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Place cells of aged rats in two visually identical compartments
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Abstract

Aged rats perform poorly on spatial learning tasks, a cognitive impairment which has been linked to the failure of hippocampal networks
to fully encode changes in the external environment [Barnes CA, Suster MS, Shen J, McNaughton BL. Multistability of cognitive maps in the
hippocampus of old rats. Nature 1997;388(6639):272–5; Wilson IA, Ikonen S, Gureviciene I, McMahan RW, Gallagher M, Eichenbaum H,
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t al. Cognitive aging and the hippocampus: how old rats represent new environments. J Neurosci 2004;24(15):3870–8]. To exam
he impairment in hippocampal processing extends to conditions in which self-motion provides the cues for environmental chang
nalyzed spatial firing patterns of hippocampal pyramidal neurons in young and aged rats, as well as in young rats with selective

esions, another model of cognitive aging. The rats walked between two visually identical environments, pitting self-motion cues tha
nvironmental change against visual inputs that indicated no differences between environments. Our results indicated that place
ged and cholinergic-lesioned rats were equally likely as those of young rats to create new spatial representations in the second c
hese findings suggest that the hippocampal network of aged rats is able to process changes in internally generated cues withou

hat incomplete processing of external landmark cues may lead to impaired spatial learning.
2004 Elsevier Inc. All rights reserved.
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. Introduction

Many aged humans[22] and animals (for review, see[25])
ave diminished spatial memory capacity associated with a
eterioration of hippocampal connectivity and plasticity (for
eview see[9,29]). In order to investigate how information
s processed differently in the aged hippocampus than in the
oung hippocampus at the neuronal level, several researchers
ave recorded from hippocampal “place cells”, pyramidal
eurons in areas CA1 and CA3 that are activated when the
at moves through particular places within an environment
2,24,30,37,39,40]. A major finding of these studies is that
ippocampal place cells are less controlled by the visual sur-
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roundings in aged rats than in young rats. In aged rats,
cells are likely to maintain the same spatial firing pat
across two different environments, a situation in which p
cells of young rats typically change their spatial represe
tion ([38–40]as well as[24]). Further, the rigidity of plac
cells in aged rats correlates strongly with the extent of sp
memory impairment[40].

Two hypotheses have been offered to account for imp
spatial information processing in the aged rat hippocam
At the behavioral level, aged rats have an increased d
dence upon idiothetic (self-motion) cues, as compared t
influence of external visual cues[1]. This may extend to hip
pocampal processing. When young rats are moved fr
familiar to a novel environment, their place cells are o
briefly controlled by idiothetic cues and then rapidly co
under the control of the new visual cues[20,41]. By contrast

197-4580/$ – see front matter © 2004 Elsevier Inc. All rights reserved.
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place cells of aged rats are delayed in making this switch[30]
and, even with prolonged exposure to the new environment,
are inconsistently controlled by the visual landmarks[39].

Alternatively, hippocampal networks may have a propen-
sity to rigidly maintain a spatial representation when cues are
changed. Several studies have reported weakened cholinergic
modulation[5,11,23,35]and diminished entorhinal cortical
input [10,27,34]to the aging hippocampus. These changes
may shift the balance of information flow away from the
normally strong new inputs from the entorhinal cortex[12]
and towards pattern completion of previously learned asso-
ciations by the CA3 auto-associative network, resulting in a
resistance to change with alterations in cues. Consistent with
this view, selective cholinergic lesions of the hippocampus
reproduce the phenomenon of rigidity characteristic in hip-
pocampal place cells of aged rats[14,17].

