the peak
of the place field and the number of fields, the data received minor
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Comparison of firing rate maps. 4, Raw firing rate map (with undersampled pixels removed). B, Smoothed firing rate map. Note that the

location of the place field of the unit in the smoothed map is unchanged from its location in the raw firing rate map above. C, Place field area (elevated
region). Pixels in which the firing rate of the unit was equal to or exceeded half of the maximum firing rate of the unit and that were adjacent to at least
two other area pixels were considered part of the place field area for that unit.

smoothing (Fig. 1B). This involved filling undersampled pixels in the
firing rate maps with the average value of their neighboring pixels and
then smoothing using a 3 X 3 normalized, equally weighted matrix. Place
field pixels that were not adjacent to at least two other place field pixels
were removed (Fig. 1C).

The stability of place field location was measured in three different
ways: (1) Pearson’s product-moment correlations (spatial correlation)
calculated between each smoothed firing rate map were generated for
each unit (both between and within sessions). (2) The shift in the
location of the place field peak (peak shift) both between and within
sessions was used as a second measure of stability and was determined
by calculating the distance (in pixels) between the location of maximal
firing in each smoothed place field map. The mean and SD of the
distribution for units recorded from control animals were then calcu-
lated, and units (either from lesion animals or controls) that showed a
peak shift of >2.33 SDs from this mean (i.e., p < 0.01, one-tailed) were
considered to exhibit significant instability in their place field loca-
tions. (3) The centroid (the average location of pixels in the field
weighted by firing rate) (Fenton et al., 2000) and the subsequent
centroid shift between and within sessions was calculated from the raw
firing rate maps (with undersampling removed).

For within-session comparisons of peak shift, centroid shift, and spatial
correlation, the firing rate map from the first half of the recording session
was compared against that of the second half. Note that the peak shift,
centroid shift, and spatial correlation were usually based on the average
of six values for between-session data (i.e., every possible pairwise
comparison of firing rate maps), and the average of four values for within
session data (i.e., all sessions: baseline and three delays). All other
measures were averaged over all sessions for that unit.

For statistical analyses, the type of ¢ test used for pairwise comparisons
was determined by a homogeneity of variance test. All ¢ tests were
two-tailed.

RESULTS

Histology

Examination of the electrode tracks and electrolytic lesions mark-
ing the locations of the hippocampal recording electrodes re-
vealed that, in all animals, recording electrodes had passed
through dorsal CAl (Fig. 2). It was also determined that all four
animals with IBO lesions displayed bilateral damage to most of
the perirhinal cortex (Fig. 2). In all cases, the lesions of perirhinal
cortex also encompassed some part of the border region of neigh-
boring temporal cortex. Two animals showed evidence of addi-
tional damage (one unilateral, one bilateral) to adjacent ventral
CAL1 at posterior levels (note that the unit recording electrode was
located in the hemisphere contralateral to the hippocampal dam-
age in the animal with unilateral ventral CA1 damage). Some
minimal damage to the border region of adjacent lateral entorhi-
nal cortex (two unilateral, one bilateral) at posterior levels in
three animals, and damage extending some 600 wm into postrhi-
nal cortex (Burwell et al., 1995; two unilateral, two bilateral) in all

animals, was also observed. No lesioned rats displayed any evi-
dence of cell loss in the dentate gyrus or dorsal CAl.

Units recorded

A total of 78 units with a peak-to-peak spike width of >400
pmsec were recorded from CALl in three control (n = 26), two
sham (n = 11), and four lesion (n = 41) animals. Of these units,
62 (79%) were determined to be place cells (control, n = 23;
sham, n = §; lesion, n = 31) by the criteria defined earlier.

Figure 2. Diagram illustrating the location and extent of the smallest
(black) and largest (shaded) bilateral ibotenic acid lesions of PRC and
histologically verified point at which unit recording electrodes passed
through region CA1 of the dorsal hippocampus (A; see 3.3 and 4.3) in all
animals. Numbers represent the distance (in millimeters) posterior to
bregma (Paxinos and Watson, 1998).
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Table 1. Comparison of hippocampal place cell firing properties in control and perirhinal lesion animals

Control
place cells—

Lesion place Lesion place Lesion place cells—

all cells—all cells—stable unstable

(n =31)* (n = 31)* (n =21)* (n = 10)*
Mean FR (Hz) 0.98 = 0.15 0.92 = 0.15 1.05 £ 0.18 0.64 = 0.25
Mean in-field FR (Hz) 4.62 = 0.56 3.93 = 0.48 4.67 = 0.56 2.37 = 0.70%,**x*
Max in-field FR (Hz) 10.55 = 1.11 9.39 = 1.07 10.96 + 1.29 6.10 = 1.51% **x*
Mean out-field FR (Hz) 0.76 = 0.12 0.69 = 0.12 0.80 = 0.15 0.44 = 0.18
Spatial discriminability 8.64 = 1.02 13.53 + 3.01 9.45 + 1.32 22.11 = 8.59
PF area (pixels) 47.76 = 4.72 39.64 = 4.33 37.14 £3.13 44.88 = 11.99
Number of fields per unit 2.03 = 0.14 2.09 = 0.19 1.91 £ 0.22 2.48 = 0.35
Peak shift within sessions (pixels) 6.57 = 0.64 8.74 = 1.09 7.97 = 1.32 10.37 = 1.95
Peak shift between sessions (pixels) 443 £ 0.42 9.24 + 1.52** 4.11 = 0.68 18.48 £ 1.74% o
Centroid shift within sessions (pixels) 5.80 = 0.48 6.04 = 0.56 5.42 = 0.69 7.35 = 0.85
Centroid shift between sessions (pixels) 4.54 = 0.46 7.78 = 1.10* 5.04 £ 0.87 12.71 £ 1.84%% o
Spatial correlation within sessions (r) 0.45 = 0.03 0.41 = 0.04 0.47 = 0.04 0.28 £ 0.05°%% #**
Spatial correlation between sessions (r) 0.55 = 0.03 0.42 + 0.05* 0.57 = 0.05 0.15 = 0.04%* F**=

