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Transcription of the Immediate-Early Gene Arcin CA1 of the
Hippocampus Reveals Activity Differences along the
Proximodistal Axis That Are Attenuated by Advanced Age
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and Carol A. Barnes!23

'Evelyn F. McKnight Brain Institute, 2Arizona Research Laboratories Division of Neural Systems, Memory, Aging, and *Departments of Psychology and
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The CA1region of the hippocampus receives distinct patterns of afferent input to distal (near subiculum) and proximal (near CA2) zones.
Specifically, distal CA1 receives a direct projection from cells in the lateral entorhinal cortex that are sensitive to objects, whereas
proximal CAl is innervated by cells in the medial entorhinal cortex that are responsive to space. This suggests that neurons in different
areas along the proximodistal axis of CA1 of the hippocampus will be functionally distinct. The current experiment investigated this
possibility by monitoring behavior-induced cell activity across the CA1 axis using Arc mRNA imaging methods that compared adult and
old rats in two conditions: (1) exploration of the same environment containing the same objects twice (AA) or (2) exploration of two
different environments that contained identical objects (AB). The hypothesis was that CA1 place cells should show field remapping in the
condition in which environments were changed, but the extent of remapping was expected to differ between proximal and distal regions
and between age groups. In fact, neurons in the proximal region of CA1 in adult animals exhibited a greater degree of remapping than did
distal CA1 cells when the environment changed, suggesting that cells receiving input from the medial entorhinal cortex are more sensitive
to spatial context. However, in old rats, there were no differences in remapping across the proximodistal CA1 axis. Together, these data

suggest that distal and proximal CA1 may be functionally distinct and differentially vulnerable to normative aging processes.

Introduction
The hippocampus is critical for spatial memory (Morris et al., 1982),
and it is well documented that its principal cells show firing rate
increases at discrete locations of an environment (that is, the place
field of the cell; O’Keefe and Dostrovsky, 1971). The composite ac-
tivity of place fields forms a map (O’Keefe and Nadel, 1978), and,
when an animal is returned to a familiar environment, the original
map is retrieved (Thompson and Best, 1990). In contrast, when an
animal is placed in a different environment, an independent map is
generated (“remapping”; O’Keefe and Conway, 1978). In old ani-
mals, CA1 neurons have been reported to both fail to remap in a
novel environment (Sava and Markus, 2008) and to remap inappro-
priately in a familiar environment (Barnes et al., 1997).

Within CAl, there are distinct patterns of input along the
proximodistal axis (Amaral and Witter, 1995). Distal CA1 (near
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the subiculum) receives a direct projection from the object-
responsive lateral entorhinal cortex (LEC) (Deshmukh and Kn-
ierim, 2011) and perirhinal cortex (PRC) (Burke et al., 2012¢;
Deshmukh et al., 2012), whereas the space-responsive medial
entorhinal cortex (MEC) (Fyhn et al., 2004) directly innervates
proximal CA1 (near CA2). In line with these differences in affer-
ent input, place field firing in proximal CA1 is more modulated
by space relative to neurons in distal CA1 (Henriksen etal., 2010).
Finally, the firing of CA1 neurons has been shown to be modu-
lated by objects (Komorowski et al., 2009; Manns and Eichen-
baum, 2009; Burke et al., 2011a), and this phenomenon appears
to be particularly prevalent in distal areas of CA1 (Burke et al.,
2011a). Whether the differential contributions of spatial versus
nonspatial afferent input to CA1 are maintained during aging has
not been examined directly and may provide insight into the
integrity of cells that project to the hippocampus.