We have addressed these two hypotheses by character-
izing the spatial firing patterns of hippocampal cells under
conditions in which the idiothetic information indicates en-
vironmental change while the visual inputs remain the same.
Young and aged rats, as well as young rats with selective
cholinergic lesions, explored a small box with distinct visual
landmarks. Then they freely walked through a hidden door
to a visually identical second compartment. If the influence
of self-motion is intact in aged rats, then their place cells
s reate
n heir
r othe
h igid,
p spa-
t those
o ged
r young
r s not
s en-
t nged
w ning
t n in
h

2

2

g in-
t gG-
s nd of
B –27
m d or
y vary
i
r e wa-
t hown
t atial
w ic

lesions and their matched controls were not tested. The water
maze tests and lesion surgeries were done at Johns Hopkins
University before the rats were sent to the University of Kuo-
pio for electrophysiological testing. Several days prior to the
experiment described here, all rats took part in a battery of
place cell experiments already published[14,39,40].

The spatial navigation and visible cue water maze pro-
tocol have been reported earlier with these same aged and
young rats[40]. Briefly, for the spatial navigation task the
rats received three trials per day for 8 consecutive days. The
location of the hidden platform remained constant, whereas
the starting position for each trial was varied among four
perimeter positions. Every sixth trial was a probe trial during
which the platform was retracted and unavailable for escape.
The probe trials assessed if there was development of a spa-
tial bias in searching for the escape platform. The primary
measure, referred to as the learning index, is derived for each
rat from the probe trials. The learning index is computed as
the average proximity of the rat to the platform over a series
of probe trials over the course of training such that low values
represent a more rapid and accurate acquisition of a search
for the escape platform, while high values indicate poor per-
formance[8]. In order to test visual acuity and swimming
ability independent of the ability to process spatial informa-
tion, each rat was given six cued training trials on the day
a

ole-
s
N
C was
i ML
+
i of
0

t the
U bar-
b nted
w ith
t
N ach
h
t ere
i ding
b
f ues
a ur-
g et al.
( with
N the
I

2

been
r t
s dis-
hould be at least as likely as those of young rats to c
ew spatial representations, unlike the typical rigidity in t
esponse when environmental cues are altered. On the
and, if the aged hippocampal network is generally r
lace cells of aged rats should show greater similarity in

ial representations across the two compartments than
f young rats. Our results indicated that place cells of a
ats were as likely to change representations as those of
ats, suggesting that the aged hippocampal network doe
uffer from a general rigidity. Similarly, the spatial repres
ations of rats with selective cholinergic lesions also cha
hen animals used exclusively internal cues, strengthe

he parallels between aging and cholinergic dysfunctio
ippocampal processing mechanisms.

. Methods

.1. Subjects and surgery

The subjects were Long–Evans male rats, 12 youn
act or sham operated (6–8 months), six young with I
aporin lesions of the medial septum and diagonal ba
roca (Ch-X rats, 5–7 months), and 10 aged intact (24
onths). Young controls were matched with either age

oung cholinergic-lesioned rats. Because aged animals
n their abilities to learn new spatial information[8], the aged
ats and their young counterparts were pre-tested in th
er maze test for spatial learning capacity. It has been s
hat medial septum cholinergic lesions do not impair sp
ater maze learning[3,4] so rats with selective cholinerg
r

fter completion of the spatial training trials.
The surgical procedures for the cholinergic immun

ions have been reported in detail earlier[3,19]. Briefly, under
embutal anesthesia (50 mg/kg), 192 IgG saporin (0.5�g/�l,
hemican, Temecula, CA) or phosphate-buffered saline

njected at two depths bilaterally at AP +0.45 mm and
0.6 mm referenced to Bregma. A total volume of 0.3�l was

nfused to the sites at DV−7.8 mm, and a total volume
.2�l was infused into the sites at DV−6.2 mm.

Electrode implantation and recordings were done a
niversity of Kuopio. Under general anesthesia (pento
ital and chloral hydrate each 40 mg/kg i.p., suppleme
ith ketamine 20 mg/kg i.m.) each rat was implanted w

wo or four movable tetrodes (a bundle of four twisted 30�m
ichrome wires containing 10% iron) aimed at CA1 of e
emisphere (AP−3.3 mm, ML±1.8 mm, DV−2.2 mm from

he dura). In addition, bipolar stimulation electrodes w
mplanted in the lateral hypothalamus to deliver rewar
rain stimulation (AP−0.5 mm, ML±1.6 mm, DV−7.8 mm

rom the dura). Further details of the recording techniq
re found in[14], and the implant construction and the s
ical procedure have been described earlier in Tanila
1997a). All experiments were conducted in accordance
IH and Council of Europe guidelines and approved by

nstitutional Animal Care and Use Committee.

