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ABSTRACT: Aging is known to impair the formation of episodic mem-
ory, a process dependent upon the integrity of the hippocampal region. To
investigate this issue, hippocampal place cells were recorded from mid-
dle-aged and old F-344 male rats while running on a “figure-8” track. The
top and bottom arcs of the track were removed, converting it into a plus
maze, and the animals were required to conduct a working memory task.
Following this change in task, the arcs were replaced and the animals
again ran the figure-8 task. Analysis of place fields across the recording
session demonstrated that both middle-aged and old rats had reliable
representations of the figure-8 task. A comparison of place fields between
different behavioral tasks (figure-8 and plus maze) demonstrated a change
in the hippocampal representation of the environment in both age groups,
despite the fact that the animals remained on the maze throughout the
recording session. Notably, place cells in old animals were less affected by
the change in task than those in middle-aged animals. The results suggest
that hippocampal neurons reflect significant behavioral events within a
given environment. Furthermore, the data indicate that age-related epi-
sodic memory deficits may result from decreased sensitivity of the hip-
pocampal network to respond to meaningful changes in the environment.
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INTRODUCTION

Investigation into the role of the hippocampus in learning and memory
has led to the finding that the structure is crucial in the formation of episodic
memory (Tulving, 1983; see Scoville and Milner, 1957; Gaffan, 1991;
Squire, 1992; Cohen and Eichenbaum, 1994). Additionally, a considerable
body of evidence demonstrates a clear hippocampal role in the performance
of spatial and/or configural memory tasks in mammals (e.g., Olton and
Samuelson, 1976; Morris et al., 1982, 1999; Parkinson et al., 1988; Suth-
erland and Rudy, 1989; Phillips and LeDoux, 1992; Jarrard, 1993). The
principal cells of the rodent hippocampus display location-dependent activ-

ity, or “place fields” (O’Keefe and Dostrovsky, 1971;
Ranck, 1973), and it has been suggested that the activity
of these cells forms the basic element of a cognitive map
(O’Keefe and Nadel, 1978). Previous research has shown
that the hippocampus supports multiple representations
of an environment (e.g., Gothard et al., 1996; Barnes,
1998; Skaggs and McNaughton, 1998), functions in
concert with directional systems (Knierim et al., 1995),
and can exhibit “remapping” in response to environmen-
tal and behavioral manipulations (e.g., Markus et al.,
1995; Shapiro et al., 1997). Nevertheless, few studies
have examined the effects of a cognitive, rather than a
cue-based, manipulation on the hippocampal place code.
The experiment described here was conceived with the
intention of observing changes in the hippocampal rep-
resentation of the environment in response to altering
behavioral task demands while the testing environment,
reward locations, and running trajectories remained rel-
atively stable.

The process of aging has been shown to impair epi-
sodic memory in humans (e.g., Light et al., 1986; Uttl
and Graf, 1993), as well as behavioral performance on
hippocampus-dependent memory tasks in rats (e.g., Bar-
nes, 1979; Gallagher and Burwell, 1989; Oler and
Markus, 1998). These findings have led to the proposal
that the selective learning and memory deficits observed
in aged mammals directly reflect changes in hippocampal
processing (see Landfield, 1988; Barnes, 1994; Geinis-
man et al., 1995). Tanila et al. (1997a,b) found that the
place fields of aged rats often maintained similar firing
patterns despite changes of landmark cues in the environ-
ment, while in young animals there was a greater ten-
dency to display new firing patterns. However, Barnes et
al. (1997) found that when rats were removed from the
environment between recording sessions, old rats had less
consistent hippocampal representations when returned
to the same environment.

In the above studies, the animals were removed from
the testing apparatus during the course of the experiment
and/or subjected to disorientation before being reintro-
duced to the environment. Thus, age-related differences
in visual ability, stress response, and/or susceptibility to
disorientation could have contributed to these findings.
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Therefore, the present study used a paradigm in which the animals
remained on the apparatus throughout the recording session. Con-
sequently, any age-related differences in the hippocampal response
to a change in behavioral task would indicate a decline in the ability
of the hippocampus to differentiate among discrete situations
within a given environment.

MATERIALS AND METHODS

Subjects and General Procedures

Five middle-aged (12–16 months) and six old (24–28 months)
Fischer-344 male retired breeders served as subjects (Harlan
Sprague-Dawley, Indianapolis, IN). Rats were individually housed
in tubs, maintained on a 12 h light/dark cycle (lights-on 7:00 AM),
and food-deprived to approximately 85% of ad libitum body
weight throughout the experiment. Animal care and surgical pro-
cedures were conducted according to National Institutes of Health
guidelines. Rats were acclimated to eat chocolate sprinkles and
trained to sit on a holding platform. The testing environment was
a small room (2.1 3 2.1 m) containing several visual cues along the
walls, dimly lit through an open door by hallway lights, with a track
in the center. The track consisted of four black Plexiglas arms
(10.5 3 51cm) forming a symmetrical “1”, with two black Plexi-
glas arcs connecting the top and bottom of a “figure 8” (Fig. 1A). In
order to decrease the visual salience of the black Plexiglas track, the
entire track was elevated 12 cm from a black circular base (133 cm
in diameter), which was raised 70 cm off the floor. Following
acclimation, animals were trained to run in a single direction on
the figure-8 track in order to receive a food reward. A few chocolate
sprinkles were placed in small food cups at the four corners of the
track, and rats were consistently rewarded with food each time they
reached a corner. After several days of running the figure-8 track,
animals were trained to reverse direction. As the rat approached the
center, a small wooden barrier was placed on the track. This di-
rected the animal to turn left onto the adjacent arm. In order to
attain equal sampling in both directions, subsequent training ses-
sions included five laps in one direction, 10 laps in the reverse
direction, and five additional laps in the original direction

(531035). Once animals were proficient at running this task,
they were surgically implanted with microelectrodes for recording.