The current experiment investigated the extent to which ac-
tivity in distal and proximal CA1 of adult and old rats was differ-
entially affected by two episodes of object exploration in which
the environment either remained the same or changed between
epochs, using cellular compartment analysis of temporal activity
by fluorescence in situ hybridization (catFISH) (Guzowski et al.,
1999). catFISH uses the subcellular distribution of Arc mRNA to
infer the activity history of large ensembles of neurons during two
distinct 5 min epochs of behavior separated by 20 min. Within
minutes of principal neuron activation, Arc mRNA can be ob-
served as intranuclear foci. Arc mRNA then translocates to the



Hartzell et al.  Activity Differences along the CA1 Transverse Axis

cytoplasm 15-20 min after cell firing (Guzowski et al., 1999).
Therefore, neurons with Arc in the nucleus indicate that the cell
was active during the second epoch of behavior, whereas neurons
with cytoplasmic Arc were active during the first epoch of behav-
ior (Guzowski et al., 1999). Likewise, cells with both nuclear and
cytoplasmic Arc were active during both epochs of behavior. It
was hypothesized that the proportions of neurons active during
both epochs of object exploration would vary along the proxim-
odistal axis of CA1, and these differences would be affected by the
distinct behavioral conditions and age groups.

Materials and Methods

Subjects and behavioral procedures. Twenty-four adult (7-9 months old)
and 23 old (24-27 months old) male Fischer 344 rats (the National
Institute on Aging colony at Charles River) were used. The rats were
housed individually in Plexiglas guinea pig tubs (23 cm wide X 20 cm
tall X 44 cm deep) and maintained on a reversed 12 h light/dark cycle. All
testing occurred during the dark phase of the light/dark cycle. Each rat
was given ad libitum access to food and water for the duration of the
experiment. Rats were handled for 10-15 min/d for several days before
testing.

All rats that explored objects in the current experiment participated in
the spatial and visually cued versions of the Morris swim task (Morris et
al., 1982) conducted in a tank 5.7 m in circumference and 0.5 m deep.
This task has been described in detail previously (Barnes et al., 1996). To
summarize, during the spatial version of the Morris swim task, all ani-
mals participated in six trials per day over 4 consecutive days. The rats
completed three sets of two back-to-back trials per day, with <60 s rest
between the two trials and ~1 h of rest between sets. During these trials,
acircular platform with a 16 cm diameter was hidden below the surface of
water made opaque with nontoxic Sargent Art white powder paint and
water temperature ~22°C. Rats were released from seven different start
locations equally spaced around the perimeter of the tank. The start
locations were pseudorandomized such that no rat was released from the
same location on two consecutive trials. On the 2 d after the spatial trials,
the rats participated in six cued visual trials per day in which the escape
platform was raised above the surface of the water. The position of the
platform changed between each trial to a different quadrant of the tank.
Performance on the swim task was analyzed offline with a commercial
software application (ANY-maze). Corrected integrated path length
(CIPL) was calculated to ensure comparability of the rats’ performances
across different release locations and different swimming velocities. The
CIPL is a measure of the cumulative distance from the escape platform
over time corrected for the rat’s swimming velocity and is equivalent to
the cumulative search error (Gallagher et al., 1993).

After the Morris swim task, 23 rats (12 adult and 11 old) were ran-
domly assigned to either the negative or positive control condition (see
below). The remaining 12 adult and 12 old rats were randomly assigned
and participated in one of two different variants of an object-recognition
task (AA or AB condition) in which rats were allowed to freely explore
five distinct novel objects for two 5 min epochs separated by a 20 min rest
in the home cage. In both the AA and AB conditions, the same five objects
were explored during the two epochs of behavior; thus, the only variable
that changed was the testing arena/room used for the second epoch of
exploration (A or B). Additionally, both the AA and AB groups were
habituated to the arenas for the 2 d directly preceding object exploration.
For the AA condition, rats were habituated to an empty arena A (60 X 60
cm) for 10 min/d in the same room. Rats that participated in the AB
condition were habituated to both arena A and arena B (also 60 X 60 cm
but differed from area A in both color and wall material and was located
in a different room) for 10 min on 2 consecutive d. For all AB rats, there
was at least a 20 min delay between exposures to arena A and arena B.
Thus, arena A was used for both the AA and AB groups, but arena B was
only used for the AB group.