Values are means = SE. Comparisons based on two-tailed Student’s ¢ tests.

“Between session data was acquired from n = 29 units from control animals and n = 28 (n = 18 stable; n = 10 unstable) units from lesion animals.

*p < 0.05; **p < 0.01, compared to units in control animals.

**4p < 0.05; ****p < 0.01, compared to stable units in lesion animals.

Data from all remaining units were discarded because these
cells did not possess clearly discernible place fields or failed to
meet the criteria in some other way. Recordings of 57 place
cells were made over at least one delay (control, n = 23; sham,
n = 6; lesion, n = 28), and 40 were recorded at all delays
(control, n = 18; sham, n = 4; lesion, n = 18). The proportion
of place cells recorded at all delays was the same for all groups
(x* = 3.198; NS). On some occasions more than one place cell
was recorded at a time. The proportion of place cells over
which this occurred was similar across the three groups (con-
trol, 33.33%; sham, 33.33%; lesion, 36.36%).

Group structure

Place cells from the sham lesion group exhibited significantly
higher firing rates than those from the no-lesion group on all
firing rate measures (mean FR, mean in-field FR, max in-field
FR, mean out-field FR, spatial discriminability; p < 0.05, ¢ tests),
possibly attributable in part to the lower number (and hence,
higher variability) of place cells recorded from sham lesion (n =
8) versus no-lesion (n = 23) animals. There was, however, no
significant difference in any measures of place field stability or
size (PF area, number of fields per unit, peak shift between and
within sessions, centroid shift between and within sessions, spatial
correlation between and within sessions, NS, ¢ tests) when units
from the no-lesion and sham lesion groups were compared. Units
from the no-lesion and sham groups were, therefore, treated as a
single group (control, n = 5 animals) for the purposes of the
present study.

Place cell instability after perirhinal cortex lesions

The summary of place cell firing properties for units from control
and lesion animals is presented in Table 1. These data show that
the basic firing characteristics of all place cells from control
animals and all place cells from lesion animals were similar on
most measures (leftmost columns). There was, however, a signif-
icant difference in the three measures of place field stability after
a delay (peak shift between sessions, centroid shift between ses-
sions and spatial correlation between sessions). All of these

measures indicated that the place field location was significantly
more unstable between sessions in units from lesion animals as
compared with controls. For example, the peak of the place fields
shifted by approximately twice as much in units from lesion
animals as compared with controls.

The mean and SD of the distribution of peak shifts for units
recorded from control animals were then calculated, and units
(either from lesion animals or controls) that showed a peak shift
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Figure 3. Distribution of the peak shift between sessions for units (place
cells) recorded from control (4) and perirhinal-lesioned (B) animals. Of
units recorded from lesion animals, 36% (10 of 28) demonstrated a peak
shift between sessions that was significantly greater than those observed in
the controls (p < 0.01; one-tailed).
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Table 2. Number of stable and unstable hippocampal place cells
recorded in control and perirhinal lesion animals

Unstable
Stable place place cells
cells recorded recorded Total
Control animals
C2 1 0 1
C4 18 0 18
C5 4 0 4
S2 6 0 6
S3 2 0 2
Total 31 0 31
Lesion animals
B4 2 2 4
B5 8 5 13
B6 8 3 11
B7 3 0 3
Total 21 10 31

of >2.33 SDs from this mean (i.e., p < 0.01, one-tailed) were
considered to exhibit significant instability in their place field
locations. Overall, 36% (10 of 28) of units recorded from lesion
animals demonstrated a peak shift between sessions that was
significantly greater than those observed in the controls. In con-
trast, no place cells recorded from control animals (0 of 29)
exhibited any such between-session place field instability (Fig. 3).
The distribution of these stable and unstable units across animals
can be seen in Table 2, and examples of stable units from control
animals and unstable place fields in units recorded from lesion
animals are illustrated in Figures 4 and 5, respectively.

There did not appear to be a systematic pattern in the way that
place fields shifted location between sessions in these ten unstable
units. For example, one unit began with a stable field in one
corner of the box that abruptly changed to another corner after a
24 hr delay, whereas others had fields that began in the center and
moved to be against a wall or vice versa (Fig. 5). Furthermore,
shifts did not appear to be simple rotations of the original location
of the field. The location shift in these units was also not stable, in
that, after a large location shift, units would often shift again in
subsequent recording sessions. These repeated shifts sometimes
represented a return to the original location of the place field,
although such shifts were uncommon. On occasions when simul-
taneous recordings of multiple units were made, it appeared that
this instability could occur as either an all-or-none or a partial
phenomenon. That is, all simultaneously recorded units could
respond similarly (all stable, 3 of 8; all unstable, 1 of 8) or in a
mixed manner (both stable and unstable, 4 of 8) in a given session.