Surgery

Animals were anesthetized with an intraperitoneal (i.p.) injec-
tion of sodium pentobarbital (Nembutal, 30 mg/kg for old and 40
mg/kg for middle-aged; Abbott, North Chicago, IL) supple-
mented with methoxyflurane (Metofane) when necessary and
placed in a stereotaxic apparatus (ASI Instruments, Warren, MI).
An incision was made in the scalp, and several small anchor screws,
one of which functioned as the electrical ground, were fastened to
the skull. Craniotomies were made bilaterally over the dorsal hip-
pocampi at coordinates 3.5 mm posterior to bregma and 2.2 mm
lateral from the midline (Paxinos and Watson, 1986). With the
dura excised, a microdrive with six independently movable te-
trodes (Recce and O’Keefe, 1989; Wilson and McNaughton,
1993) was lowered into the brain approximately 1.5 to 1.8 mm
below the pial surface. Tetrodes were constructed from four
twisted, polyamide-insulated, 14 mm nichrome wires (H.P. Ried,
Palm Coast, FL). The tips of the tetrodes had an overall diameter of
approximately 40 mm and were gold-plated to a final impedance of
approximately 300 to 500 KV at 1 kHz. The rat was sutured if
necessary and postoperatively administered acetaminophen (chil-
dren’s Tylenol; McNeil Consumer Products, Fort Washington,
PA). Animals were given several days to recover from surgery prior
to retraining and recording sessions.

Recording

After recovery, animals were retrained on the 53103 5 figure-8
procedure while wearing a head stage. The head stage consisted of
a microchip (Multichannel Concepts, Gaithersburg, MD) con-
taining 25 unity gain field effect transistor amplifiers and two
arrays of infrared and light-emitting diodes, for tracking the ani-
mals’ position and head direction. XY position coordinates of both
diode arrays were sampled at 60 Hz with an overhead video track-
ing system (Dragon Tracker SA-3; Boulder, CO), providing data
on location and heading on the track.

A multiwire cable was mounted to a pulley system in the ceiling
to counterbalance the weight of the wire and head stage (approxi-
mately 16 g). Signals from the head stage were carried by the cable
to a set of rack-mounted amplifiers (Assembly Hunter; Neuralynx,
Tucson, AZ), amplified 5,000 times, filtered between 300 Hz and
6 kHz, and sent to a PC-based analog-to-digital signal-capture
board (Data Translation, Marlboro, MA). Whenever spike ampli-
tude exceeded a preset threshold, a 1.0 ms sample of data was
acquired at a rate of 25 kHz, with a channel from one of the other
tetrodes used as a reference. Neuronal and position data were sam-
pled concurrently, and the time was stamped using a synchroniza-
tion clock board (ComputerBoards, Mansfield, MA). Electrodes
were slowly advanced into the cell body layers of the dorsal hip-
pocampus until clear signals from individual units could be estab-
lished.

An effort was made to reduce duplicate analysis of the same cell
by either advancing the electrodes after the recording session (20 to
40 mm) and/or comparing cluster profiles (see below, Data Anal-

FIGURE 1. Apparatus. A: Photograph of the training apparatus
configured for the figure-8 portion of the task. B: Photograph of the
training apparatus configured for the plus maze portion of the task.
The connecting arcs could be easily detached without removing the
animal from the environment.
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ysis) between sessions. If the same cell was thought to have been
recorded in more than one session, only one session was used in the
analysis. This decision was based on the following criterion: if the
cluster boundaries and place fields on successive recordings were
similar, the cell with the higher place field reliability was chosen.
However, if two cells were thought to be the same but the behav-
ioral correlates (place fields) were different, both data points were
kept. The final position of the electrodes was estimated based on
physiological criteria (i.e., sharp waves, or “ripples”) and the dis-
tance the electrodes were advanced, followed by a histological anal-
ysis (see below).

Once the recordings appeared stable (at least 0.5 h after moving
an electrode), a baseline period of approximately 10 min was re-
corded while the animal sat on a holder in the recording room.
Following this baseline period, the animal was placed on the fig-
ure-8 track and run on the 531035 procedure as during training
(task A).

Change of Task

A unique feature of this figure-8 track was that the top and
bottom arcs were removable. With the arcs removed, the track is
transformed into a traditional four-arm plus maze with identical,
symmetrical arms, each with a food cup at the end (Fig. 1B). This
permits recording cells as the animal samples the same locations
under two different behavioral conditions. During the twentieth
lap around the track, the experimenter quietly removed the top and
bottom arcs after the rat had traversed them. The beginning of task
B was designated when the animal finished eating at the end of the
arm. During task B, the baiting procedure was also changed. Once
the rat ate from an arm, the chocolate was not replaced. After the
rat ate from all four arms, a fifth food cup was placed at the center
of the maze while the four arms were rebaited. This procedure was
repeated 10 times so that if a rat were to perform this task without
error, there would be equal sampling of the track arms, in both
directions, between task A and task B. As the rat ate in the center of
the maze following the tenth working memory trial, the experi-
menter replaced the top and bottom arcs and rebaited the food
cups. When the animal had finished eating in the maze center, it
was again run on the 531035 figure-8 procedure (task C). Fol-
lowing the last lap, the animal was placed on the holder for a
second baseline period of at least 10 min, to ensure that the elec-
trodes had not drifted during recording. Following the recording
session, the animal was returned to the colony room.