Figure 1 shows a summary of the object-exploration procedure used
for the AA and AB groups. On the day of the experiment, each rat was
placed individually into arena A to freely explore five novel objects. After
this initial exposure (epoch 1), the rat was returned to its home cage in
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Figure 1. Schematic of exploration behavior. 4, B, Diagram of the catFISH behavioral pro-
tocol showing the AA (same environment and objects during both epochs of exploration) and
AB (different environment but same objects between epochs of exploration) conditions. Twelve
adultand 12 old rats each spent 5 min exploring a 60 X 60 cm sample arena enriched with five
objects, followed by a 20 min restin the home cage. Six old and six adult animals assigned to the
AA condition were then returned to the sample arena for an additional 5 min of exploration. Six
old and six adult animals assigned to the AB condition were instead placed in a different arena
within a different testing room for an additional 5 min of exploration. The arenas were the same
size and shape, but the walls differed in color and material. The testing rooms contained distal
visual cues that were distinct from each other.

the animal colony room to rest for 20 min. After the rest episode, the rats
were either placed back into area A to explore the same five objects for
another 5 min (AA) or transported to arena B, which was located in a
different room (AB), to explore the same five objects. Halfway through
the exploration time, if the rat had not explored each object, it was
repositioned adjacent to the unexplored object to encourage exploration.
This procedure was done in three old rats (one AA, two AB) and two
adult rats (one AA, one AB), and the data obtained from these animals
did not constitute outliers.

The areas were cleaned with a 70% ethanol solution after each rat had
completed the behavior, and exploration was recorded by an overhead
video recorder for offline analysis of exploration times. Exploration time
was considered to be the periods when the rat was directing its nose
toward an object within 2 cm. Other behaviors, such as rearing or
climbing on objects, were not considered to be exploration. All rats were
transported between the testing arena and colony room in a covered
towel-lined pot to reduce exposure to extraneous stimuli.

After completing epoch 2, each rat was anesthetized in a bell jar satu-
rated with isoflurane and killed by decapitation. The brains were imme-
diately removed, hemisected, and flash frozen in isopentane submerged
ina dryice and ethanol slurry. Additionally, six adult and six old rats were
killed directly from the home cage without undergoing any exploration
to serve as a negative control [caged control (CC)], and six adult and five
old rats underwent maximal electroconvulsive shock (MECS) 30 min
before decapitation to induce maximal Arc expression. The tissue was
then grouped and mounted in optimal cutting temperature medium
(VWR Scientific) such that one brain hemisphere from each combina-
tion of behavioral conditions and age group was presentina2 X 4 grid in
each of six blocks. The blocks were frozen sectioned into 20-um-thick
sections that were mounted on Superfrost Plus slides (VWR Scientific).

Fluorescence in situ hybridization. Fluorescence in situ hybridization
(FISH) was performed for the immediate-early gene Arc as described
previously (Guzowski et al., 2001). To summarize, digoxigenin-labeled
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Figure2.  Proximal versus distal CA1. Diagram of the hippocampus showing where confocal
images were taken after catFISH was performed on the tissue. Confocal images were taken in
distal CA1 (black square on the right) and proximal CA1 (black square on the left), midway along
the dorsoventral axis of the hippocampus. Distal CA1 was distinguished from the subiculum
based on the decrease in cell body dispersion and the obvious increase in neuron density in the
(A1 stratum pyramidale (Amaral and Witter, 1995). Proximal CA1 was differentiated from CA2
based on increased density of Arc staining in proximal CA1 relative to CA2. Specifically, CA2
shows a limited proportion of neurons that are positive for Arc because of the reduced plasticity
within this subregion of the hippocampus (Zhao et al., 2007).

riboprobe was generated from a plasmid containing 3.0 kb Arc cDNA
using a commercial transcription kit and RNA labeling mix (Ambion).
The digoxigenin-labeled Arc antisense riboprobe was hybridized with the
tissue overnight. The Arc riboprobe was then detected with anti-digoxi-
genin—HRP conjugate (Roche Applied Science) and visualized using a
cyanine-3 (Cy3 Direct FISH; PerkinElmer Life Sciences) or SuperGlo
Red (Fluorescent Solutions) substrate kit. Nuclei were counterstained
with Sytox-green (Invitrogen) so that nuclear Arc and cytoplasmic Arc
could be differentiated.