To determine whether this between-session instability was
delay-dependent, the peak shift between sessions was compared
across the various delays. The analysis examined whether the
slope of the line fitted by linear regression to the log of the delay
durations in minutes versus peak shift between sessions (i.e., the
amount of peak shift associated with increasing delay durations)
was significantly different from zero for units from lesion and
control animals (Fig. 64). The results showed that units from
neither lesion (f,, = 1.622; NS) nor control (f,, = 0.246; NS)
animals had slopes that were significantly different from zero or
slopes significantly different from each other (¢5; oo = 0.601; NS).
Similar regression analyses showed that the slopes of the regres-
sion lines for centroid shift between sessions (Fig. 6 B) and spatial
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correlation between sessions (Fig. 6C) were also not significantly
different from zero in units recorded from either control (cen-
troid, t,, = 0.758, NS; r, t,, = —0.295, NS), or lesion animals
(centroid, t,, = 0.131, NS; r, £,, = 0.081, NS) and that the slopes
of these lines did not differ between groups (centroid, ¢,5 = 0.384,
NS; r, t,5 = 0.262, NS).

An analysis of within-sessions measures of place field stability
demonstrated that there were no significant differences between
the place cells recorded in lesion and control animals. There was,
however, usually less stability within sessions than between ses-
sions for both groups. It should be noted, however, that within-
sessions and between-sessions measures of place field location
stability cannot be directly compared because (1) the within-
sessions firing rate maps were calculated using sessions that were
half the duration of those used for between-session firing rate
maps, and (2) within-session place field stability measures for
each unit were based on the average of a maximum of four
comparisons, not six as was the case for between-sessions place
field stability measures.

Firing properties of unstable place cells

To examine the firing properties of the units showing significant
peak shifts between sessions they were treated as a separate group
and compared with the remaining (stable) units from lesion and
control animals (Table 1, rightmost columns). The results of these
comparisons showed that the units with unstable place fields, in
addition to being significantly less stable on all measures of
between-session place field stability, possessed mean in-field FR,
max in-field FR, and spatial correlation within-sessions measures
that were significantly lower than those of the remaining (stable)
lesion or control units (p < 0.05; ¢ tests). These unstable units did
not, however, differ from the stable units in measures of mean FR,
PF area, or spatial discriminability (NS; ¢ tests). Furthermore, a
subset of units were selected from the control group beginning
with the unit exhibiting the lowest max in-field FR and then
adding units with increasing firing rates until the group exhibited
approximately the same mean max in-field FR as that of the
group of unstable units. When these control units (n = 18), were
compared with the unstable units, there were no significant dif-
ferences (NS;  tests) between the groups on any measures other
than those describing place field location stability between ses-
sions (p < 0.05; ¢ tests). When lesion cells with unstable place
fields were removed from the lesion group, all differences be-
tween the remaining lesion units and control units became non-
significant (NS; ¢ tests), with the exception of session duration
(t12.54 = 2.196; p < 0.05).

Session duration

On further examination of the data, it was evident that the
average session duration (after removal of data during mistracks)
was significantly shorter for units from the lesion animals (X =
21.86 min) than controls (X = 24.01 min; t5; = 2.171; p < 0.05).
This was attributed to the fact that five units were initially re-
corded using a shorter session duration, which was subsequently
increased to allow for better sampling of less visited areas of the
environment and to increase the sampling accuracy of the within-
session measures. Of the units recorded for shorter durations,
four were from lesion animals and one was from a control. If these
five units were excluded from the analysis, the difference in
average session duration between groups became nonsignificant
(ts3.63 = 2.032; NS). Most importantly, however, the differences in
peak shift between sessions (¢, = —2.594; p < 0.05) and centroid
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Figure 4. A, B, Examples of firing rate maps (plotted across the rectangular recording environment) and spike waveforms of two units (place cells)
recorded from CAl of the hippocampus in control animals. All place cells recorded from control animals exhibited a high degree of stability in the
location of their place fields over a delay period. The maps for each unit are shown in the order (from left to right) that the delay sessions were recorded.

Calibrations: 100 pV, 500 usec, negativity up.

shift between sessions (¢,, = —2.400; p < 0.05) remained signif-
icant, indicating that the difference in session duration did not
contribute to the instability effect. Furthermore, the units re-
corded from lesion animals for shorter duration sessions, although
significantly less stable in their spatial correlation within sessions
(tg = —2.460; p < 0.05) because of reduced sampling time, were
no more likely to show instability in their peak shift within
sessions or place field locations between sessions (measured by
peak shift or spatial correlation) than those units from lesion
animals recorded at longer durations (NS; ¢ tests).

