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Age-Associated Alterations of Hippocampal Place Cells Are
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Aging is associated with spatial memory impairments and with deficient encoding of information by the hippocampus. In young adult
rats, recent studies on the firing properties of hippocampal neurons have emphasized the importance of the CA3 subregion in the rapid
encoding of new spatial information. Here, we compared the spatial firing patterns of CA1 and CA3 neurons in aged memory-impaired
rats with those of young rats as they explored familiar and novel environments. We found that CA1 place cells in aged and young rats had
similar firing characteristics in the familiar and novel environments. In contrast, aged CA3 place cells had higher firing rates in general
and failed to change their firing rates and place fields as much as CA3 cells of young rats when the rats were introduced to a novel
environment. Thus, aged CA3 cells failed to rapidly encode new spatial information compared with young CA3 cells. These data suggest
an important and selective contribution of CA3 dysfunction to age-related memory impairment.
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Introduction

Aging is associated with spatial learning impairment (Barnes,
1979; Gallagher et al., 1993), and this reflection of cognitive de-
cline has been attributed to deficient encoding of information by
hippocampal neurons. To analyze how spatial information is
processed, researchers have recorded hippocampal place cells,
pyramidal neurons that fire strongly when a freely behaving rat
occupies particular locations in an environment. Spatial coding
by place cells is altered in aged rats in a number of experimental
settings (for review, see Rosenzweig and Barnes, 2003), and such
abnormalities correlate with the degree of spatial learning im-
pairment (Wilson et al., 2003).

Much research has shown that the hippocampus of young
animals is critical for navigation using external landmarks (Mor-
ris et al., 1982), but, until recently, experimental evidence for the
specific contribution of each hippocampal subregion has re-
mained elusive. Indeed, because of many similarities in the char-
acteristics of CA1 and CA3 place cells, data have often been
pooled across those subregions to increase statistical power (Bos-
tock et al., 1991; Tanila et al., 1997b; Oler and Markus, 2000; Save
et al., 2000; Wilson et al., 2003). However, recent experiments in
young animals have identified unique characteristics of informa-
tion coding by CA1 and CA3 cells, indicating a possible basis for
distinct contributions of each hippocampal subregion to mem-
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ory (for review, see Guzowski et al., 2004). The CA3 subregion
exhibits characteristics particularly suited for rapid learning of
environment-specific features (Nakazawa et al., 2003); specifi-
cally, CA3 pyramidal cells show an abrupt all-or-none change in
their encoding in response to modifications of familiar environ-
ments or exposure to novel environments (Lee et al., 2004a; Leu-
tgeb et al., 2004; Vazdarjanova and Guzowski, 2004). In contrast,
CA1 pyramidal cells respond more gradually to graded changes in
the environment (Leutgeb et al., 2004; Vazdarjanova and
Guzowski, 2004), suggesting that the CAl subregion serves to
compare outputs of CA3 with direct inputs from entorhinal
cortex.

Neurobiological investigations on aging have repeatedly
stressed regional specificity of changes within the hippocampus,
affecting synaptic connections, physiology, and plasticity (Bar-
nes, 1994; Rapp et al., 1999; Smith et al., 2000), but little is known
about possible differences in the effects of aging on place cell
firing patterns in CA1 and CA3 subregions. Previous reports, in
which neurons from each subregion were pooled for analyses,
showed that place cells of aged rats fail to rapidly encode new
information (Tanila et al., 1997a; Oler and Markus, 2000; Wilson
et al., 2003, 2004). By analyzing each subregion separately from
data of four novel-environment experiments (Tanila et al.,
1997b; Wilson et al., 2003, 2004, 2005), the current study exam-
ines how CAl and CA3 place cells of young and aged rats may
differentially encode a highly familiar environment and a new
visually distinctive environment. Based on recent evidence impli-
cating the CA3 subregion in the rapid encoding of new informa-
tion (Nakazawa et al., 2003; Lee et al., 2004a; Leutgeb et al., 2004),
we hypothesized that age-related changes in information pro-
cessing would be particularly evident in the CA3 subregion.
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Materials and Methods

Subjects and surgery

The subjects were 18 young (6—8 months of age) and 17 aged (25-27
months of age) male Long—Evans rats. The rats were prescreened for
spatial memory performance in the Morris water maze task at Johns
Hopkins University, as described in our previous reports (Gallagher et
al., 1993; Wilson et al., 2003). Electrode implantations and recordings
were then made at the University of Kuopio, Finland (14 young and 12
aged rats) or at the State University of New York at Stony Brook (Stony
Brook, NY) (four young and five aged rats). Each rat was implanted with
two to four movable tetrodes aimed to the dorsal hippocampus (antero-
posterior, —3.3 mm; mediolateral, +2.0 mm; dorsoventral, —2.2 mm
from the dura). The recording electrodes were advanced to the pyramidal
cell layers. After finding well isolated neurons, they were recorded while
the rats explored the familiar environment followed by one of four new
environments. The first well isolated pyramidal cells were from CA1 cells
for 18 rats and from anterior CA3 cells for seven rats. Each exposure to a
new environment took place on separate days, and, if isolation of the
neurons was lost before completion of all recordings, the electrodes were
again advanced to new cells. Some electrodes were advanced down to
hilar CA3 for recordings (six rats) (see the histology from Fig. 1). Record-
ings from CA1 and CA3 subregions were not simultaneous for either
young or aged rats.