Image acquisition and analysis. Distal and proximal CA1 images were
taken on a Carl Zeiss LSM 510 Meta-NLO Confocal microscope. Figure 2
shows where the images were taken along the transverse axis of CAIl.
Distal CA1 was distinguished from the subiculum based on the decrease
in cell body dispersion and the obvious increase in neuron density in the
CA1 stratum pyramidale (Amaral and Witter, 1995). Proximal CA1 was
differentiated from CA2 based on the increased density of Arc staining.
Specifically, CA2 shows a limited proportion of neurons that are positive
for Arc because of the reduced plasticity within this subregion of the
hippocampus (Zhao et al., 2007). In addition to using decreased Arc
expression to delineate the border between proximal CAl and CA2, we
took images well away from our estimate of the border of CA2 to ensure
that we were well within the CA1 boundary. The detector gain and am-
plifier offset settings were adjusted for a slide to reproduce the Arc ex-
pression that was seen with the eyepiece. These settings remained
constant for all image stacks acquired for the slide, except in the case of
uneven staining, in which settings were optimized to reproduce what was
seen with the eyepiece for each image stack. To detect nuclear counter-
stain, detector gain and amplifier offset for a second channel were opti-
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mized so that non-neuronal cells, characterized by small size and bright,
uniformly stained nuclei, appeared completely saturated and easily dis-
tinguishable from large, sparsely stained nuclei. These large, sparsely
stained nuclei have been shown to stain with either a calcium/
calmodulin-dependent protein kinase II (CAMKII) or GAD65/67 in
double-labeled FISH experiments, identifying them as either pyramidal
neurons or interneurons, respectively (Vazdarjanova et al., 2006). In
CA1, Arc mRNA is expressed in CAMKII-positive neurons but not in
GAD65/67 neurons. The small, uniformly stained cells were putative glia
cells and were excluded from the study, and these cells do not express Arc
under standard behavioral conditions (Vazdarjanova et al., 2006). Image
stacks made up of 1-um-thick optical sections were collected from both
proximal CAl and distal CA1 in the middle hippocampus, approxi-
mately —4.16 to —5.3 mm from bregma, from three slides per rat. All
images were collected with a 40X oil-immersion objective.

Images were analyzed offline using MetaMorph (Universal Imaging
Corporation) and NIH ImageJ imaging software. Only the neuronal nu-
clei that were present in the median 20% of each image stack were in-
cluded in the analysis. This was done so that sampling errors attributable
to partial cells would be minimized. Nuclei that were included in the
analysis were selected with the Arc channel turned off so that Arc expres-
sion would not bias the cells that were included. Cells were classified as
negative for Arc expression, positive for cytoplasmic Arc only (indicating
activity during epoch 1 of object exploration), positive for nuclear Arc
only (indicating activity during epoch 2 of object exploration), or posi-
tive for both cytoplasmic and nuclear Arc (indicating activity during both
epochs of object exploration) by experimenters blind to the experimental
conditions and animal age from which the image stack was obtained.
Images from the different age groups and behavioral conditions were
equally distributed among counters to account for any variability be-
tween counters. A neuron was considered positive for cytoplasmic Arc if
the signal was present within the 3 pixels adjacent to the nucleus on at
least three sections of the optical stack and surrounded at least ~25% of
the nucleus on at least one optical section. A neuron was considered
positive for nuclear Arc if the signal was present within the nucleus on at
least three sections of the optical stack and reached a brightness value of
255 on at least one section. Figure 3 shows a section of tissue with two of
the three possible staining profiles indicated with arrows. Cell nuclei are
shown in blue and Ar¢ mRNA is shown in red. Cytoplasmic Arc (yellow
arrow) indicates neurons active during behavioral epoch 1 only (25-30
min before the animals were killed). Intranuclear Arc foci (green arrow)
indicate principal cell activity during behavioral epoch 2 (~2-5 min
before the animals were killed). Neurons containing both nuclear and
cytoplasmic Arc were active during both of the behavioral epochs. Figure
4 shows examples of tissue from animals assigned to the MECS condi-
tion, the CC condition, and a behavioral condition.