Distribution of place fields in the environment

The distribution of the location of place fields throughout the
environment was compared between units from the control and
lesion animals by dividing the box into a 4 X 4 grid and calculat-
ing the percentage of fields, averaged over all sessions, that fell
into each bin. There was no clear difference between the groups,
with fields from both groups tending to cluster more in the
corners (control: mean, 38.06%; lesion: mean, 41.23%) and along
the walls (including corners) (control: mean, 82.49%; lesion:
mean, 81.77%) of the box and less in the center (control: mean,
17.51%; lesion: mean, 18.23%) than expected by chance (corners,
25%; walls, 75%; center, 25%). This is in accordance with data
from normal animals in previous studies (Hetherington and
Shapiro, 1997).

Cue control of place fields
Observation of the place fields from sessions involving cue ma-
nipulations with animal disorientation showed that place cells in

both control and lesion animals were controlled by environmental
cues. In 26 cue rotation sessions conducted with 21 units in
control animals, the place fields always rotated with rotation of
the visual cues and recording chamber together (12 of 12 ses-
sions), but never rotated with the visual cues only (0 of 8 ses-
sions). In sessions in which the chamber but not visual cues was
rotated, place fields rotated in three of six sessions.

In lesion animals, 27 cue rotation sessions were conducted with
14 units. As with controls, place fields always rotated when the
visual cues and recording chamber were rotated together (11 of
11 sessions) and never with the visual cues only (0 of 7 sessions).
Fields rotated when the chamber but not the visual cues was
rotated in eight of nine sessions. This latter effect was not,
however, significantly different from that observed in control
animals (three of six sessions; Fisher’s exact test, NS). Note that
none of the units recorded from lesion animals during the cue
rotation sessions had exhibited unstable place fields in the earlier
delay sessions.

Place field instability and extraperirhinal damage

Some animals in the present experiment exhibited some addi-
tional damage to adjacent ventral CAl at posterior levels. This
damage cannot, however, account for the instability in the
between-session location of place fields because unstable units
were also found in animals exhibiting no hippocampal damage.
All animals that had unstable place fields also had a small amount
of either unilateral (» = 2) or bilateral (n = 2) damage to
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Figure 5. A, B, Examples of firing rate maps (plotted across the rectangular recording environment) and spike waveforms of two units (place cells)
recorded from CA1 of the hippocampus in perirhinal-lesioned animals. An instability in the location of place fields after a delay period was observed
in a number of place cells recorded from perirhinal-lesioned animals. The maps for each unit are shown in the order (from left to right) that the delay

sessions were recorded. Calibrations: 100 wV, 500 usec, negativity up.

postrhinal cortex. We cannot, therefore, rule out the possibility
that this postrhinal damage was a factor in our observations.

DISCUSSION

The stability of place cells recorded from region CAl of the
hippocampus was compared in control animals and animals with
bilateral lesions centered on perirhinal cortex. It was determined
that ~36% of units recorded from animals with lesions of the
perirhinal cortex had place fields that shifted location across a
delay period. In contrast, no control place cells were unstable by
this measure. Place cells in the two groups of animals did not,
however, differ significantly on measures of within-session
stability.

The most parsimonious explanation of this finding is that it is

—O— Control

a direct result of the loss of input from the perirhinal cortex to the
hippocampus. That is, although the perirhinal cortex is not nec-
essary for the formation of the place field firing of hippocampal
place cells, it contributes information necessary to the mainte-
nance of their location specificity across a delay interval. Alter-
native accounts, for example, that it is a result of the small
between-group difference in average session duration can be
discarded on the basis of comparisons of short and long recording
sessions described in the previous section. Furthermore, the pos-
sibility that the instability effects were an artifact of a reduction
inspatial discriminability (lower in-field firing rates) in unstable
units can also be ruled out because there were no significant
differences on any measures (except those describing between-
session stability) when these unstable units were compared with a
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group of control units with similarly low firing rates. Although we
cannot completely rule out the possibility that the instability
resulted from a movement of the electrode in lesioned (but
somehow, not control) animals, we believe that this is unlikely as
waveform amplitudes and waveshapes were highly stable across
recording sessions.

Previous studies have shown that under normal conditions
place fields can be stable for very long periods when an animal is
repeatedly exposed to a familiar environment (Thompson and
Best, 1990). In a novel environment, however, the location of the
field can be completely unrelated to that in the familiar environ-
ment (Muller and Kubie, 1987). This change appears to result from
the creation of a new representation of the novel environment (a
“remapping”), which, once formed, is stable without affecting the
integrity of existing maps (Bostock et al., 1991). The unstable units
in the present study may, therefore, represent a remapping of the
environment. It would be difficult to determine whether this is a
“partial” (Knierim and McNaughton, 2001) or a “full” remapping
without recording from a large number of place cells simulta-
neously. On the basis of the few cases in which several neurons
were recorded at the same time in the present study, however, it is
possible that both partial and full remapping may occur.