In addition to the tetrodes, bipolar stimulation electrodes were im-
planted in the lateral hypothalamus to deliver rewarding brain stimula-
tion. The stimulus current was adjusted to the minimum level that kept
each rat constantly moving. Additional details of the recording and stim-
ulation techniques are found in Ikonen et al. (2002). All animal experi-
ments were conducted in accordance with guidelines of the Council of
Europe and the U.S. National Institutes of Health.

Behavioral protocols

Water maze. The rats were trained on a spatial version of the Morris water
maze task, designed to test hippocampal learning abilities, and on a cued
version of the water maze to test visual acuity. Details of these tests can be
found in Wilson et al. (2003).

Place cell recordings. All rats from the Kuopio experiments were trained
to search for randomly distributed loci at which rewarding brain stimu-
lation was delivered in a cylindrical environment (diameter, 70 cm;
height, 50 cm) with three distinct two-dimensional patterns attached to
the cylinder wall serving as landmark cues. After several weeks of screen-
ing for cells, place cells were recorded from this highly familiar cylinder
and one of three novel environments, each on a separate day. Each arena
was located in the same room location on a black plastic table. The rat
explored the familiar cylinder for 7 min and was then placed in a holding
bucket while the arena was changed and the floor cleaned. The rat was
gently spun in the bucket for mild disorientation before being placed in
the novel arena for the 7 min trial.

Novel environment 1 was a black hexagon with three novel landmarks.
See the top row of Figure 2 for illustration and Wilson et al. (2004) for
details. Novel environment 2 was a brown square, which bore the original
three landmarks from the cylinder in a 90° rotated position. See the top
row of Figure 4 for illustration and Wilson et al. (2003) for details. Novel
environment 3 was a smaller rectangular cardboard box with three novel
landmarks. Novel environment 3 is not illustrated in the figures, but
details can be found in Wilson et al. (2005). After the novel environment,
the rats were returned to the familiar environment to provide a control
comparison for the change to the novel environment. To sample more
cells and to allow the possibility to test the effects of additional exposures
to the novel environments, eight young rats and 12 aged rats were re-
corded twice in novel environments 1 and 2. To increase the sample size,
these two sessions were pooled unless the effect of repetitive exposure was
specifically tested.

The rats from the Stony Brook experiments (novel environment 4)
were treated in much the same way, except that the familiar environment
was a plus maze with rewards given at the end of each arm. The maze had
different odors and textures on the floor of each arm and was surrounded
by black curtains with prominent hanging visual cues. For the novel
environment, the surrounding black curtains were opened, new visual
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Figure 1.  Locations of the recording sites as determined by histology. Each site in which
place cells were recorded with tetrodes is marked for young rats (black circles) and aged rats
(gray triangles) in the hippocampus [adapted from Paxinos and Watson (1998)]. A, Recordings
frombregma — 2.5 mm. B, Recordings from bregma — 3.3 mm. The arrow marks the site of the
example section. C, Recordings from bregma —3.8 mm. D, An actual example of a histological
section. The arrow marks the tetrode location that was marked with the Prussian blue reaction.
cc, Corpus callosum; PoDG, polymorphic region of the dentate gyrus; DG, dentate gyrus; D3V,
dorsal third ventricle; dhc, dorsal hippocampal commissure.

landmarks were hung, and the plus maze floor odors were removed.
Before being placed in the novel environment, rats were disoriented by
being carried in a closed bucket on a brief tour of laboratory rooms. For
additional details, see Tanila et al. (1997b), and, for illustration, see the
top row of Figure 3.
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Figure 2.  Examples of young (4) and aged (B) CA1 place fields. The top row shows the
experimental setup with the familiar (fam) environment and novel environment 1. The record-
ing sites, the place fields, the tetrode waveforms, and the firing rate scale (in spikes per second)
of two simultaneously recorded cells from each rat are shown. Note that the CAT cells of both
groups predominantly created new spatial representations, although firing rates (young cell 2)
and even some subfields (aged cell 2) were often similar between the environments. cc, Corpus
callosum; PoDG, polymorphic region of the dentate gyrus; DG, dentate gyrus; D3V, dorsal third
ventricle; dhc, dorsal hippocampal commissure.

Histology

At the end of the study, the rats were deeply anesthetized and the record-
ing sites were marked by passing anodal current (30 nA, 5 s) through the
electrodes. The animals were perfused with buffered 4% formalin, and
the brains were cut into 50-um-thick coronal sections. The locations of
the electrode tips were confirmed by Prussian blue reaction, as described
previously (Tanila et al., 1997a). See Figure 1D for an example of the
histology.

Spatial firing analysis

The recordings were made with Enhanced Discovery software, and cells
were isolated off-line by clusters defined with waveform parameters us-
ing Autocut software (both from DataWave Technologies, Longmont,
CO). To focus our analyses on pyramidal neurons of the CA1 and CA3
subregions, we limited our analyses to cells that showed complex spikes
(to eliminate interneurons) and that had spike widths measured as the
time difference between the maximum and minimum amplitudes of
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Figure 3.  Examples of young (A) and aged (B) CA3 place fields. The top row depicts the
experimental setup with the familiar (fam) environment and novel environment 4. The record-
ing sites, the place fields, the tetrode waveforms, and the firing rate scale (in spikes per second)
of two simultaneously recorded cells from each rat are shown. Note that young CA3 cells created
new spatial representations, and often some were active in only one environment (young cell
2).In contrast, the aged CA3 cells used similar place field representations for both environments
and scarcely changed their firing rates. cc, Corpus callosum; PoDG, polymorphic region of the
dentate gyrus; DG, dentate gyrus; D3V, dorsal third ventricle; dhc, dorsal hippocampal
commissure.