Histology

After the last recording session, the animal was put down with
CO2 and perfused intracardially with a 10% formalin solution.
Electrodes were withdrawn, and the brain was removed and placed
in formalin for at least 24 h. Coronal sections (40 mm) were cut
using a cryostat and mounted on a gelatin-coated slide. The tissue
was stained using cresyl violet and examined microscopically for
electrode tracks.

Data Analysis

Individual units were isolated off-line using a spike parameter
cluster separation method (Markus et al., 1994, 1995) on a
SPARCstation 20 computer (Sun Systems, Mountain View, CA)
workstation. Data collection and unit cluster identification were
performed using custom interactive software written by M. Wilson
and L. Frank (MIT, Cambridge, MA). Data analysis was per-
formed using software written by W. E. Skaggs (University of
Pittsburgh, Pittsburgh, PA).

The recording environment was divided up into a 64 3 64 bin
array consisting of 0.6 3 0.6 cm squares. Firing rate maps were
constructed for each cell using an adaptive smoothing method (see
Skaggs and McNaughton, 1998). Place fields were defined as an
area of at least 15 bins sharing adjacent edges, with a firing rate per
bin greater than two standard deviations above the mean firing rate
of the cell on the entire apparatus. A velocity filter was used to
ensure that all data recorded while the animal was moving slower
than 2.4 cm/s were excluded from analysis. This was done to en-
sure that data used for analysis of place fields were taken when the
rat was moving (i.e., in theta) and not in a sharp wave state (see
Chrobak and Buzsáki, 1998). Only those cells with a mean firing
rate $0.1 Hz were included in the analysis. High-rate theta cells,
putative inhibitory interneurons classified by a mean firing rate
$2.5 Hz (Markus et al., 1994) on all three tasks, were excluded
from the analysis.

Three measures were used to quantify the spatial tuning of re-
corded cells: reliability, specificity, and selectivity. Place field reli-
ability was calculated by measuring the correlation between the
firing rate maps of a cell for the two halves of a task. Specificity was
calculated in terms of the spatial information content (in bits) that
a single spike conveyed about the animal’s location. Spatial infor-
mation content of spike discharge was calculated using the follow-
ing formula:

information content 5 ¥ Pi~Ri/R!log2~Ri/R!

where i is the bin number, Pi is the probability for occupancy of bin
i, Ri is the mean firing rate for bin i, and R is the overall mean firing
rate (Skaggs et al., 1993). The selectivity of firing in the field (ratio
of maximal signal to noise) was calculated by dividing the firing
rate of the cell in the bin with the maximum average rate by its
mean firing over the entire apparatus.

Changes in place fields between behavioral tasks were measured
by dividing the recording time for each task into two halves (A1 and
A2 for task A, B1 and B2 for task B, C1 and C2 for task C) and then
constructing separate firing rate maps for each epoch. The different
rate maps were then compared using Pearson correlation coeffi-
cients, computed on a bin by bin basis. Within-task correlations
for a place cell were found by comparing the firing rate maps
between the two halves of a task (i.e., rA1A2 and rB1B2). These were
contrasted with the between-task correlations, found by compar-
ing the firing rate maps of the second half of task A to the first half
of task B (rA2B1) and the second half of task A to the first half of
task C (rA2C1). Figure 2 is a diagram of the rate map correlations
performed. Only reliable place fields exhibiting a within-task cor-
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relation $0.2 were included in the relative score analyses (de-
scribed below).

Place cells are directionally selective on linear track mazes (Markus
et al., 1995). Accordingly, comparisons of place fields across behav-
ioral tasks were performed separately for inward and outward headings
and only on those regions of the apparatus sampled in both tasks,
defined by at least three visits to a location at a minimum speed of 2.4
cm/s in each task. A prerequisite for performing a rate map correlation
was a minimum of one place field (based on the criteria above) during
at least one of the two segments being compared. In addition, if a cell
had only one place field in task A, the centeroid of the field had to be
within the four arms of the track, to ensure that only those areas
traversed in both tasks were compared.

To quantify and statistically compare changes in place fields
between behavioral tasks, three relative scores were calculated for
each place cell (RAC, RAB, RBA). The following formula was used to
calculate the relative score:

R 5
~r within task!

~r within task 1 r between tasks!

where “r within task” is the correlation between the first and second
halves of a given task, and “r between tasks” is the correlation between
the second half of one task and the first half of the other task. Thus, a
relative score of 0.5 indicates no change in place fields across the two
tasks because the within-task correlation is equal to the between-task
correlation. A relative score closer to 1.0 indicates a change in spatial

firing across tasks because the between-task correlation is smaller than
the within-task correlation. RAC is the relative score comparing the
second half of task A and the first half of task C (both the figure-8 task).
RAB is the relative score comparing the second half of task A and the
first half of task B. Some cells which were silent during task A had place
fields during task B (Fig. 3, Cell 2). Because of their low firing rates,
these cells would not have had an rA1A2 score (correlation within task
A) and would not have been included in the RAB analysis. Therefore,
RBA was calculated as the relative score for comparing the second half
of task A and the first half of task B in relation to the rate map corre-
lation within task B.

Behavioral Assessment

Performance on task B (plus maze task) was assessed in two
ways. First, the number of errors within a trial was recorded and an
average was taken of the 10 trials. An error was counted when an
animal returned to an arm already visited during a given trial, and

FIGURE 3. Three examples of the spatial firing of single hip-
pocampal neurons, recorded from different animals, and their corre-
sponding map correlations, during the entire sequence of the change
in behavioral task and rate map correlations. Gray depicts the posi-
tion of the animal and black, a spike from the neuron. Cell 1: A place
field on the southeast arm of the figure-8 track (tasks A and C). Cell 2:
Place field that appeared on the northeast arm only during task B. The
rA1A2 and rA2C1 rate map correlations for this type of field could not
be calculated because there were too few spikes during tasks A and C.
Cell 3: Unchanged place field across tasks.