Remapping could result from a lesion-induced loss of mne-
monic information regarding the animal’s previous exposure to
the recording chamber. In this situation, an animal might expe-
rience the chamber as a novel environment on each experimental
session. The proposal that hippocampal place cell instability is a
result of a loss of mnemonic information required to reconstruct
a spatial representation is consistent with the results of previous
behavioral studies in which it has been shown that the perirhinal
cortex has an involvement in both spatial (Wiig and Bilkey,
1994a,b; Nagahara et al., 1995; Otto et al., 1997; Liu and Bilkey,
1998a,b,c; Murray et al., 1998; Wiig and Burwell, 1998; but see
Glenn and Mumby, 1998; Aggleton and Brown, 1999) and object
(Meunier et al., 1993; Mumby and Pinel, 1994; Wiig and Bilkey,
1995; Ennaceur et al., 1996: Murray, 1996; Buckley et al., 1997;
Brown and Xiang, 1998) memory. This proposal is also consistent
with a recent finding that cells in the perirhinal cortex exhibit
place-specific responses (Burwell et al., 1998) that are modified by
changes in the sensory environment. Furthermore, the perirhinal
cortex has been shown to be involved in processing information
related to the recognition of stimuli in multiple modalities (Otto
and Eichenbaum, 1992; Suzuki et al., 1993; Young et al., 1997;
Brown and Xiang, 1998) and the associations between stimuli
(Bunsey and Eichenbaum, 1993; Higuchi and Miyashita, 1996;
Buckley and Gaffan, 1998; Erickson and Desimone, 1999; Murray
et al.,, 2000), suggesting that this region may have an important
role in integrating object and spatial information (Murray et al.,
1998) during memory processing.

Barnes et al. (1997) reported that aged rats displayed a
similar instability in place field location in ~30% of recording
sessions conducted in a familiar environment but separated by
a delay period of up to 1 hr. In contrast, young animals almost
always showed stable place fields. It was suggested by these
researchers that the instability of the place fields reflects the
fact that the aged rats sometimes retrieve the incorrect cogni-
tive map after a delay period because of an inability to recog-
nize the environment as being familiar (Redish et al., 1998).
Because perirhinal cortex is one of the earliest regions affected
by neurofibrillary tangles in Alzheimer’s disease and normal
aging in humans (Arriagada et al., 1992; Price and Morris,
1999), it is of interest to speculate that this region is also
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damaged in aged rats. In this model, therefore, the deficits
observed in the Barnes et al. (1997) study may be causally
related to those observed in the present experiment.

Barnes et al. (1997) also suggested that place field instability
may be because of the disruption of long-term potentiation (LTP)
mechanisms in aged animals. This idea is consistent with findings
that NMDA-dependent processes are important for maintaining
the stability of place fields (Hargreaves et al., 1997; Kentros et al.,
1998; for review, see Shapiro and Eichenbaum, 1999). Future
studies could explore this possibility using interventions that
selectively block LTP (Bilkey, 1996; Liu and Bilkey, 1996a,b;
Cousens and Otto, 1998; Ziakopoulos et al., 1999) in the perirhi-
nal cortex (PRC)-CAl and/or PRC-entorhinal (Deacon et al.,
1983; Burwell et al., 1995; Liu and Bilkey, 1996a, 1997; Burwell
and Amaral, 1998a,b; Naber et al., 1999; Shi and Cassell, 1999)
pathway. This could involve the intracerebral infusion of NMDA
antagonists into these regions while simultaneously monitoring
hippocampal place cell activity.

In previous behavioral studies it has been shown that animals
with damage to perirhinal cortex have intact memory over peri-
ods of ~0-60 sec but exhibit memory deficits for intervals of ~2
min or longer (Liu and Bilkey, 1998a,c). Although we did not
observe a delay-dependent instability effect in the present study,
this may be attributable to the fact that we could not test animals
with a delay shorter than 2 min. This limit resulted from the time
required to disconnect the animal from the recording apparatus,
wipe down the chamber, return the animal to its home cage for a
moment, and then replace the animal in the apparatus. It is
possible, therefore, that if a shorter delay had been used in the
present study (e.g., removal for 30 sec), a delay-dependent effect
may have been observed.

The lack of a delay-dependent effect raises the possibility that
the observed instability of place field locations is not memory-
related, but is a consequence of the removal of some sensory
input to the hippocampus. A number of previous studies have,
however, determined that minimal deficits in visual (Mumby and
Pinel, 1994; Buffalo et al., 2000) or spatial discrimination (Liu and
Bilkey, 1998a,b,c; Wiig and Burwell, 1998) occur at short delays
after lesions of the perirhinal cortex, arguing against a perceptual
deficit in these cases. In addition, visual input, which normally
exerts strong control over place field locations, is not necessary
for stable place field firing (Muller and Kubie, 1987; Quirk et al.,
1990; Save et al., 1998, 2000).

An alternative non-mnemonic explanation is based on the
finding that the repeated disorientation of animals before entry to
an unchanged, familiar environment can result in a between-
session instability in place field locations (Knierim et al., 1995;
but see Dudchenko et al., 1997). Because disorientation was also
used in the current study during the few cue rotation sessions, it
is possible that this interacted with the perirhinal cortex damage
to produce the present effect. This is, however, unlikely, because
the disorientation procedure used by Knierim et al. (1995) was
much more intensive (e.g., disorientation on every trial, disori-
entation both on the journey from the home cage and on the
return, and placement into the cylindrical recording apparatus
from a random location). Furthermore, in the present study, an
unstable place field occurred in a lesion animal that had not
experienced any previous disorientation episodes.