>380 ps [beyond the range of interneurons and dentate gyrus granule
cells (Jung and McNaughton, 1993)]. Only place cells were included in
the study and, to qualify, the pyramidal cells had to have clear place fields
in at least one environment and show clear amplitude differences be-
tween the four tetrode channels (indicating good isolation). Place fields
were defined as a set of at least six adjacent pixels with firing rates >0.5
Hz and two times above the overall mean firing rate of the cell.

To compare the properties of place cells between groups within envi-
ronments, we examined three aspects of the firing rates and the spatial
selectivity of the firing. First, we measured the mean overall firing rates
calculated for periods when the rat was moving at least 2 cm/s. This speed
filter minimized contamination of the location-specific firing with spikes
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that occur during sharp-wave activity (Chrobak and Buzsaki, 1998). All
measures were filtered for movement. Second, we examined the maxi-
mum firing rate reached for each cell and the area of significant firing
(pixels with a firing rate of >1 Hz). Third, we assessed spatial selectivity
of the firing by measuring the spatial information content, a measure that
examines how well the action potentials of a cell predict the animal’s
location (Skaggs et al., 1993; Markus et al., 1994). The formula used was
the following: spatial information content = 3P,(fr,/fr)log, (fr;/fr), where
iis the pixel number, P;is the probability for occupancy of pixel i, fr; is the
mean firing rate for bin 7, and fr is the overall firing rate.

To measure the extent to which a spatial representation changed be-
tween manipulations of the environment, we measured both the raw
firing rate change (accounting for direction) and the magnitude of firing
rate change (independent of direction) across environments. The raw
firing rate change was calculated as follows: [(fr, — fry)/(fr; + fr,)] X
100%, such that fr, is the mean overall firing rate in the familiar environ-
ment, and f7, is the mean overall firing rate in the new environment.

The magnitude of firing rate change was calculated as follows: ABS
[(fry, — fro)/(fry + fry)] X 100%, such that ABS is absolute value. The
absolute maximum firing rate change was also calculated using the same
formula applied to the maximum rates. In addition, we examined how
the place fields themselves changed across environments by quantifying
the similarity between firing rate maps calculated as pixel-to-pixel (3.5 X
3.5 cm) cross-correlations. Each firing rate map of the new environments
was first scaled to match the map size of the familiar environments. The
square arenas (new environments 2 and 3) were reshaped to cylinder
form, and the slightly larger hexagon arena (new environment 1) was
scaled down in size; the new plus maze (new environment 4) was the
same size as the familiar maze and did not need adjustment of the firing
rate maps. For each environment, the pixel-to-pixel correlations, and the
spatial selectivity were calculated only if the overall mean firing rate was
>0.1 Hz.

Statistical design

In general, our analysis design compared the age group and environment
interactions within each separate subregion using an ANOVA with re-
peated measures. In some special cases, we also compared the subregions
within each separate age group using an ANOVA with repeated mea-
sures. To examine specifically the change in firing rates and place fields
between environments, we compared the age groups using a t test.

Results

Description of the databases

Before neurophysiological recordings, the spatial learning abili-
ties of all 18 young and 17 aged rats were evaluated in the Morris
water maze and indicated a deficit in spatial learning among the
aged rats compared with the young [according to the analysis
described in detail by Gallagher et al. (1993); learning index,
young, 180 * 6; aged, 253 * 8; t;,, = —6.9; p < 0.001]. Subse-
quently, we monitored hippocampal activity from these behav-
iorally characterized young and aged rats as they successively
explored a familiar and a novel environment. From the CA1 sub-
region, we recorded 101 place cells in 17 young rats and 174 cells
in 11 aged rats (see the locations of electrodes in Fig. 1). From the
CA3 subregion we recorded 34 place cells in five young rats and
87 cells in eight aged rats. Those recordings included, on average,
4.0 cells simultaneously monitored, with a range from 1 to 10
cells. The data were collected from four novel environment set-
ups, and initially we examined the data separately for each of
these novel environments (shown in supplemental Table 1, avail-
able at www.jneurosci.org as supplemental material). Because the
trends were similar within each, we pooled the novel environ-
ments together for analyses of the hippocampal subregions.

Subregion differences in young animals
We then separated the pooled data into cells located in either the
CA1 or the CA3 subregion for analysis, using the firing patterns in
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Table 1. A comparison of place cells from CA1 and CA3 subregions in young adult
rats by Leutgeb et al. (2004) and our current experiment

Leutgeb et al. (2004) Current study
Overall firing rate (A1 > (A3** (A1 > (A3*
Maximum firing rate (A1 > (A3%® (A1 > CA3f
Field size (AT > CA3** CAT > (A3**x¢
Sharpness (A3 > (AT** (A3 > (A1%0

Formeans == SEM from the current experiment, see Figure 5. Statistical analyses for the current experiment used an
ANOVA with repeated measures. *p << 0.05; **p << 0.01; ***p << 0.001; trend p = 0.13. The sharpness of place
fields was measured by sparsity in Leutgeb et al. (2004), whereas the current experiment measured sharpness by the
information content (see Materials and Methods).