FIGURE 2. A: Behavioral procedure. The configuration of the
behavioral apparatus during the full sequence of tasks (A3B3C).
Task A: Rats were trained to run five laps in one direction, 10 laps in
the reverse direction, and five additional laps in the original direction
(531035). Animals were consistently rewarded with a few chocolate
sprinkles at each corner. Task B: The top and bottom arcs of the track
were removed. With the apparatus in this configuration, the corners
were rebaited only after the rat ate from all four arms. This working-
memory procedure was repeated for 10 trials. Task C: Following the
tenth trial on the plus maze, the arcs were returned and the food cups
rebaited. Animals were again run on the 531035 figure-8 procedure,
receiving a food reward each time a corner was reached. B: Correla-
tion analysis. A firing rate map was calculated for each place cell
during the first and second halves of each task (e.g., A1–A2). To ana-
lyze changes in place field location across tasks, the correlation of
firing rate maps between the two halves of a behavioral task (within-
task correlations; rA1A2, rB1B2) were compared to the correlation of
firing rate maps between the second half of task A and the first half of
tasks B and C (between-task correlations; rA2B1, rA2C1, respectively).
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a maximum of five errors were allowed before the animal was
directed to the correct arm. In addition to the errors, the time it
took for an animal to complete the task was noted.

RESULTS

All analyses of variance (ANOVA) were performed based on the
mean scores per animal. This was done in order not to inflate the

sample size and to prevent disproportionate sampling from a single
animal to bias the data. This also reduces the potential impact of
variability in recording electrode quality. Thus, any differences
reflect group differences rather than individual differences. A total
of 187 complex spike cells were recorded from 11 animals as they
did the full sequence of tasks (A3B3C, Table 1). Data from the
session in which the animals learned task B were not included in
the analysis due to the large variability in behavior during this
session.

Effects of Recording Site

Based on histological and/or physiological landmarks, place cells
were identified as recorded from either the CA1 or CA3-DG (den-
tate gyrus) region of the hippocampus. Electrode position data
were not always clearly discernible, and in these cases the lamina of
the recorded place cells was considered unidentified. Of the 77
complex spike cells recorded from middle-aged animals, 33 were
from CA1 and 44 were from CA3-DG. Of the 110 recorded from
old animals, 22 were CA1, 52 were CA3-DG, and 36 were uniden-
tified. The mean and standard error of maximum spike amplitude,
mean firing rate, and relative scores are shown separately for cells
identified as CA1 or CA3-DG in Table 2. There were no signifi-
cant differences in maximum spike amplitude between cells iden-
tified as CA1 or CA3-DG for either age group (ANOVA, both P .
0.1) or in the mean firing rate during any of the tasks (all P . 0.1).
A two-way ANOVA (age 3 lamina) of the response to the change
in task (relative score RAB) detected no effects of age or lamina, nor
were any age by lamina interactions observed (all P . 0.1). Con-
sequently, the data from cells identified as CA1 or CA3-DG or
those with unidentified lamina were combined for the analysis of
age differences in response to the change in task.

TABLE 1.

Age of Rats During Recording, Number of Recording Sessions
and Cells From Each Individual Animal, and Total Cells Per
Age Group

Rat
number Group

Age
(months)

Recording
sessions

Place
cells

Total
cells

329 M-aged 14 3 16
570 M-aged 16 3 8
582 M-aged 15 3 10
586 M-aged 16 6 27
876 M-aged 12 3 16 77
295 Old 24 4 21
296 Old 25 3 16
620 Old 28 2 8
872 Old 24 5 23
873 Old 25 2 21
874 Old 25 4 21 110

Average ages: middle-aged 5 14.4 months, old 5 25.2 months.

TABLE 2.

Mean and Standard Error for Spike Amplitude, Mean Firing Rate, and Relative Scores of CA1 and CA3-DG Cells Recorded
From Middle-Aged and Old Rats

Middle-aged (n 5 6) Old (n 5 11)

Spike amplitude (mV)
CA1 0.65 6 0.01 0.63 6 0.02
CA3-DG 0.64 6 0.03 0.65 6 0.02

Task Task

A B C A B C
Firing rate (Hz)

CA1 0.43 6 0.19 0.50 6 0.19 0.46 6 0.20 0.59 6 0.14 0.79 6 0.18 0.69 6 0.16
CA3-DG 0.57 6 0.05 0.49 6 0.07 0.57 6 0.04 0.57 6 0.17 0.54 6 0.21 0.60 6 0.20

RAC RAB RBA RAC RAB RBA

Relative score
CA1 0.51 6 0.02 0.85 6 0.14 0.69 6 0.06 0.49 6 0.02 0.63 6 0.04 0.61 6 0.02
CA3-DG 0.52 6 0.02 0.77 6 0.02 0.72 6 0.02 0.55 6 0.06 0.71 6 0.11 0.57 6 0.04
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Except for spike amplitude, all physiological characteristics and
place field indices were calculated separately for the three behav-
ioral tasks (Table 3). An ANOVA, by animal, of middle-aged and
old rats showed no effect of age on spike amplitude (P . 0.1) or on
the mean firing rate for any of the tasks (all P . 0.1). Similarly, no
age differences were found during any of the tasks on measures of
reliability (all P . 0.1), specificity (all P . 0.1), or selectivity (all
P . 0.1) of the place fields.