In summary, lesions of the perirhinal cortex may disrupt an
animal’s ability to reliably make use of cues from multiple mo-
dalities or to use the associations between these cues, for the
purposes of recognizing the environment as a whole. The animal
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may, therefore, sometimes fail to correctly identify the environ-
ment as familiar after a delay, a process that may correlate with
the hippocampus retrieving an incorrect spatial representation or
inappropriately generating a new map for the familiar environ-
ment (remapping). This effect may explain recent findings that
indicate that under some circumstances the perirhinal cortex
contributes to spatial memory processes (Liu and Bilkey,
1998a,b,c; Murray et al., 1998; Sacchetti et al., 1999; Mumby and
Glenn, 2000).

REFERENCES

Aggleton JP, Brown MW (1999) Episodic memory, amnesia, and the
hippocampal-anterior thalamic axis. Behav Brain Sci 22:425-489.

Arriagada PV, Marzloff K, Hyman BT (1992) Distribution of
Alzheimer-type pathologic changes in non-demented elderly individu-
als matches the pattern in Alzheimer’s disease. Neurology
42:1681-1688.

Barnes CA, Suster MS, Shen J, McNaughton BL (1997) Multistability of
cognitive maps in the hippocampus of old rats. Nature 388:272-275.
Bilkey DK (1996) Long-term potentiation in the in vitro perirhinal cor-

tex displays associative properties. Brain Res 733:297-300.

Bilkey DK, Muir GM (1999) A low cost, high precision subminiature
microdrive for extracellular unit recording in behaving animals. J Neu-
rosci Methods 92:87-90.

Bostock E, Muller RU, Kubie JL (1991) Experience-dependent modifi-
cations of hippocampal place cell firing. Hippocampus 1:193-206.

Brown MW, Xiang J-Z (1998) Recognition memory: neuronal sub-
strates of the judgement of prior occurrence. Prog Neurobiol
55:149-189.

Buckley MJ, Gaffan D (1998) Perirhinal cortex ablation impairs config-
ural learning and paired-associate learning equally. Neuropsychologia
36:535-546.

Buckley MJ, Gaffan D, Murray EA (1997) Functional double dissocia-
tion between two inferior temporal areas: perirhinal cortex versus
middle temporal gyrus. J Neurophysiol 77:587-598.

Buffalo EA, Reber PJ, Squire LR (1998) The human perirhinal cortex
and recognition memory. Hippocampus 8:330-339.

Buffalo EA, Ramus SJ, Squire LR, Zola SM (2000) Perception and
recognition memory in monkeys following lesions of area TE and
perirhinal cortex. Learn Mem 7:375-382.

Bunsey M, Eichenbaum H (1993) Critical role of the parahippocampal
region for paired-associate learning in rats. Behav Neurosci
107:740-747.

Burwell RD, Amaral DG (1998a) Perirhinal and postrhinal cortices of
the rat: interconnectivity and connections with entorhinal cortex.
J Comp Neurol 391:293-321.

Burwell RD, Amaral DG (1998b) Cortical afferents of the perirhinal,
postrhinal, and entorhinal cortices of the rat. J Comp Neurol
398:179-205.

Burwell RD, Witter MP, Amaral DG (1995) Perirhinal and postrhinal
cortices of the rat: a review of the neuroanatomical literature and
comparison with findings from the monkey brain. Hippocampus
5:390—-408.

Burwell RD, Shapiro ML, O’Malley MT, Eichenbaum H (1998) Posi-
tional firing properties of perirhinal cortex neurons. NeuroReport
9:3013-3018.

Cousens G, Otto TA (1998) Induction and transient suppression of long-
term potentiation in the peri- and postrhinal cortices following theta-
related stimulation of hippocampal field CA1l. Brain Res 780:95-101.

Deacon TW, Eichenbaum H, Rosenberg P, Eckmann KW (1983) Affer-
ent connections of the perirhinal cortex in the rat. ] Comp Neurol
220:168-190.

Dudchenko PA, Goodridge JP, Taube JS (1997) The effects of disorien-
tation on visual landmark control of head direction cell orientation.
Exp Brain Res 115:375-380.

Ennaceur A, Neave N, Aggleton JP (1996) Neurotoxic lesions of the
perirhinal cortex do not mimic the behavioral effects of fornix transec-
tion in the rat. Behav Brain Res 80:9-25.

Erickson CA, Desimone R (1999) Responses of macaque perirhinal
neurons during and after visual stimulus association learning. J Neu-
rosci 19:10404-10416.

Fenton AA, Csizmadia G, Muller RU (2000) Conjoint control of hip-
pocampal place cell firing by two visual stimuli. I. The effects of moving
the stimuli on firing field positions. J Gen Physiol 116:191-2009.

Fox SE, Ranck Jr JB (1981) Electrophysiological characteristics of hip-

ocampal complex-spike cells and theta cells. Exp Brain Res
14:399-410.

Glenn MJ, Mumby DG (1998) Place memory is intact in rats with
perirhinal cortex lesions. Behav Neurosci 112:1353-1365.

Hargreaves EL, Li JF, Shapiro ML (1997) NMDA receptor antagonists

Muir and Bilkey ¢ Hippocampal Place Cell Instability after PRC Lesions

prevent the formation of stable place fields in the hippocampus of rats
exploring an unfamiliar environment. Soc Neurosci Abstr 23:508.