“ Familiar environment only.
® Novel environment only.

familiar and novel environments as the within-subject repeated
measure. Before comparing across age groups, we examined the
firing patterns of cells recorded in the young rats for subregion
differences. Differences between cells recorded in the CA1 and
CA3 subregions in those rats were consistent with findings pub-
lished recently. Table 1 compares our data with the results re-
ported by Leutgeb et al. (2004), using the same Long—Evans rat
strain. In both studies, cells in the CA3 subregion had lower firing
rates and smaller, sharper place fields than cells in the CA1 sub-
region. These comparisons confirm consistent subregional dif-
ferences in firing patterns across studies and strengthen the va-
lidity of the following comparison with aged rats.

Aged CA3 place cells are hyperactive

In the CA1 subregion, we found no difference in the mean overall
or maximum firing rates between the age groups (age effects,
F 573 < 1.0, p > 0.3) (Fig. 5A,B). There was a trend in both
groups toward higher overall firing rates in the novel environ-
ment compared with the familiar one (environment effect,
Fa 273 = 4.7, p = 0.03; age-by-environment interaction:
F(1 273 = 1.2, p = 0.28). There was also no difference in maxi-
mum firing rates across environments between young and aged
rats (no age-by-environment interaction).

In contrast, CA3 cells in the aged animals had significantly
higher mean overall and maximum firing rates than CA3 cells in
the young animals (age effect, F(; ;,9) > 14.3, p < 0.001) (see
examples in Fig. 4 and means in Fig. 5A,B). Notably, whereas
CA3 cells in young rats had lower firing rates than CA1 cells (see
Table 1), CA3 cells in aged rats had higher overall firing rates than
CA1 cells (aged only subregion effect, F(; 559, = 19.8, p < 0.001).
Moreover, the CA3 cells of aged rats had higher overall firing rates
in the novel environment than in the familiar one, whereas the
cells of young rats decreased their overall firing rates in the novel
environment (age-by-environment interaction, F(, ,,9) = 4.4,
p = 0.04). These distinctions related to the environment were not
seen in the maximum firing rates (Fig. 5B). Thus, the abnormally
high firing rate of pyramidal cells in aged rats, which we had
reported previously as a general feature of aged hippocampal
neurons (Wilson et al., 2003, 2004 ), does not occur in the CAl
subregion but is selective to CA3 pyramidal cells.

Consistent with the lack of an age difference on firing rates in
the CA1 subregion, the CA1 hippocampal cells of the young and
aged rats had similarly sized place fields (number of pixels with
firing >1 Hz; age effect, F(; 559y = 0.1, p = 0.8) (Fig. 5C). In
addition, in the novel environment, both groups had larger place
fields than in the familiar environment (environment effect,
F(1 269y = 35.5,p < 0.001). In contrast, the place fields of CA3 cells
were much larger in aged rats than in young rats (age effect,
F118) = 35.1, p < 0.001) (Fig. 5C). In aged rats, the CA3 place



Wilson et al. @ CAT and CA3 Hippocampal Activity in Aging

fam new

fm

ceee ctee

eere it
eere wiei

Figure 4.  Examples of young (A) and aged (B) CA3 place fields. The top row depicts the
experimental setup with the familiar (fam) environment and novel environment 2. The record-
ing sites, the place fields, the tetrode waveforms, and the firing rate scale (in spikes per second)
of two simultaneously recorded cells from each rat are shown. Note that young CA3 cells created
new spatial representations, and often some were active in only one environment (young cell
1). In contrast, the aged CA3 cells used similar place field representations for both environments
and scarcely changed their abnormally high firing rates. cc, Corpus callosum; PoDG, polymorphic
region of the dentate gyrus; DG, dentate gyrus; D3V, dorsal third ventricle; dhc, dorsal hip-
pocampal commissure.

fields were also larger in the novel environment than in the famil-
iar one, whereas the CA3 place fields of young rats were equally
small in both environments (age-by-environment interaction,
Fiiiig) = 5.8, p = 0.02).

Are the higher firing rates and larger place fields of aged CA3
place cells secondary to changes in the specificity of spatial firing
patterns? There was no effect of age on the overall spatial speci-
ficity of CA3 cells (age effect on spatial selectivity, F(, o9y = 1.5,
p = 0.22) (Fig. 5D). However, analysis of the significant interac-
tion between age and environment (F(; jog) = 9.2, p = 0.003)
indicated that the CA3 cells of young rats increased their selectiv-
ity in the novel environment (young environment effect, F(, ,,, =
5.0, p = 0.04) (Fig. 5D), whereas the CA3 cells of aged rats de-
creased selectivity in the novel environment compared with the
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Figure5.  Aged CA3 cells have an abnormally high firing rate. The basic firing parameters of
(A1 and CA3 place cells from young and aged rats are depicted in the familiar (fam) and novel
environments. A, Overall firing rate. B, Maximum firing rate. C, Area of high firing rate. D,
Spatial selectivity. Statistical significance, ***p << 0.001 for comparison of aged CA3 cells to
young CA3 cells. Error bars represent SEM.

familiar (aged environment effect, F(, ;o) = 3.9, p = 0.05). Al-
though the environment-selective differences in spatial specific-
ity may reflect distinctions between young and aged rats in re-
sponse to environmental change (see below), these analyses
indicate that the age-associated abnormalities in CA3 firing rate
and place field size are not secondary to an overall loss in spatial
selectivity.