.2. Apparatus

The experimental apparatus and procedures have
eported earlier[36]. After full recovery from the implan
urgery, the rats were trained to search for randomly
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tributed loci within a brown paste-board cylindrical environ-
ment (diameter 70 cm, height 50 cm) where rewarding brain
stimulation was delivered. The stimulus current was adjusted
to the minimum level that kept each rat constantly moving.
During this training period, the recording electrodes were
advanced until single hippocampal pyramidal cells were iso-
lated. The recording environment consisted of two rectan-
gular compartments, each with three identical cue cards on
the walls (seeFig. 1, length 41 cm, width 34 cm, and height
32 cm). The compartments were joined by a common wall
that contained a hidden double-leaf door that could swing to
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open a 10 cm wide walkway. The compartments are hereafter
referred to as Box A and Box B. Special care was taken to
make compartments as visually identical as possible. When-
ever the rat was lifted into one of the compartments, the other
was covered with a cardboard sheet to prevent the rat from
seeing the entire layout.

The compartments were located on a black plastic table
(diameter 1.1 m). The table and compartments were sur-
rounded by a floor-to-ceiling circle of black curtain (diameter
2.2 m); the rat remained inside this curtained area for the
entirety of each recording session. The compartments were
equally illuminated by four incandescent bulbs arranged sym-
metrically 1.5 m above the center of the table floor. The room
was quiet except for the sound of a ventilation fan that created
a diffuse background white-noise. These factors all served
to limit the orienting cues outside the compartment frame.

2.3. Experimental procedures

The place cell recording protocol followed the sequence of
trials A1–B2–B3–A4 (seeFig. 1). All recording trials lasted
for 5 min. Initially the rat was placed in Box A and allowed
15–25 min to familiarize itself with the novel environment.
Place cells were recorded for the last 5 min of this explo-
ration period. The experimenter then quietly opened the hid-
d rat
h After
5 me-
t ents.
T ent
fl er to
a om-
p ing
t into
B

ig. 1. Spatial representations in visually identical compartments. The top
ow illustrates the experimental protocol. For details see text. Boxes A and

are separated by a wall with a hidden door. Dashed arrows indicate tran-
itions between the trials: walking from A1 to B2, lifted passively by the
xperimenter from B2 into a hanging bucket then to B3, and walking from
3 to A4. Each row thereafter depicts the spatial firing patterns of one cell
cross the experiment. Note that only the explored arena (Box A or B) is
hown for each trial. Dark pixels represent high activity as shown by the
ring rate scales provided on the left. Example tetrode waveforms of each
ell are shown on the right. Cell Young 1 shows different spatial represen-
ations in trials A1 and B2. The new representation is maintained into trial
4, demonstrating differences between A1 and A4 spatial representations
bserved occasionally in young rats. Cell Young 2 shows a spatial represen-

ation that did not change across the trials. Cell Ch-X 1 had a low spatial
orrelation between the A and B compartments, whereas cell Ch-X 2 had a
igh correlation. Cell Aged 1 was silent in environment A, but active in Box
. Cell Aged 2 had a similar firing pattern on all trials. These two cells were

ecorded simultaneously from the same rat and thus illustrate the discordant
esponses observed within an ensemble.
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en door, allowing the rat to walk into Box B. Once the
ad entered, the door was closed and the trial B2 began.
min, the rat was lifted out and placed into a bucket (dia

er 40 cm, height 80 cm) suspended above the compartm
here the animal rested for 5 min while the compartm
oors were cleaned. The bucket was not spun in ord
void disorienting the rat. The rat was lifted back into c
artment B for trial B3 and then, after the 5 min record

rial, the door was again opened and the rat walked back
ox A for trial A4.