Hetherington PA, Shapiro ML (1997) Hippocampal place fields are
altered by the removal of single visual cues in a distance-dependent
manner. Behav Neurosci 111:20-34.

Higuchi S, Miyashita Y (1996) Formation of mnemonic neuronal re-
sponses to visual paired associates in inferotemporal cortex is impaired
by perirhinal and entorhinal lesions. Proc Natl Acad Sci USA
93:739-743.

Jarrard LE (1995) What does the hippocampus really do? Behav Brain
Res 71:1-10.

Kentros C, Hargreaves E, Hawkins RD, Kandel E, Shapiro M, Muller RU
(1998) Abolition of long-term stability of new hippocampal place cell
maps by NMDA receptor blockade. Science 280:2121-2126.

Knierim JJ, McNaughton BL (2001) Hippocampal place-cell firing dur-
ing movement in three-dimensional space. J Neurophysiol 85:105-116.

Knierim JJ, Kudrimoti HS, McNaughton BL (1995) Place cells, head
direction cells and the learning of landmark stability. J Neurosci
15:1648-1659.

Leutgeb S, Mizumori SJY (1999) Excitotoxic septal lesions result in
spatial memory deficits and altered flexibility of hippocampal single-
unit representations. J Neurosci 19:6661-6672.

Liu P, Bilkey DK (1996a) Direct connection between perirhinal cortex
and hippocampus is a major constituent of the lateral perforant path.
Hippocampus 6:125-135.

Liu P, Bilkey DK (1996b) Long-term potentiation in the perirhinal-
hippocampal  pathway is NMDA dependent. NeuroReport
7:1241-1244.

Liu P, Bilkey DK (1997) Current source density analysis of the potential
evoked in hippocampus by perirhinal cortex stimulation. Hippocampus
7:389-396.

Liu P, Bilkey DK (1998a) Perirhinal cortex contributions to perfor-
mance in the Morris water maze. Behav Neurosci 112:304-315.

Liu P, Bilkey DK (1998b) Excitotoxic lesions centred on perirhinal cor-
tex produce delay-dependent deficits in a test of spatial memory. Behav
Neurosci 112:512-524.

Liu P, Bilkey DK (1998c) Lesions of perirhinal cortex produce spatial
memory deficits in the radial maze. Hippocampus 8:114-121.

McHugh TJ, Blum KI, Tsien JZ, Tonegawa S, Wilson MA (1996) Im-
paired hippocampal representation of space in CAl-specific NMDARI1
knockout mice. Cell 87:1339-1349.

McNaughton BL, Barnes CA, Meltzer J, Sutherland RJ (1989) Hip-
pocampal granule cells are necessary for normal spatial learning but not
for spatially-selective pyramidal cell discharge. Exp Brain Res
76:485-496.

Meunier M, Bachevalier J, Mishkin M, Murray EA (1993) Effects on
visual recognition of combined and separate ablations of the entorhinal
and perirhinal cortex in monkeys. J Neurosci 13:5418-5432.

Miller VM, Best PJ (1980) Spatial correlates of hippocampal unit activ-
ity are altered by lesions of the fornix and entorhinal cortex. Brain Res
194:311-323.

Mizumori SJY, McNaughton BL, Barnes CA, Fox KB (1989) Preserved
spatial coding in hippocampal CA1l pyramidal cells during reversible
suppression of CA3c output: evidence for pattern completion in hip-
pocampus. J Neurosci 9:3915-3928.

Mizumori SJY, Miya DY, Ward KE (1994) Reversible inactivation of
the lateral dorsal thalamus disrupts hippocampal place representation
and impairs spatial learning. Brain Res 644:168-174.

Muller RU, Kubie JL (1987) The effects of changes in the environment
on the spatial firing of hippocampal complex-spike cells. J Neurosci
7:1951-1968.

Muller RU, Kubie JL, Ranck Jr JB (1987) Spatial firing patterns of
hippocampal complex-spike cells in a fixed environment. J Neurosci
7:1935-1950.

Mumby DG, Glenn MJ (2000) Anterograde and retrograde memory for
object discriminations and places in rats with perirhinal cortex lesions.
Behav Brain Res 114:119-134.

Mumby DG, Pinel JP (1994) Rhinal cortex lesions and object recogni-
tion in rats. Behav Neurosci 108:11-18.

Murray EA (1996) What have ablation studies told us about the neural
substrates of stimulus memory? Semin Neurosci 8:13-22.

Murray EA, Baxter MG, Gaffan D (1998) Monkeys with rhinal cortex
damage or neurotoxic hippocampal lesions are impaired on spatial
scene learning and object reversals. Behav Neurosci 112:1291-1303.

Murray EA, Bussey TJ, Hampton RR, Saksida LM (2000) The parahip-
pocampal region and object identification. Ann NY Acad Sci
911:166-174.

Naber PA, Witter MP, Lopez da Silva FH (1999). Perirhinal cortex input
to the hippocampus in the rat: evidence for parallel pathways, both
direct and indirect. A combined physiological and anatomical study.
Eur J Neurosci 11:4119-4133.

Nagahara AH, Otto T, Gallagher M (1995) Entorhinal-perirhinal lesions
impair performance of rats on two versions of place learning in the
Morris water maze. Behav Neurosci 109:3-9.