Aged CA3 cells fail to rapidly encode changes in

the environment

We next examined how altering the environment affected the
responses of CA1 and CA3 cells by analyzing three typical reflec-
tions of changes in their spatial representation: alterations in the
mean overall firing rate, alterations in the maximum firing rate,
and alterations in the location or shape of place fields. By each of
these measures, in CAl, young and aged cells responded simi-
larly, whereas in CA3, aged cells showed much less change in
spatial representation in response to novelty than did young cells
(see examples in Figs. 2—4).

First, we examined how well the mean overall firing rate for
each neuron in the familiar environment predicted its firing rate
in the novel environment (Fig. 6 A, B). Similar to the report by
Leutgeb et al. (2004), in young rats, the firing rates of CA1 cells in
the two environments in our studies were correlated (Spearman’s
To1 = —0.42, p < 0.001), whereas the firing rates of CA3 cells
were not correlated across the two environments (rs,y = 0.0;p =
0.90). In contrast, in the aged rats the firing rates were correlated
across the two environments for both CA1 cells and CA3 cells
(CAL, (154 = 0.53, p < 0.001; CA3, rgy = 0.73, p < 0.001).
Thus, in contrast to young CA3 place cells, which were active
almost exclusively in one arena, aged CA3 place cells had similar
levels of activity in both environments.

To quantify this further, we analyzed the extent of firing rate
change. Raw firing rate change (accounting for direction and
measuring the angle of the relationships in Fig. 6) did not show
any differences between the aged groups for either subregion
(CA1 age effect, t(, 575y = 1.4, p = 0.15; CA3 age effect, t; ,9) =
1.0, p = 0.32). This indicated that, for both groups, some cells
increased and some cells decreased their firing rates.

The magnitude of changes in firing rate independent of direc-



6882 - J. Neurosci., July 20, 2005 - 25(29):6877- 6886

A. Young - familiar1 and new C. Young - familiar1 and familiar2

4 4
A CA3 - o
O CA1
- w A
X3 L3 o o
z ° € 2
2 o 8 e
. o 7
g2| . 82 5 o™
g 5 e g ° o A
o o o o oo
c o c a o & o
£ o P
. . 1 2q © ®
O 2 ]
o
A
A A 9 0 o © .
2 3 4 0 1 2 3 4
firing rate - fam1 (Hz) firing rate - fam1 (Hz)
B. Aged - familiar1 and new D. Aged - familiar1 and familiar2
4 4 o A
A
o
a A a A a°
=T o o o ia
T3l © }A 3 ik
=4 Ao o A
g o O A © £ o
2 o ‘ & A o i 8 i N E o CAAOG
. o - A A A
©2 A 0 Gh @ 2 o
8 £ A gfo
: A S| 2 S
o o
E S A E ok R S at
= A = oo g
=y o = in 0" 4
LA %
09 0 @‘x‘
2 4 0 1 2 3 4

3
firing rate - fam1 (Hz) firing rate - fam1 (Hz)

Figure 6.  Comparison of firing rates of individual cells in the familiar and novel environ-
ments and in repeated trials in the familiar environment. 4, Young cells in the familiar (trial 1)
and novel environments. B, Aged cells in the familiar (trial 1) and novel environments. €, Young
cells in the familiar1 (fam1) and familiar2 (fam2) trials. D, Aged cells in the familiar1 and
familiar2 trials. Note that firing rates were well correlated for all comparisons, except for those
of young CA3 cells between the familiar and new environments.

tion, indicative of the degrees of dispersion shown in Figure 6,
showed that the CA3 cells of aged rats changed their firing pat-
terns less than cells of young rats. The magnitude of change in
CAL cells was equivalent in young and aged rats (CA1 age effect,
t(1272) = 0.3, p = 0.8) (Fig. 7A). In contrast, CA3 cells of young
rats exhibited much greater change in firing rate than those
of aged rats (CA3 age effect, ¢, 1,9y = 5.5, p < 0.001). We also
compared the degree of firing rate change between subregions
within each age group. In the young rats, CA3 cells had a much
greater firing rate change than CA1 cells (subregion effect,
t(1133) = —3.8,p <0.001) (Fig. 7A), a finding consistent with
the report by Leutgeb et al. (2004) for young rats. Remarkably,
the pattern was reversed for the aged rats; their CA3 cells showed
less firing rate change in response to the novel environment than
CAL1 cells (subregion effect, t, 555y = 2.1, p = 0.03) (Fig. 7A).
Thus, aged CA3 cells failed to change their overall firing rates in
response to a change in environment.