.4. Spatial firing pattern analysis

The recordings were made with Enhanced Discovery
are, and cells were isolated off-line by clusters defined
aveform parameters using Autocut software (both f
ataWave Technologies, Longmont, CO, USA). Place
ere defined as pyramidal cells (based on the presen
omplex spikes and duration of the negative spike more
00�s) with a place field in at least one of the record
nvironments. Place fields were defined as a set of at
ix adjacent pixels (each pixel was 3.5 cm× 3.5 cm) with fir-
ng rates above 0.5 Hz and two times above the cell’s ov

ean firing rate. Cells were included in the study if they
lear place fields in at least one recording environmen
howed clear amplitude differences between the four-te
hannels (indicating good isolation). To compare the p
rties of place cells between groups, analyses were
pon the overall firing rates, which were calculated for
iods when the rat was moving at least 2 cm/s. This s
lter minimized contamination of the location-specific
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ing with spikes during sharp wave activity (see[6]). We also
compared spatial selectivity, calculated by the spatial infor-
mation content[18,33]. For each trial, the spatial selectivity
was calculated only if the mean firing rate of the cell was
above 0.1 Hz.

In order to measure the extent to which a spatial repre-
sentation changed between trials in the different compart-
ments, we quantified the similarity between firing rate maps
calculated as pixel-to-pixel cross-correlations. We calculated
the cross-correlations only if a place field was evident in
at least one of the trials. As a second measure of the neu-
ronal response to the movement across compartments, we
calculated the magnitude of firing rate change (indepen-
dent of direction) between environments, computed as: ABS
[(fr1 − fr2)/{(fr1 + fr2 + fr3 + fr4)/4}], such that ABS: abso-
lute value, fr1: firing rate A1, fr2: firing rate B2, fr3: firing
rate B3, and fr4: firing rate A4. This measure allowed us to ac-
count for cells which were silent in one of the environments,
a situation in which spatial correlations cannot be used.

2.5. Histology

At the end of the study, the rats were deeply anesthetized
and the recording sites were marked by passing anodal cur-
rent (30�A, 5 s) through the electrodes. The animals were
p cut
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the data from the two hippocampal areas were pooled for
each group.

In the individual trials, the spatial firing characteristics
of the groups were not significantly different. The firing
rates were the same across all groups in all environments
(firing rate A1 (for example): young = 0.89± 0.18 spikes/s;
Ch-X = 1.8± 0.34 spikes/s; aged = 1.22± 0.32 spikes/s,
mean± S.E.M.; one-way ANOVAs all trialst(2,24) < 2.5,
P> 0.10). The spatial information content was similar
across the groups except in trial B3 when the place
fields of the aged rats were more spatially selective
(spatial information content B3: young = 0.79± 0.07;
Ch-X = 0.77± 0.11; aged = 1.32± 0.22; one-way ANOVA
t(2,22) = 5.5,P= 0.01).

Our primary interest was how the spatial representations of
each group changed as the rats moved between the compart-
ments. The rats walked between the visually identical com-
partments twice (A1–B2 and B3–A4), and we examined how
the place cells reacted to these changes in comparison to two
exposures to the same compartment (B2–B3 and A1–A4).
These responses were assessed by two independent param-
eters, changes in firing rate (including all cells) and spatial
correlations (performed only on cells that were active in both
compartments).

F ) The
s p. The
p lower
b same
c ation
between trials involving a transition between Boxes A and B or between
trials B2 and B3, but the aged and cholinergic-lesioned rats had significantly
greater spatial correlations than the young rats between trials A1 and A4.
The symbol ‘*’ denotes significanceP< 0.05; see text for specific statistics.
(B) Firing rate changes at each transition for each group. For all groups
there was a significantly greater change in firing rate between trials across
compartments than between trials in the same compartment (see text for
statistics).
erfused with buffered 4% formalin, and the brains were
nto 50�m sections. The locations of the electrodes tips w
onfirmed by Prussian blue reaction, as described earlier[37].
he immunotoxin lesions were evaluated by AChE stai
f sections taken through the hippocampus (as describ

13]) and by loss of ChAT-positive neurons in the me
eptum (as described in[21]).