Effects of Behavioral Task on Place Field
Location

As can be seen in Figure 3, some place fields were strongly affected
by the change in behavioral task. Figure 4 depicts the relationships
among the correlation of spatial firing within task A (rA1A2) and the
correlation of spatial firing between the second half of task A and the
first half of tasks B and C (rA2B1 and rA2C1, respectively). Data from
middle-aged (Fig. 4A,C) and old (Fig. 4B,D) animals are presented
separately. Although there is some variability, note the clustering of
points around the 45-degree line in Figure 4A and B, indicating that
most place cells represented tasks A and C in a similar fashion. Figure
4C and D depicts the relationship between the figure-8 and plus maze
tasks. Note that a large proportion of the points are off the 45-degree
line for both middle-aged and old animals, indicating that these cells
represent tasks A and B differently.

Statistical analysis of the relative score RAC (Fig. 5A) revealed
that neither middle-aged nor old animals were significantly differ-
ent from a relative score of 0.5 (middle-aged t(4) 5 0.72, P . 0.1;
old t(5) 5 1.44, P . 0.1) and that the age groups were not different
from one another (ANOVA, P . 0.1). Analysis of the relative score
RAB (Fig. 5B) revealed that both middle-aged and old animals were
significantly different from a relative score of 0.5 (middle-aged
t(4) 5 7.52, P , 0.01; old t(5) 5 4.40, P , 0.01). Furthermore,
there was a significant difference between age groups on the relative

score RAB (ANOVA, F(1,9) 5 6.35, P , 0.05), indicating that old
rats were less affected by the change in task than middle-aged rats.

In order to include cells that began to fire only during task B
(Fig. 3, Cell 2), the correlation of spatial firing within task B
(rB1B2) was compared to the correlation of spatial firing between
the second half of task A and the first half of task B (rA2B1).
Statistical analysis of the relative score RBA revealed that both mid-
dle-aged and old animals were significantly different from a relative
score of 0.5 (middle-aged t(4) 5 6.51, P , 0.01; old t(5) 5 11.07,
P . 0.001). Again, there was a significant difference between age
groups (ANOVA, F(1,9) 5 9.63, P , 0.05), with middle-aged
animals more affected by the change in task than old animals.

Figure 6 presents the frequency distributions of the within-task
(rA1A2) and between-task (rA2B1) directional rate map correlations for
all cells from middle-aged and old animals. Both middle-aged and old
animals displayed unimodal frequency distributions for rA1A2, indi-
cating high within-task reliability for place fields recorded from both
age groups (Fig. 6A,B). Nonparametric analysis of the rA1A2 fre-
quency distributions revealed that the within-task place field correla-
tions from middle-aged and old rats were not statistically different
from one another (Mann-Whitney U 5 5885.0, P . 0.1). The be-
tween-task (rA2B1) frequency distribution for middle-aged animals
again appears unimodal but has shifted to the left (Fig. 6C), indicating
a low degree of correlation between the hippocampal representation of
the two tasks. The rA2B1 frequency distribution for old animals also
shifted to the left but reflected a bimodal distribution, indicating a
higher proportion of place fields unaffected by the change in task (Fig.
6D). Analysis of the rA2B1 frequency distributions revealed that the
between-task place field correlations from middle-aged and old rats
statistically differed from one another (Mann-Whitney U 5 7562.5,
P , 0.05).

Figure 7 shows pie charts depicting the percentages of place
fields affected by the change in task. If a cell had a place field during

TABLE 3.

Mean and Standard Error for Relative Scores, Firing Properties, and Place Field Characteristics of
Cells Recorded From Middle-Aged and Old Rats

Middle-aged (N 5 5) Old (N 5 6)

RAC 0.51 6 0.02 0.52 6 0.02
RAB 0.77 6 0.04 0.65 6 0.03
RBA 0.71 6 0.03 0.61 6 0.01
Spike amplitude (mV) 0.65 6 0.02 0.65 6 0.01

Task Task

A B C A B C

Firing rate (Hz) 0.52 6 0.08 0.50 6 0.10 0.54 6 0.10 0.51 6 0.07 0.62 6 0.09 0.58 6 0.07
Reliability 0.63 6 0.03 0.65 6 0.04 0.71 6 0.01 0.64 6 0.04 0.59 6 0.04 0.66 6 0.03
Specificitya 0.99 6 0.41 0.88 6 0.04 1.05 6 0.10 0.87 6 0.08 0.76 6 0.08 0.85 6 0.07
Selectivityb 51.9 6 8.7 37.0 6 3.7 46.1 6 7.5 44.8 6 5.7 35.0 6 4.4 38.3 6 2.1

a Information (in bits) that a single spike conveys about the animal’s location.
b Maximal firing rate/mean firing rate.
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task A (based on size and firing rate, see criteria in Materials and
Methods) but none during task B, the place field was designated as
“disappeared” (e.g., Fig. 3, Cell 1). If a cell had no place field
during task A but developed one during task B, the place field was
designated as “appeared” (Fig. 3, Cell 2). If a cell had a place field
in both tasks, the field’s relative score across both tasks was exam-
ined. An arbitrary cut-off (decided upon prior to data analysis) of
RAB 5 0.70 was used to differentiate between changed and un-
changed place fields. While almost two-thirds of the place fields of
middle-aged rats were affected by the change in task, only about
half in the old rats were affected.

A detailed analysis of the place field response to the change in task
was conducted to examine whether the changed representation was
concentrated at a specific region of the maze. Analyses restricted to the
inner, middle, and outer thirds of the maze revealed a similar trend to
that found for the entire maze (Fig. 8A). A two-way ANOVA (age 3
field location) of RAB detected a significant effect of age (ANOVA,
F(1,27) 5 6.45, P , 0.05) with no significant effect of field location
(F(2,27) 5 3.14, P 5 0.06) and no age 3 field location interactions
(P . 0.1). While not significant, there was a tendency for a greater
change in representation at the center of the maze and the end of the
arms. This was true for both age groups (Fig. 8B).