Second, a similar pattern was also evident in the maximum
firing rates. For the young rats, maximum rates in the familiar
environment predicted rates in the novel environment only in the
case of CA1 cells (CA1, Spearman’s r(,o,, = 0.52, p < 0.001; CA3,
T34y = —0.03, p = 0.85), whereas in the aged rats, the maximum
rates in both subregions were correlated in the two environments
(CAL, 7174y = 0.36, p < 0.001; CA3, r5,, = 0.40, p < 0.001).
Quantifying the magnitude of maximum firing rate changes
showed that the age groups did not differ in the CA1 subregion
(t(1,272) = —1.5,p > 0.1), but the CA3 cells differed significantly
as a function of age (¢, ;,9) = 4.1, p = 0.001) (Fig. 7B). The CA3
cells of young rats changed more than CA1 cells (¢, ;35, = —3.9,
p < 0.001), whereas the opposite trend was true for the aged rats
(Erass) = 1.8, p = 0.07).
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Figure 7.  Aged CA3 cells fail to rapidly encode changes in the environment. In three mea-
sures of how much the place cells changed their firing patterns in response to the novel envi-
ronment, the aged CA3 cells changed much less than young CA3 cells. In contrast, in the control
comparison between repeated trials in the familiar environment, there were no differences
between the age groups. A, Overall firing rate change between the familiar and new environ-
ments. B, Maximum firing rate change between the familiar and new environments. C, Place
field correlation between the familiar and new environments. D, Overall firing rate change
between repeated trials in the familiar environment. £, Maximum firing rate change between
repeated trials in the familiar environment. F, Place field correlation between repeated trials in
the familiar environment. Statistical significance, ***p << 0.001 for comparison of aged (A3
cells to young CA3 cells. fam1, Familiar1; fam2, familiar2. Error bars represent SEM.

Third, we examined how the place fields changed across envi-
ronments by quantifying the similarity between firing rate maps
calculated as pixel-to-pixel (3.5 X 3.5 ¢cm) cross-correlations.
This analysis yielded modest positive values for CA1 cells of aged
as well as young rats, indicating an equivalent propensity to create
a new spatial representation in the novel environment (CA1 age
effect, t(, 56,y = —0.9, p = 0.4) (Fig. 7C). However, there was a
striking age difference in the creation of new spatial representa-
tions in CA3 cells (CA3 age effect, ¢, ;,4) = —4.7, p < 0.001) (Fig.
7C). No discernible place field similarity across environments
was evident in the CA3 cells of young rats, indicating that a dis-
tinct spatial representation was developed for the novel environ-
ment. In contrast, the substantially higher place field similarity
for CA3 cells in aged rats indicates that new spatial representa-
tions were created much less often. Moreover, a comparison be-
tween subregions within each group revealed another sharp dif-
ference. As Leutgeb et al. (2004) reported, within young rats, CA3
cells showed substantially greater change in place fields than CA1
cells (young subregion effect, ¢, ;3,, = 3.0, p = 0.003). In striking
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contrast, within aged rats, CA3 cells showed substantially less
change in place fields than the CA1 cells (aged subregion effect,
1254y = —2.4,p = 0.02).

Stable place fields between trials in the familiar environment
As a control comparison to the change of environment, the rats
were returned to the familiar environment immediately after the
novel environment. Then, most place cells of both young and
aged rats reestablished their original familiar environment repre-
sentations (see examples in Figs. 2, 4). Firing rates in the initial
familiar environment predicted firing rates in the second familiar
environment for cells of both CA1 and CA3 subregions of both
young and aged rats (Fig. 6C,D) (young CAl, re = 0.79, p <
0.001; young CA3, 150, = 0.72, p < 0.001; aged CA1, r(;,,, = 0.88,
P <<0.001); aged CA3, rgyy = 0.72, p < 0.001). Furthermore, cells
from young and aged rats had equally low magnitudes of changes
in both the overall and maximum firing rates of CA1 cells (Fig.
7D,E) (t(1 264y < 1.1, p > 0.3) and of CA3 cells (¢, 1, <1.6,p >
0.1). The CA1 place fields of young rats were less similar than
those of aged rats between the two trials in the familiar environ-
ment (Fig. 7F) (t, 555y = —2.3, p = 0.02), but CA3 place fields
were equally similar (¢, ;o5) = 1.6, p > 0.1). Most importantly for
the control comparison, the magnitude of firing rate and place
field change between the trials was much greater for the familiar-
to-novel environment transition than for repeated trials in the
familiar environment in cells of both subregions from both
young and aged rats (effect of change: CA1, F(; 54,y > 12.3,p <
0.001; CA3, F(; 115y > 9.0, p < 0.003). These results speak against
a general effect on the aging hippocampus of changing trials
(such as disorientation between trials) and suggest that it is the
encoding of new information by the aged CA3 hippocampus,
which is particularly impaired.

CAS3 cells in the second novel session

It is possible that the CA3 cells of aged animals may require more
exposure to the novel environment to distinguish it from a famil-
iar one. To test this, we analyzed CA3 cells from those rats that
had been exposed twice to novel environments 1 and 2. All of the
age effects seen in CA3 cells were present in both the first and
second sessions (Fig. 8). The basic firing parameters of overall
firing rate, maximum firing rate, and area of high firing rate were
higher for CA3 cells of aged rats than for those of young rats in
both sessions (age effect, F(, o5y > 19.9, p <0.001), and there were
no effects of session or session-by-age interactions (session effect,
F1 03 < 1.2, p > 0.28; session-by-age interaction: F(, o5, < 2.7,
p > 0.1). Important with respect to learning, the place cells of the
aged animals changed their overall and maximum firing rates as

sion effect, t; 45y = 2.4, p = 0.02). These
results suggest that the place fields of aged
rats may require even more exposure to
fully develop new representations [for ad-
ditional discussion, see Wilson et al.
(2004)]. However, the absence of any increase in firing rate
change even with the second exposure points to the inability of
aged CA3 cells to turn on and off as a critical contribution to poor
information processing by the aging hippocampus.