Calculation of catFISH similarity scores. A similarity score was calcu-
lated to condense the cell staining data resulting from two behavioral
epochs into a single numerical value that can be compared across brain
regions and experimental conditions (Vazdarjanova and Guzowski,
2004). A similarity score of 1 represents a single population of neurons
that was active during both epochs of exploration, whereas a score of 0
indicates that a statistically independent population of neurons was ac-
tive during each epoch. The similarity score was calculated as follows: (1)
epoch 1 active cells (EI) = fraction of cytoplasmic Arc-positive cells +
fraction of cytoplasmic and nuclear Arc-positive cells; (2) epoch 2 active
cells (E2) = fraction of nuclear Arc-positive cells + fraction of cytoplas-
mic and nuclear Arc-positive cells; (3) p(E1E2) = epoch 1 active cells X
epoch 2 active cell fraction (this represents the probability of cells being
active in both epochs, assuming that the two epochs activated statistically
independent neuronal ensembles); (4) diff(E1E2) = fraction of cytoplas-
mic and nuclear Arc-positive cells — p(E1E2) (this is a measure of the
deviation from the independence hypothesis); (5) least epoch = the
smaller of the ensembles activated by epoch 1 or epoch 2; and (6) simi-
larity score = diff(E1E2)/(least epoch — p(E1E2)) [this normalizes the
diff(E1E2) fraction to a perfect A/A condition; a perfect A/A is 1, and a
perfect A/B is zero] (Vazdarjanova and Guzowski, 2004).

Calculation of path overlap scores. The degree to which rats visited the
same spatial locations between epochs 1and 2 of behavior was quantified
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Figure 3.  The subcellular distribution of Arc. An example of Arc expression (red) in CA1
neurons as visualized by catFISH after two exposures to an environment. Neuron nuclei are
represented in blue. Nuclear Arcfoci (yellow arrow) indicate that a neuron was active during the
second epoch of exploration. Cytoplasmic Arc (green arrow) indicates neuron activity during the
first round of exposure. The presence of both cytoplasmic and nuclear Arc expression indicates
that a neuron was active during both exploratory epochs.

by calculating a value referred to here as the “path overlap score.” This
value was calculated by first dividing the exploratory arena into a 3 X 3
grid and tabulating the number of visits each rat made to the nine cells
during each epoch of exploration. A visit was counted when the rat’s
front paws crossed the threshold into a new cell. These values were in-
corporated into two different nine-dimensional vectors, one vector for
epoch 1 and another for epoch 2. Then, the dot product of these two
vectors was calculated and normalized to a scale from 0 to 1 by dividing
the product of the vectors by the product of the magnitude of each vector.
The formula for the calculation of this value is as follows:

el(cl,c2,c3,c4,c5,c6,c7,c8,c9)
X e2(cl,c2,c3,c4,c5,c6,c7,c8,¢9)
lel||e2] ’

where e represents the epoch of exploration, and c represents the number
of visits to each of the nine cells.

Statistical analyses. For all statistical tests, the mean values of each
variable were calculated for individual rats, and that value served as the n
rather than the number of images or slides. This was done to avoid
inflating statistical power with a large number of observations. The «
level for each statistical test was set to 0.05.

Results
Morris swim task
To assess the spatial memory and visual acuity of the rats used in
this experiment, the 12 adult and 12 old rats that participated in
the object-exploration procedures performed the spatial and vi-
sually cued Morris swim task (Morris, 1984). Figure 5 shows the
CIPL values (Gallagher etal., 1993) averaged for the adult and old
rats during the spatial and visually cued trials of this task. The
CIPL quantifies the cumulative search error independent of start
location and swimming speed.