Behavioral Performance

Assessment of behavioral performance on the plus maze portion
of the recording session (task B) revealed no differences between
middle-aged and old animals either on errors (middle-aged 2.10 6
0.26 errors/trial, old 2.11 6 0.09 errors/trial, mean 6 s.e.m.,
respectively; ANOVA, P . 0.1) or the time it took to complete the
task (middle-aged 1,396 6 220 s, old 1,394 6 199 s; P . 0.1). In
addition, there was no improvement from day to day in perfor-
mance of this task (Fig. 9). The extent to which the hippocampal
representation changed in response to the new task (as measured by
RAB and RBA) was not predictive of behavioral performance on the
memory task (both P . 0.1).

DISCUSSION

Place fields were virtually unchanged between tasks A and C,
indicating a high degree of consistency in the representation of the
environment under similar behavioral circumstances. This also

FIGURE 4. Comparison of spatial firing across tasks. A and B:
Scatterplots depicting the correlation of firing rate maps across be-
havioral tasks of the same type (rA2C1) in relation to the correlation of
firing rate maps within task A (rA1A2). For both age groups, most of
the cells displaying place fields in task A were equally reliable across
tasks A and C (cluster around 45-degree line). C and D: Scatterplots
depicting the correlation of firing rate maps across different behav-

ioral tasks (rA2B1) in relation to the correlation of firing rate maps
within task A (rA1A2). For many of the cells, the correlation within
task A was substantially higher than the correlation between tasks A
and B (below the 45-degree line). Cells recorded from middle-aged
and old animals are presented separately, and only those cells exhib-
iting within-task reliability >0.2 were analyzed.
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demonstrates the stability of the recording electrodes throughout
the recording session. In response to changing the behavioral task,
a substantial proportion of place fields displayed remapping. This
change in hippocampal representation occurred despite the fact
that the surrounding environment was unchanged and rats were
not removed from the apparatus.

Differences Between Lamina

In agreement with previous reports, there were no differences in
how cells identified as CA1 or CA3-DG neurons responded to a
change in context (Markus et al., 1995; Tanila et al., 1997a,b).
Although no differences were found between cell layers, this exper-
iment was not designed specifically to detect such differences.
There are reports of some differences between CA1 and CA3-DG
neurons (Mizumori et al., 1996), and the possibility remains that
there are subtle variations between CA1 and CA3 cells in the way
they respond to changes in context.

Hippocampal Place Cells Encode Contextual,
Task-Related Information

Previous studies have shown that hippocampal place cell firing
may be modulated by behavioral and task-related factors (Mc-
Naughton et al., 1983; Wible et al., 1986; Eichenbaum et al.,
1987; Muller and Kubie, 1987; Breese et al., 1989; Wiener et al.,
1989; Fukuda et al., 1992; Markus et al., 1995; Deadwyler et al.,
1996; Gothard et al., 1996; Kobayashi et al., 1997; Matsumura et
al., 1999; Sharp, 1999). Reorganization of the hippocampal rep-
resentation could be induced by changes in the sensory environ-
ment, reinforcement location, reinforcement contingencies, the ani-
mal’s planned trajectories, or frame of reference used by the animal.

FIGURE 6. Frequency distributions of the within- and between-
task correlation coefficients. A and B: Histograms of within-task di-
rectional rate map correlations (rA1A2) for all place cells. The peak is
around 0.7 to 0.8, indicating reliable place fields in task A. This was
found in both middle-aged (A) and old (B) animals (U 5 5885.0, P >
0.1). C: Histogram of between task rate map correlations (rA2B1) for
cells recorded from middle-aged animals. The peak is around 0, indi-
cating many cells with low reliability of place fields across behavioral
tasks. D: Histogram of between task rate map correlations (rA2B1) for
cells recorded from old animals. There are two peaks, one around 0
and another around 0.8, indicating that while there were some place
fields with a low correlation across behavioral tasks, others remained
unchanged. Nonparametric tests indicate that the between-task fre-
quency distributions of middle-aged and old rats significantly dif-
fered (U 5 7562.5, P < 0.05). The total number of place cells re-
corded was greater in the aged group, affecting absolute frequencies
but not the pattern of distribution.

FIGURE 5. Relative scores. A: Between tasks A and C. The rela-
tive score (RAC) was calculated as the ratio of within-task correlation
(rA1A2) over the sum of the within-task correlation and the between-
task correlation (rA1A2 1 rA2C1). A score of 0.5 indicates no change
across tasks relative to within task A, while a score closer to 1.0
denotes a change in spatial firing across tasks (see Materials and Meth-
ods). For both age groups, the mean RAC (middle-aged 0.511 6 0.02;
old 0.523 6 0.02; mean 6 SEM) was almost exactly 0.5, indicating
that place cells represented tasks A and C in a highly similar fashion.
Additionally, these relative scores are evidence for electrode stability

during recording sessions. B: Between tasks A and B. The relative
score (RAB) was calculated as the ratio of the within-task correlation
(rA1A2) over the sum of the within-task correlation and the between-
task correlation (rA1A2 1 rA2B1). The mean RAB for both age groups
(middle-aged 0.773 6 0.04; old 0.648 6 0.03, mean 6 SEM) was
significantly greater than 0.5, indicating that place cells represented
tasks A and B differently. The change in representation between be-
havioral tasks was greater for middle-aged than for old animals (*P <
0.05). Only those cells exhibiting within-task reliability >0.2 were
included in the analysis.
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In the present study, the environment was relatively stable across
tasks, with the only sensory changes occurring at the arm ends (remov-
al of the arcs), yet place fields were affected by the change in task
throughout the maze, rather than being concentrated only at the end
of the arms (Fig. 8). Previous work has shown that removal or rotation
of a subset of cues has only minimal effects on place cell firing (e.g.,
O’Keefe and Speakman, 1987; Cressant et al., 1997). Furthermore,
Markus et al. (1995) showed remapping despite the fact that the
sensory environment remained unchanged across tasks. Thus, it is
unlikely that the minor visual change in the apparatus between tasks is
the source of the change in representation in the present study.