No differences across the CA3 transverse axis in young rats
Because the majority of recordings in young animals were from
CA3c, whereas the majority of recordings in young animals were
from the CA3a, it is possible that age-related differences seen here
may actually originate from differences in firing patterns between
sub-subregions. To control for this, we compared the activity of
cells from CA3a and CA3c (albeit with limited numbers) in sup-
plementary Table 2 (available at www.jneurosci.org as supple-
mental material). In the young animals, the activity was similar
along the CA3 transverse axis, indicating that differences between
the groups arise from an age-related contribution.

Analysis by ensembles yields the same results as analysis

by cells

Because the numbers of recorded cells differed among electrodes,
using individual cells as the unit for assessments could potentially
skew the results toward those characteristic of rats with a large
number of recorded cells. To exclude this potential bias, we per-
formed the same analyses based on ensembles of cells rather than
individual cells. The ensemble values consisted of the average of
all cells recorded simultaneously by one tetrode. Admittedly, this
analysis method also contains a bias (toward rats with many re-
corded ensembles) but in a different way than the analysis based
on cells. The results using both methods were similar, indicating
that any bias in the analyses based on individual cells would be
minimal (see supplemental Table 3 for details, available at www.
jneurosci.org as supplemental material).

Discussion

The results presented here indicate that the hippocampal CA3
subregion may play a particularly important role in age-related
deficits in cognition. Past analyses of hippocampal information
processing in aged animals have focused either exclusively on
cells of the CA1 subregion (Barnes et al., 1997; Shen et al., 1997;
McEchron et al., 2001; Rosenzweig et al., 2003) or have combined
the data obtained from the CA1 and CA3 subregions for analyt-
ical purposes (Tanila etal., 1997a; Oler and Markus, 2000; Wilson
et al., 2003, 2004, 2005). In studies of aging that did analyze
subregions separately (Mizumori et al., 1996; Mizumori and
Kalyani, 1997), the experimental conditions for recordings were
not suitable for detecting the distinctive features of CA1 and CA3
encoding in response to changes in the environment.
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In making this hippocampal subregion comparison, we found
that the CALI cells of aged rats had firing properties similar to
those of the young adults: both groups had overall firing rates at
similar values and made some adjustments in firing rates in re-
sponse to a change in the environment. The CA3 cells of aged rats,
in contrast, differed from young adults in two important ways:
CA3 cells in the aged rats had abnormally high firing rates when
compared with young rats, and they did not show a robust re-
sponse to the novel environment, indicating a failure to distin-
guish change when new information was provided. Thus, an ab-
sence of rapid encoding of environment-specific features in the
CA3 subregion could provide a basis for the consistent age-
associated behavioral impairment that is observed in spatial
learning (Barnes and McNaughton, 1980; Gage et al., 1984; Gal-
lagher and Burwell, 1989; Mizumori and Kalyani, 1997).

The dissociation between CA3 and CALl responses strongly
implies that the aging effects on hippocampal physiology are not
secondary to any more general deficit, such as sensory, percep-
tual, motivational, or motor impairments. Recourse to such ex-
planations would have to account for how a general deficit could
selectively alter processing by cells in subregion CA3 but not CA1.

Hyperactivity of aged CA3 cells

In young rats, it has often been found that CA1 cells have higher
firing rates than CA3 cells (Mizumori et al., 1996; Oler and
Markus, 2000; Brazhnik et al., 2003; Leutgeb et al., 2004) (but see
Lee et al., 2004a). The current data show that this pattern is re-
versed in aged rats; their CA3 cells had higher firing rates than
their CA1 cells and higher firing rates than young CA3 cells. Why
would aged CA3 cells have abnormally high firing rates? Three
age-related changes in the hippocampal formation may pave the
way for hyperactivity of principle neurons in the CA3 subregion,
where the circuit includes recurrent excitation by CA3 collaterals.

First, in contrast to preserved number of pyramidal cells
(Rapp and Gallagher, 1996), the number of hippocampal inhib-
itory interneurons or the intensity of glutamic acid decarboxylase
(GAD) immunostaining is decreased in aging (Cadacio et al,,
2003; Vela et al., 2003; Stanley and Shetty, 2004). Second, the
degree of cholinergic modulation is attenuated (Chouinard et al.,
1995; Sugaya et al., 1998; Nicolle et al., 1999). Both of those effects
may be particularly influential in the CA3 stratum radiatum, in
which the CA3 recurrent collaterals terminate (Freund and
Buzsaki, 1996). Specifically, Stanley and Shetty (2004) noted a
pronounced decrease in GAD-67 immunostaining in the stratum
radiatum of aged brains, and Hasselmo et al. (1995) have shown,
through slice recordings from activated recurrent collaterals, that
reduced cholinergic input releases the CA3 autoassociation fibers
from inhibition.

Third, aging is accompanied by a substantial reduction in the
synaptic innervation from entorhinal cortex layer II neurons into
the dentate gyrus and the CA3 subregions (Barnes and Mc-
Naughton, 1980; Geinisman et al., 1992; Smith et al., 2000). At
the same time, markers for the connectional zone occupied by the
CA3 recurrent excitatory synapses remain unaffected by aging
(Rapp et al., 1999; Smith et al., 2000). Spiking activity in the
dentate gyrus activates hilar interneurons, which, in turn, sup-
press CA3 pyramidal cells (Bragin et al., 1995). Removal of the
entorhinal cortex results in an absence of such dentate spikes and
a severalfold increase in CA3—CA1 sharp-wave bursts generated
by CA3 recurrent collaterals (Bragin et al., 1995). A similar dis-
inhibitory effect may arise from the partial reduction of entorhi-
nal innervation in aging.