O’Keefe J, Dostrovsky J (1971) The hippocampus as a spatial map:



Muir and Bilkey ¢ Hippocampal Place Cell Instability after PRC Lesions

preliminary evidence from unit activity in the freely-moving rat. Brain
Res 34:171-175.

O’Keefe J, Nadel L (1978) The hippocampus as a cognitive map. Oxford:
Clarendon.

Otto T, Eichenbaum H (1992) Complementary roles of orbital prefron-
tal cortex and the perirhinal-entorhinal cortices in an odor-guided
delayed non-matching to sample task. Behav Neurosci 106:763-776.

Otto T, Wolf D, Walsh TJ (1997) Combined lesions of perirhinal and
entorhinal cortex impair rat’s performance in two versions of the
spatially guided radial-arm maze. Neurobiol Learn Mem 68:21-31.

Paxinos G, Watson C (1998) The rat brain in stereotaxic coordinates, Ed
4. San Diego: Academic.

Price JL, Morris JC (1999) Tangles and plaques in nondemented aging
and “preclinical” Alzheimer’s disease. Ann Neurol 45:358-368.

Quirk GJ, Muller RU, Kubie JL (1990) The firing of hippocampal place
cells in the dark depends on the rat’s recent experience. J Neurosci
10:2008-2017.

Redish AD, McNaughton BL, Barnes CA (1998) Reconciling Barnes et
al. (1997) and Tanila et al. (1997a,b). Hippocampus 8:438-443.

Rempel-Clower NL, Zola SM, Squire LR, Amaral DG (1996) Three
cases of enduring memory impairment after bilateral damage limited to
the hippocampal formation. J Neurosci 16:5233-5255.

Rotenberg A, Mayford M, Hawkins RD, Kandel E, Muller RU (1996)
Mice expressing activated CaMKII lack low frequency LTP and do not
form stable place cells in the CAl region of the hippocampus. Cell
87:1351-1361.

Sacchetti B, Lorenzini CA, Baldi E, Tassoni G, Bucherelli C (1999)
Auditory thalamus, dorsal hippocampus, basolateral amygdala, and
perirhinal cortex role in the consolidation of conditioned freezing to
context and to acoustic conditioned stimulus in the rat. J Neurosci
19:9570-9578.

Save E, Cressant A, Thinus-Blanc C, Poucet B (1998) Spatial firing of
hippocampal place cells in blind rats. J Neurosci 18:1818-1826.

Save E, Nerad L, Poucet B (2000) Contribution of multiple sensory
information to place field stability in hippocampal place cells. Hip-
pocampus 10:64-76.

Shapiro ML, Eichenbaum H (1999) Hippocampus as a memory map:

J. Neurosci., June 1, 2001, 27(11):4016-4025 4025

synaptic plasticity and memory encoding by hippocampal neurons.
Hippocampus 9:365-384.

Shapiro ML, Simon DK, Olton DS, Gage FH, III, Nilsson O, Bjorklund
A (1989) Intrahippocampal grafts of fetal basal forebrain tissue alter
place fields in the hippocampus of rats with fimbria-fornix lesions.
Neuroscience 32:1-18.

Shi C-J, Cassell MD (1999) Perirhinal cortex projections to the amyg-
daloid complex and hippocampal formation in the rat. ] Comp Neurol
406:299-328.

Stackman RW, Taube JS (1996) Temporary inactivation of the vestibular
system disrupts hippocampal place cell activity. Soc Neurosci Abstr
22:1873.

Suzuki WA, Zola-Morgan S, Squire LR, Amaral DG (1993) Lesions of
the perirhinal cortex and parahippocampal cortices in the monkey
produce long-lasting memory impairment in the visual and tactual
modalities. J Neurosci 13:2430-2451.

Thompson LT, Best PJ (1990) Long-term stability of the place-field
activity of single units recorded from the dorsal hippocampus of freely
behaving rats. Brain Res 509:299-308.

Wiig KA, Bilkey DK (1994a) The effects of perirhinal cortical lesions on
spatial reference memory in the rat. Behav Brain Res 63:101-109.

Wiig KA, Bilkey DK (1994b) Perirhinal cortex lesions in rats disrupt
performance in a spatial DNMS task. NeuroReport 5:1405-1408.

Wiig KA, Bilkey DK (1995) Lesions of rat perirhinal cortex exacerbate
the memory deficit observed following damage to the fornix/fimbria.
Behav Neurosci 109:620-630.

Wiig KA, Burwell RD (1998) Memory impairment on a delayed non-
matching-to-position task after lesions of the perirhinal cortex in the
rat. Behav Neurosci 112:827-838.

Young BJ, Otto T, Fox GD, Eichenbaum H (1997) Memory representa-
tion within the parahippocampal region. J Neurosci 17:5183-5195.

Ziakopoulos Z, Tillett CW, Brown MW, Bashir ZI (1999) Input- and
layer-dependent synaptic plasticity in the rat perirhinal cortex in vitro.
Neuroscience 92:459-472.

Zola-Morgan S, Squire LR, Ramus SJ (1994) Severity of memory im-
pairment in monkeys as a function of locus and extent of damage within
the medial temporal lobe memory system. Hippocampus 4:483-495.