In many remapping studies, reinforcement locations and/or
contingencies change between tasks. For example, Markus et al.

(1995) found that requiring young rats to change from a random
search for food to a directed search was sufficient to cause a change
in hippocampal place fields. This manipulation resulted in changes
in locomotor behavior, reinforcement locations, and trajectory
planning. In the present study, remapping was found despite the
fact that reward locations were kept constant and animals ran along
the same runway in both tasks. On the plus maze task, the reward
location provided reinforcement only on the first visit to an arm
during a given trial (since arms were not rebaited). If the change in
representation reflects changed reinforcement contingencies, then
one might predict that place fields would persist during the initial
departures from baited arms while remapping when the animal
departed from the arm on subsequent visits (when the arm was

FIGURE 7. Proportion of place fields affected by the change in
behavioral context between tasks A and B. For a cell to be included in
this breakdown, its mean firing rate must have reached 0.1 Hz and it
must have displayed at least one statistical place field in an area tra-
versed in both tasks. If a cell had a place field during task A but none
during task B, the place field was designated as “disappeared.” If a cell
had no place field during task A but developed one during task B, the
place field was designated as “appeared.” If a place field did not fall

into the first two categories, its relative score across both tasks was
examined (see Materials and Methods). An arbitrary cut-off of RAB 5
0.70 was used to differentiate between changed and unchanged place
fields. While almost two-thirds of the place fields of middle-aged rats
were affected by the change in task, only about half in old rats were
affected. A: Percentages for middle-aged rats. B: Percentages for old
rats.

FIGURE 8. Analysis of the change in representation between be-
havioral tasks in relation to place field location on the maze. A: Dia-
gram illustrating the portions of the apparatus included in each anal-
ysis. B: Examinations of RAB restricted to the inner, middle, and outer
thirds of the maze. While there was a trend for changed fields to be
localized to the inner and outer thirds of the maze, this was not

significant. Thus, place fields affected by the behavioral change were
distributed across the apparatus, rather than concentrated at the spot
where there was a physical change in the apparatus. Also, in each third
of the maze, middle-aged animals were more affected by the change in
task than old animals.
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unbaited). As can be seen in Figure 10, this was not the case since
the new place field appears in task B prior to any change in rein-
forcement. Consequently, rather than overt changes in the sensory
environment or reward contingencies, the reorganization found in
hippocampal representation between tasks A and B in the present
study appears to be due to changes in search strategy and/or tra-
jectory planning. This conclusion is further supported by recent
preliminary reports showing that place cells respond differentially,
dependent on the trajectory to be executed (Frank and Wilson,
1999; Wood et al., 1999).

The present data support the hypothesis that hippocampal units
encode location within a given reference frame or context (Redish
and Touretzky, 1997; Redish, 1999). Consequently, in addition to
representing many different environments, the hippocampus can
provide multiple representations of a given environment, a mech-
anism well suited to underlie episodic memory.

Behavioral Performance

Average errors as well as the average time it took to complete the
plus maze task were strikingly similar for both age groups. This lack
of deficit in aged animals and the fact that there was no learning
curve for either age group (Fig. 9) suggest that the plus maze was
not treated as a standard working memory task. Presumably, the
fact that the animals had to solve the plus maze 10 times in a row,
with no intertrial interval, resulted in a severe degree of proactive
interference and increased the task difficulty. Subsequently, we
have found that simply adding a 30 s delay between trials elimi-
nates the interference (unpublished observations).

Having no age-related behavioral differences on the plus maze is
both fortunate and unfortunate. On the one hand, because the plus
maze task is not treated as a spatial working memory task, this task
cannot be seen as purely hippocampus-dependent. However, since

behavioral performance was identical, it is unlikely that the age-
related electrophysiological effects observed were due to overt dif-
ferences in running velocity, motor ability, response to hunger,
stressfulness of the task, or the reaction to making errors. Conse-
quently, the age differences found in place cell response to the
change in task seem to be cognitive in nature and reflect differences
in hippocampal information processing.

Age-Related Changes in Hippocampal
Representation

In agreement with the findings from several previous studies,
there were no major differences in the basic firing properties or
spatial tuning of place cells in old rats (see Barnes, 1998; note,
however, Mizumori et al., 1996; Shen et al., 1997). While it is
known that there is a loss of neurons in many brain regions during
aging (see Flood and Coleman, 1988), hippocampal neurons are
unaffected (e.g., West, 1993; Rapp and Gallagher, 1996). Further-
more, the debate over whether there is any loss of CA1 synapses

FIGURE 10. Dynamics of place field change. A detailed break-
down of the place field example presented in Figure 3, Cell 2. Gray
lines represent the position of the animal, arrows depict the animal’s
heading, and a spike is represented by a single black dot. 1: Task A
(0–993 s). The cell is silent during the figure-8 task. 2: First visit to the
northeast arm following removal of the connecting arcs of the figure-8
track (task B). The cell fires robustly after the rat has turned around
following food reinforcement. 3: Second visit to the northeast arm
during task B. Again, the cell fires in the field when the rat is returning
toward the center of the maze. On this visit, the animal did not receive
food at the end of the arm (working-memory error), indicating that
the occurrence of spatial firing in this cell is not related to the presence
or absence of reward (panels 2 and 3 are each 15 s epochs). 4: Remain-
der of task B (60–1,273 s). 5: First visit to northeast arm during the
subsequent figure-8 trial (task C, 20 s epoch). The first time the
animal passes through the place field during task C, the cell does not
fire. 6: Remainder of task C (40–896 s). Just as it had during task A,
the place cell no longer displays a field. This example demonstrates
that the shift in representation between tasks happens abruptly and
precedes the change in reinforcement contingencies.