. Results

.1. Lesion and spatial learning

The IgG-saporin lesion of the medial septum produ
ubstantial loss of cholinergic innervation of the h
ocampus. For further details of the histology, see[14].
he aged rats had significantly impaired spatial m
ry compared to the young rats (learning index sco
ged = 245± 12 cm; young = 187± 11 cm, mean± S.E.M.;

(13) = 0.43,P> 0.60). For further details, see[40].

.2. Place cells

We simultaneously recorded multiple hippocampal p
ells, which met the criteria (see Section2; n= 2.4± 0.2;
ean± S.E.M.) as the rats explored the two visually ide

al environments. We recorded from the young rats 17
lace cells and 6 CA3 cells, from the medial-septum lesio
ats 7 CA1 cells and 6 CA3 cells, and from the aged rat
A1 cells and 11 CA3 cells. Because there were no d
nces in any of the measures between hippocampal sub
ig. 2. Spatial correlations and firing rate changes across the trials. (A
patial representation correlation across each transition for each grou
ixel by pixel correlation analysis showed that spatial correlations were
etween trials across compartments than between trials within the
ompartment in all groups. The groups did not differ in spatial correl
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The place cells of all groups showed several different reac-
tions to the transition between the two compartments, and ex-
amples of each type of response are illustrated inFig. 1. First,
some cells were clearly controlled by the visual cues, show-
ing the same pattern for both compartments (seeFig. 1, sec-
ond cell row for each group). Second, some cells had unique
representations for the two compartments and the same rep-
resentation on repeated trials in the same compartment. This
pattern was manifested in two ways, either by different spa-
tial firing patterns for each environment (Fig. 1, young cell
1 A1–B2) or high activity when the rat was in one compart-
ment and very little when it was in the other (Fig. 1, Ch-X
and aged cells 1). Some cells changed their firing pattern on
the first transition, but then carried the B3 firing pattern over
to the period in A4 (Fig. 1, young cell 1). Lastly, a few cells
changed their firing patterns on every trial. The group means

of the spatial correlation across each transition are shown in
Fig. 2A.

The firing rate change was significantly higher between the
different compartments than within the same compartment
(F(1) = 7.2,P= 0.01), and this distinction was similar across
all groups (F(2) = 0.8,P= 0.45). The magnitude of firing rate
change did not differ between the groups when the rats walked
between compartments (for means, seeFig. 2B; A1–B2:
F(2,25) = 0.8,P= 0.45; B3–A4:F(2,23) = 2.5,P= 0.1), nor
was there a group difference in firing rate changes between
repetitions of the same environment (B2–B3:F(2,22) = 2.8,
P= 0.08; A1–A4:F(2,24) = 0.4,P= 0.66).

The spatial representation correlations for all groups were
significantly lower between compartments than within repe-
titions of the same compartment (compartmentF(1) = 15.6,
P= 0.001; compartment× groupF(2) = 2.2,P= 0.13). Spa-

Table 1
Spatial correlations in cell ensembles of individual rats

Rat Cells (n) A1 × B2 (%) B3× A4 (%) B2× B3 (%) A1× A4 (%)