Thus, some combination of reduced interneuron function in
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Figure9. Age-related changes to the hippocampal circuit. Dashed lines indicate a decrease
with aging. Solid arrows remain intact. With aging, the entorhinal cortex provides less input to
dentate gyrus and CA3, the medial septum provides less cholinergic modulation, interneuron
activity is decreased, and the CA1 hippocampus is less excitable (depicted with a doubly insu-
lated box). These changes may increase the activity of CA3 recurrent collaterals (in gray). EC,
Entorhinal cortex; DG, dentate gyrus; int, interneurons; MS, medial septum; ACh, acetylcholine.

the stratum radiatum, decreased cholinergic modulation from
basal forebrain innervation, and diminished input from entorhi-
nal cortex to the dentate gyrus could underlie hyperactivity of
CA3 neurons in an aged hippocampus. We have incorporated
these age-associated changes into a model of hippocampal infor-
mation processing in which the CA3 autoassociative network
becomes disinhibited, such that pattern completion dominates
function in this subregion of the hippocampus (Fig. 9).

Failure of aged CA3 cells to rapidly encode new information
Recent evidence (for review, see Guzowski et al., 2004) has pro-
vided empirical support for theoretical considerations (Marr,
1971; McNaughton and Morris, 1987; O’Reilly and McClelland,
1994; Treves and Rolls, 1994; Redish, 1999) on the role of each
hippocampal subregion in information processing. Those data
support a model in which the CA3 subregion is critical for rapid
encoding of new information, whereas the CA1 subregion serves
for comparing outputs from the entorhinal cortex and the CA3
subregion (Lee et al., 2004a; Leutgeb et al., 2004). Furthermore,
when the environment change is minor, the CA3 subregion em-
ploys autoassociation via the recurrent collaterals to make the
representations more similar (pattern complete), whereas, with-
out this extensive recurrent system, CA1 shows less overlap in its
spatial representations (Lee et al., 2004b; Vazdarjanova and
Guzowski, 2004). When the difference between two successively
experienced environments is great, CA3 cells produce very differ-
ent spatial firing patterns, whereas CA1 cells maintain more sim-
ilar place fields (Leutgeb et al., 2004; Vazdarjanova and
Guzowski, 2004). The changes in environment used in our exper-
iments could be considered great, such that pattern separation in
CA3 would be expected.

In our data, the CA3 cells of young rats showed evidence of
pattern separation, whereas those of aged rats did not. Why
would the aged CA3 fail to rapidly encode new information?
First, the dentate gyrus, hypothesized to be critical for pattern
separation (Marr, 1971; McNaughton and Morris, 1987; O’Reilly
and McClelland, 1994; Treves and Rolls, 1994; Redish et al., 1998;
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Redish, 1999), shows less activation in both aged monkeys and
aged rats compared with young animals (Small et al., 2004).

Second, age-related decreases in entorhinal cortical contacts
and in cholinergic modulation, which, as described previously,
likely increase the firing rate of CA3 cells, are also likely to de-
crease the amount of external information arriving in CA3 while
increasing the emphasis in CA3 on already stored patterns. Sup-
porting this, in young rats, inactivation (Lassalle et al., 2000) and
lesion (Lee and Kesner, 2004) of the mossy fiber input to CA3
produce deficits in learning new information but not in retrieval
of stored information, as predicted by theoretical considerations
(Treves and Rolls, 1992).

Third, synaptic plasticity, as measured by long-term potenti-
ation, is generally weakened in the hippocampus of aged rats
(Barnes, 1994; Foster, 1999; Wu et al., 2002), although LTP of the
mossy fibers has not been tested. These adjustments in the circuit
would encourage maintenance of the same information in the
CA3 network over encoding of new information (see model in
Fig. 9), and it would be interesting to test whether aged animals
would actually outperform young animals on a pattern comple-
tion task, such as that used by Nakazawa et al. (2002). Further-
more, these considerations raise the question of whether the fail-
ure of aged CA3 to rapidly encode new information arises from
too much pattern completion by the CA3 or from too little pat-
tern separation by the dentate gyrus.

Why do the CA1 cells not show age-related firing abnormali-
ties? In young rats, the CA1 firing pattern can arise independently
of CA3 activity (Lee et al., 2004b; Leutgeb et al., 2004), and CAl
place cells have been shown to encode environment-specific in-
formation despite a lesion or suppression of CA3 (Mizumori et
al., 1989; Brun et al., 2002). In aged rats, the preserved projection
from entorhinal layer III to CA1 (Smith et al., 2000) may suffi-
ciently support the independence of CA1 cells so that less rigidity
is seen in their response to new information than in CA3 cells
(current data), but one could predict that, under conditions in
which the firing of place cells is more dependent on information
stored in the hippocampus, aged CA1 cells would also exhibit
rigid characteristics.

Conclusions

The results of the present study indicate a pronounced hyperac-
tivity and a failure to rapidly encode new information afflicting
the CA3 pyramidal neurons. Aged CAI neurons, in contrast,
showed neither characteristic under conditions of the current
experiments and were thus similar to young CA1 neurons. These
results suggest that the CA3 hippocampal subregion, which has
received relatively little attention in aging studies thus far, may
play a key role in the age-related changes that underlie spatial
memory impairment.
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