During the 4 d of spatial trials, adult and old rats were required
to find the location of a hidden escape platform underneath the
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surface of opaque water. There was a significant main effect of day
on CIPL scores (F(; 40y = 13.79, p < 0.001, repeated-measures
ANOVA). Planned simple contrasts revealed that performance
on day 4 was significantly better than on all proceeding days (p <
0.001 for all comparisons), demonstrating that all rats showed
some learning of the location of the platform over time. There
was also a significant difference in the performance of adult rats
versus old rats, with old rats showing significantly longer paths to
reach the platform, independent of differences in swimming ve-
locity (F; o) = 7.37, p < 0.01). This suggests that the adult rats
used in this study had, on average, better spatial memory than did
the old group. Importantly, there was not a significant difference
in the performance of the rats assigned to the AA versus AB
behavioral conditions (F(, 55, = 0.01, p > 0.91), as well as no
significant interaction between age and behavioral group (F,, 5, = 0.07,
p>0.80).

During the visually cued trials of the Morris swim task, there was
no significant difference between the performances of adult versus
old rats (F, 50y = 1.14, p > 0.29), indicating that the age groups had
comparable visual acuity. There was also no significant difference in
the performance of rats assigned to each behavioral condition
(F(120) = 0.40, p > 0.53). Finally, the mean CIPL values on day 1 and
day 2 were not significantly different (F,,, = 2.69, p > 0.12,
repeated-measures ANOVA).

Object exploration, threshold crossings, and path

overlap score

To investigate the population activity overlap in distal versus
proximal CA1 neurons after two epochs of object exploration, the
adult (7-9 months old) and old (24—26 months old) rats under-
went two 5 min exposures to objects separated by 20 min in which
the testing environment either changed (condition AB) or re-
mained consistent (condition AA) between exposures (Fig. 1,n =
12 for each group). All rats explored each object at least once in
both the first and second epochs of behavior. The total amount of
time spent exploring all objects during epoch 1 and epoch 2 for
the adult and old rats is shown in Figure 6A. The rats spent
significantly more time exploring the five objects during epoch 1,
when they were novel, compared with epoch 2 (F, ,y = 24.77,
p < 0.001, repeated-measures ANOVA). There was also a signif-
icant main effect of age on object-exploration time (repeated-
measures ANOVA, F, ,,) = 6.68, p < 0.02), with the old rats
spending less time exploring the objects. The reduction in explo-
ration time between epochs did not interact significantly with age
group (F(, 59y = 0.52, p = 0.48, repeated-measures ANOVA) or
behavioral condition (F; o) = 0.12, p = 0.73, repeated-measures
ANOVA). These data indicate that both the adult and old rats
behaved as if they recognized that the objects were familiar dur-
ing the second epoch of behavior even when the environment
changed (Ennaceur and Delacour, 1988).

Although the rats spent less time exploring objects during
epoch 2 relative to the first epoch of behavior, when the arena was
divided into nine cells and each rat’s path of exploration was
traced to measure the total number of threshold crossings, there
was no significant effect of epoch on threshold crossings (F(; 5oy =
0.93, p = 0.35, repeated-measures ANOVA). This suggests that
the reduction in object exploration between epochs was not as-
sociated with lower levels of environmental exploration. More-
over, the number of threshold crossings did not significantly
differ between behavioral conditions (AA vs AB; F, 54, = 0.10,
p = 0.76). The observation that the rats assigned to the AB con-
dition did not exhibit an increase in the number of threshold
crossings during epoch 2 relative to those in the AA condition can
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Figure 4.  Arc expression in the different conditions. Examples of Arc expression as visualized by catFISH in CAT neurons from animals assigned to the MECS condition (left), the CC condition
(middle), and a behavioral condition (right). Neuronal nuclei are shown in blue, and Arc mRNA is shown in red.
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Figure5.  Morris swim task performance. The CIPL for adult and old rats during spatial (solid