FIGURE 9. Behavioral performance on the plus maze task over
training sessions. The average number of errors per each 10 trial
recording session was calculated for each age group. An error was
counted when an animal returned to an arm already visited during a
given trial. A maximum of five errors were allowed on a given trial
before the animal was directed to the correct arm. As can be seen, neither
age group displayed improvement on the task with repeated training.
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with aging underscores the idea that if there is any change, it is rela-
tively small (Scheff et al., 1985; see Geinisman, 1999 for a recent
discussion). Thus, the basic machinery remains intact, and hippocam-
pal place cells continue to show robust spatial tuning even into old age.

Previous data from our laboratory (Oler and Markus, 1998;
Ward et al., 1999a,b) and others indicate that aged rats show
selective learning and memory deficits related to changes in hip-
pocampal function. Tanila et al. (1997a) reported that when the
relationships among environmental cues (visual and tactile/olfac-
tory) are changed between sessions, the majority of place fields
from memory-impaired aged rats were yoked to distal visual cues.
Conversely, in young rats, a large proportion of cells displayed new

uncorrelated fields (i.e., remapped). The present experiment ex-
tends upon these findings by showing that without overt manipu-
lations of the cue configuration in the environment (i.e., when only
task demands are changed), the aged hippocampal representation
is less responsive than that of younger animals (Fig. 11).

Aged animals exhibit a large degree of variability in cognitive
abilities (e.g., Gallagher and Burwell, 1989; Markowska et al.,
1989). In the present study, old animals were not screened for
hippocampal function. Presumably, if only memory-impaired rats
had been examined or the comparison made to young rather than
middle-aged animals, a larger effect would have been found. These
issues should be explored further in the future.

FIGURE 11. Representative example of the changes found in
middle-age and old animals. Five simultaneously recorded place cells
from a middle-aged and an old rat during the change in task. Firing
rate maps were directional and constructed according to whether the
rat was facing toward (inward) or away from (outward) the center of
the maze. For a given cell, only one set of directional rate maps is
shown (i.e., inward or outward). Cells 1–3 from both animals are
examples of outward rate maps; cells 4 and 5 are inward rate maps.
The firing rate scale was held constant for each cell across the different

tasks. Maximum firing rate is indicated by red and occupancy with no
firing, by dark blue. For middle-aged rats, three of the five cells dis-
played different firing patterns during the plus maze task relative to
the figure-8 task (cell 1 middle of maze, cell 3 southwest field, cell 4
northwest arm), while only one of the five cells from the old rat was
affected by the change in task (cell 3 middle of maze). Red: middle-
aged cell 1 5 5 Hz, cell 2 5 18 Hz, cell 3 5 8 Hz, cell 4 5 7 Hz, cell
5 5 5 Hz; old cell 1 5 7 Hz, cell 2 5 8 Hz, cell 3 5 8 Hz, cell 4 5 16
Hz, cell 5 5 10 Hz.
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Notably, the young animals used in the studies of Tanila et al.
(1997a,b) were between 4 and 6 months of age, whereas the younger
group in the present study was between 12 and 16 months. Behavioral
studies employing young, middle-aged, and old animals have shown
that age-related deficits in hippocampal processing tend to be specific
to the aged cohort (Oler and Markus, 1998). The present data, taken
together with the findings of Tanila et al. (1997a,b), suggest that the
diminished hippocampal response to contextual change is also specific
to old age, rather than reflecting a lifelong decrease in plasticity.

Barnes et al. (1997) found that within a recording session, place
field representation was equally reliable for both young and old
rats. In other words, once the animals had selected a map, the
hippocampal representation remained constant for both age
groups. The present result of equivalent reliability within a given
task for both middle-aged and old rats corroborates that finding. In
addition, Barnes et al. (1997) found that when rats were removed
from the environment between recording sessions, old rats had less
consistent hippocampal representations when returned to the same
environment. In the present study, animals remained on the be-
havioral apparatus for the duration of the recording, and therefore,
this phenomenon could not be examined.

That aged animals are less affected by significant changes in the
environment is suggestive of decreased synaptic plasticity. Numerous
studies demonstrate age-related alterations in the neurophysiology of
the hippocampal formation (e.g., Barnes and McNaughton, 1985; de
Toledo-Morrell et al., 1988; Mizumori et al., 1992; Foster and Norris,
1997; Shen et al., 1997). Furthermore, there is a substantial age-
related decrease in the number of perforant path synapses in the den-
tate gyrus (Geinisman et al., 1977), the primary source of cortical
afferents to the hippocampus (Amaral and Witter, 1989). While the
diversity/efficacy of the cortical input may decrease, once the repre-
sentation of an environment is established within the network, the
aged hippocampus is able to sustain it reliably. However, the repre-
sentation is less adaptable to important changes within a given envi-
ronment, as demonstrated by the lack of responsiveness to the change
in task. Failure of the aged hippocampal system to form distinct rep-
resentations of significant events in the environment may give rise to
episodic memory impairments in the elderly.
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