Young
43 1 100 100 100 100
51 2 50 100 50 100
52 2 0 0 100 50
61 4 25 25 25 0

1

1

N

Y

C
1

C

A

A

C
t
t
r

62 1 100
65 1 0
66 2 0
77 1 0
79 2 0
88 2 50
91 3 67
97 2 100

oung mean 1.9 41

h-X
45 2 100
53 3 0
54 2 0
55 2 100
63 2 50
64 2 0

h-X mean 2.2 42
ged
73 4 0
81 3 0
82 3 67 N
83 2 50
75 2 100 N
76 2 0
87 4 50 1
93 6 33
95 2 0
98 2 0

ged mean 3.0 30

ells were determined to have similar spatial firing patterns across two trials
hreshold were considered similar, whereas correlations below the threshold
he coherence of the ensemble within each rat. Fully coherent ensembles ar
emain the same), whereas a response of 50% reflects maximum discordan
00 100 0
0 0 0

00 100 No fields
0 No fields 100
0 100 100
o fields 100 No fields
33 67 33
50 100 100

46 77 58

00 100 50
50 100 50
50 100 100

0 50 50
50 No fields 100
0 100 100

42 90 75
25 100 100
0 100 50
o fields No fields No fields
50 100 100
o recording in B3 50
0 100 100

00 100 75
50 100 60
0 No fields 100

50 50 100

34 93 82

if the spatial correlation reached a threshold of 0.25. Representations above this
indicated two different firing patterns. The percentage of cells for each rat reflects

e reflected in 0% (all cells form new representations) and 100% (all representations
ce.
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tial correlations did not differ between the groups when the
rats walked from compartment A1 to B2 (seeFig. 2A for
means;F(2,25) = 0.2,P= 0.83 or in the transition from B3
to A4: F(2,22) = 0.3,P= 0.74). As a control, when neither
the visual surroundings nor the idiothetic cues changed (the
bucket was not spun prior to replacing the rat into trial B3)
between trials B2 and B3, all groups had high and equiva-
lent spatial correlations (seeFig. 2A, B2–B3:F(2,21) = 0.8,
P= 0.45). When several trials intervened between exposures
to the same compartment (A1–A4), a Tukey post hoc test
revealed that the young rats had significantly lower spatial
correlations than the aged rats; and a trend in this direc-
tion was observed with the cholinergic-lesioned rats (A1–A4:
F(2,22) = 4.2,P= 0.03; young versus aged:P= 0.04, young
versus Ch-X:P= 0.10).Table 1shows the percentage of cells
in each rat that had high spatial correlations between the tri-
als, andFig. 2A shows the mean spatial correlations for each
group. Together the table and figure show that all groups had
lowest spatial correlations between the two different arenas,
highest spatial correlations between consecutive same arena
trials, and the young rats had somewhat lower correlations
compared to aged and cholinergic-lesioned rats between ex-
posures to the same arena separated by several trials. Lastly,
we found that the water maze learning index of aged and
young rats did not predict the spatial firing responses; place
c ed in
s ear-
m

4

tud-
i ring
p rgic-
l ent
[ en
t so-
c ob-
s lked
b ir
r each
r spa-
t enta-
t , the
p t as-
s ved in
a is-
t lace
b d-
v g as-
s ged
h cing
n cond
t d by
s

According to current theories, the hippocampus integrates
information from external and internal sources[20,28]. The
balance between these inputs is important for determining
the spatial representation, and a change above a threshold
level in either or both of them causes the generation of a
new spatial representation[16]. In aged rats, the idiothetic
information may have increased influence over the represen-
tations, as suggested by four lines of evidence. First, spatial
representations are often maintained between visually dis-
tinct environments[38–40]but differ between identical en-
vironments entered by self-movement (current experiment).
Second, when forced to rely on external visual cues, aged
rats sometimes create different spatial representations even
for the same environment[2,39], whereas when self-motion
cues are sufficient, aged rats form stable representations (cur-
rent experiment). Third, the spatial representations of aged
rats are delayed in switching from dependence upon internal
to external cues when external landmarks predicted the goal
location while internal cues did not[30]. Fourth, aged rats
[1] and monkeys[26] rely more on a response strategy than
on a place strategy, consistent with an abnormal emphasis on
idiothetic information. Such a strategy shift would lead to the
impaired spatial learning, as characterizes aged animals (for
review, see[7,25]).