lines) and visual (dashed lines) trials is shown on the y-axis as a function of training day (x-axis).
During the spatial trials, there was a significant main effect of day on CIPL scores (repeated-
measures ANOVA, F3 4 = 13.79, p << 0.001). There was also a significant difference in CIPL
scores between age groups (ANOVA, F; 5o = 7.37, p << 0.01). During the visual trials, there
was no significant difference in the performance between age groups (ANOVA, F; o) = 1.14,
p>0.29) onday 1and day 2 (repeated-measures ANOVA, F; o) = 2.69, p > 0.12). Error bars
indicate == 1SEM.

be explained by the fact that the animals had previous exposure
during the habituation phase to both environments A and B. On
average, adult rats showed significantly more threshold crossings
than did old rats (F(, ,5) = 13.73, p < 0.01), indicating reduced
levels of motor output in the old rats. However, the difference in
voluntary exploration between adult and old rats did not signif-
icantly affect the proportion of cells positive for Arc mRNA (see
below). The average number of threshold crossings for each
group during each of the two epochs of exploration is shown in
Figure 6B.

The mean path overlap score for adult (black) and old (gray)
rats is shown in Figure 7. There was a significant effect of path
overlap between epochs 1 and 2 in both age group (adult vs old;
F 50 = 11.13, p < 0.01) and behavioral conditions (AA vs AB;
F 50 = 7.74, p < 0.05). Specifically, there was less between-
epoch path overlap in old rats relative to the adult animals. More-
over, the AA condition had significantly more path overlap
compared with the AB condition, but there was no significant inter-

action between age group and behavioral condition (F, ,,, = 0.02,
p = 0.90). These data suggest that old rats were less likely to occupy
the same spatial locations between epochs of exploration. The influ-
ence that this behavioral variable has on the population overlap of
CA1 neural ensembles will be considered further with respect to the
similarity score (see below).

Cell numbers

When the total numbers of pyramidal cells included in the cur-
rent analysis were compared across age group and region of CA1,
there was no significant effect of age group on the number of
active neurons (Table 1) (F(, 5, = 0.92, p = 0.34). This is consis-
tent with previous data showing no loss of CA1 neurons in ad-
vanced age (Rapp and Gallagher, 1996). The total number of cells
analyzed for each behavioral condition (AA vs AB) was also not
significantly different (F;,,y = 1.00, p = 0.40). Additionally,
there was no significant interaction between condition and age
group (F(; 57, = 0.99, p = 0.40). However, there was a significant
difference in the number of cells counted in the distal compared
with the proximal region of CAl (ANOVA, F, ;,, = 4.31, p <
0.05). This difference is likely attributable to the different orien-
tation of the cell body layer to the field of view of the confocal
microscope in the distal versus proximal regions of CAl, such
that a longer extent of the cell body layer was included for distal
CA1 because it crossed the field of view at a steeper angle com-
pared with proximal CA1. The number of cells within each region
did not significantly interact with any other variable (p > 0.1 for
all comparisons). Together, these data indicate that comparisons
between conditions and age groups were not confounded by dif-
ferences in cell number.