Increased dependence on idiothetic information does not
f ion
h ged
r al
r ns in
a Fur-
t same
r cells
o trials
B ility
i ar en-
v ment
[ aged
a ues,
i ifica-
t ns
[ oung
s ited
t tions
o than
t in the
e

y un-
d s of
a anges
i -
b tate
g CA3
a
t o the
h s
m iling
ells of aged rats with poor spatial learning scores react
imilar ways to those rats with better spatial learning (Sp
an’s rho (15) < 0.3,P> 0.3).

. Discussion

The current experiment was motivated by previous s
es that revealed an abnormal rigidity of the spatial fi
atterns of hippocampal cells when aged and choline

esioned rats were placed into a visually novel environm
14,17,24,38–40]. In this experiment, rats walked betwe
wo visually identical environments, and the rigidity as
iated with aging and cholinergic dysfunction was not
erved. As found in an earlier study where young rats wa
etween two identical boxes[32], place cells varied in the
esponses across rats and among individual cells within
at (seeFig. 1, aged), with some cells showing the same
ial representation and others showing different repres
ions in the visually identical environments. Furthermore
roportion of cells changing their representations was no
ociated with spatial learning score, as had been obser
ged rats in previous studies[40]. These findings are cons

ent with the idea that the hippocampus is needed for p
ut not response learning[31]. The present observations a
ance our understanding of the hippocampal processin
ociated with aging in two important ways. First, the a
ippocampal neuronal network is quite capable of produ
ew spatial representations under some conditions. Se

he aged hippocampal network is more greatly influence
elf-motion cues than by external visual cues.
,

ully account for the current results. If idiothetic informat
ad completely dominated over visual information in a
ats, we would expect ahigherproportion of altered spati
epresentations across the A1–B2 and B3–A4 transitio
ged rats than in young rats. This was not observed.

hermore, more of the cells in aged rats maintained the
epresentations in A1 and A4 than young rats (although
f all groups showed the same representations between
2 and B3), similar to an earlier report of increased stab

n the same aged rats across two exposures to a famili
ironment intervened by exposure to an altered environ
40]. It appears therefore that spatial representations of
nd cholinergic-lesioned rats are rigidly locked to visual c

n that, once created, they are less prone to further mod
ions by experience. Aged rats[37] as well as aged huma
15] have been shown to acquire less information than y
ubjects about environmental landmarks. Thus, when lim
o only a subset of the information, the spatial representa
f aged memory-impaired rats may appear more stable

hose of young rats when subjected to subtle changes
nvironment.

Three age-associated neurobiological changes ma
erlie this impaired processing. First, the hippocampu
ged rats is less receptive to experience-dependent ch

n synaptic plasticity (for review see[29]). Second, the num
er of synaptic contacts from entorhinal cortex to den
yrus and CA3 is decreased with aging, whereas the
uto-associative network remains intact[10,27,34]. Third,

he medial septum provides less cholinergic modulation t
ippocampus of aged animals[5,11,23,35]. These change
ay well set the stage for decreased cortical input deta
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external changes and increased pattern completion by the hip-
pocampal network[12]. The present finding that place cells
of rats with cholinergic lesions respond similarly to those of
aged rats supports this view.

The current study demonstrates that aged memory-
impaired rats and cholinergic-lesioned rats do form separate
spatial representations for two visually identical environ-
ments when the rats are allowed to walk between them, in
contrast to the rigidity of spatial representations when these
animals are exposed passively to visually different envi-
ronments. The current results show that the rigidity of hip-
pocampal spatial representations in aged rats stems from the
combination of two processes. First, aged rats have increased
reliance on self-motion cues accompanied by diminished
use of external visual cues. Second, changes in the dynamics
of their hippocampal networks work against plasticity and
favor pattern completion of pre-existing representation over
the creation of new spatial representations. Ultimately,
these changes in information processing may underlie the
impairment in spatial memory performance by aged rats.
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