Proportion of cells expressing Arc

The proportion of cells positive for Arc mRNA for distal and
proximal CAl in the different age groups and behavioral condi-
tions are shown in Figure 8. Behavioral condition (AA, AB,
MECS, and CC) had a significant effect on the portion of cells
expressing Arc (F; 59y = 60.15, p < 0.001, repeated-measures
ANOVA). Specifically, rats in the MECS condition had a signifi-
cantly higher percentage of Arc-positive CA1 pyramidal cells than
did the rats in the other three conditions (Tukey’s HSD test, p <
0.001 for all comparisons). Moreover, rats in the CC condition
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Figure6. Behavior during epochs of exploration. 4, Object exploration time foradult and old
rats during the two epochs of exploration. Object exploration was counted when a rat directed
its nose toward an object while within 2 cm of it. Rats explored the five objects for significantly
more time during behavioral epoch 1relative to epoch 2 (repeated-measures ANOVA, F; 5 =
24.8, p < 0.001), indicating that the rats recognized the objects as familiar during epoch 2.
There was no significant difference in exploration time between rats assigned to the AA condi-
tion versus AB condition (ANOVA, F; ,5) = 0.13, p > 0.72). However, there was a significant
main effect of age (repeated-measures ANOVA, F; ,,) = 6.68, p < 0.02), with the old rats
spending less time exploring the objects. Error bars indicate == 1 SEM. B, Number of threshold
crossings for adult and old rats during the two epochs of exploration. There was no significant
effect of epoch on threshold crossings (F; ,o) = 0.93, p = 0.35, repeated-measures ANOVA).
Moreover, the number of threshold crossings did not significantly differ between behavioral
conditions (AA vs AB; F; 5oy = 0.10, p = 0.76). On average, adult rats made a significantly
greater number of threshold crossings than did old rats (F; ,o) = 13.73, p << 0.01). Error bars
indicate = 1 SEM.

had significantly lower normalized numbers of Arc-positive neu-
rons in CA1 relative to the rats in both the AA and AB conditions
(Tukey’s HSD test, p < 0.001 for all comparisons). Although
there was a difference in the amount of time spent exploring
objects and the number of threshold crossings between adult and
old rats, there were no significant age effects on the proportion of
cells expressing Arc (repeated-measures ANOVA, F(; 55, = 0.13,
p >0.73). This is consistent with previous work that has reported
no reduction in the numbers of CA1 neurons that express Arc in
old animals (Small et al., 2004; Penner etal., 2011). There was also
not a significant interaction effect of age group and behavioral
condition (p > 0.08 for all comparisons).

The subcellular distribution (foci only, cytoplasm only, or both)
of Arc mRNA is shown for the positive and negative control data in
Figure 9. There was no significant effect of age group (adult vs old;
F(, 76 = 0.40, p = 0.67) or region (proximal vs distal; F, ;5 = 0.09,
p = 0.91) on Arc distribution for the two control conditions. How-
ever, there was a difference in the proportion of cells with Arc foci
only, cytoplasm only, or both (F, 74y = 183.93, p < 0.001), and this
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Figure 7.  Path overlap score between epochs of exploration. The y-axis shows the path

overlap between epochs 1and 2 for the AA and AB behavioral conditions (x-axis) in adult (dark
gray) and old (light gray) rats. There was a significant effect on path overlap of age (adult vs old;
Fi1,20) = 11.13,p < 0.01) and behavioral condition (AA vs AB; F; ) = 7.74,p << 0.05). Error
bars indicate = 1 SEM.

Table 1. Total number of CA1 neurons counted in distal and proximal CA1in adult
and old rats

Mean = SEM
Distal CA1 Proximal CA1
AA
Adult 61.28 = 2.99 66.11 = 3.36
0Old 62.72 = 2.25 70.83 = 3.84
AB
Adult 62.22 =215 68.47 = 4.40
0ld 55.06 = 2.83 66.33 = 3.95
MECS
Adult 66.28 = 2.89 72.89 = 2.79
Old 62.87 = 3.76 63.40 = 3.86
C
Adult 60.67 = 2.46 62.28 = 2.02
old 61.61 = 3.51 60.72 = 2.98
Total
Adult 62.61 = 132 67.44 = 1.65
0Old 60.56 = 1.56 6532 = 1.85

difference in the subcellular distribution of Arc varied significantly
by control condition (MECS vs CG; F, 5¢) = 186.59, p < 0.001). In
particular, for the MECS condition, there were significantly more
neurons with Arc in the cytoplasm only (p < 0.01, Tukey’s HSD
test). This is consistent with previous experiments that administered
MECS 30 min before the animals were killed (Guzowski et al., 1999).

Distribution of Arc mRNA after two epochs of exploration

Figure 10 shows the distribution of Arc mRNA (foci only, cyto-
plasm only, or both) in the AA and AB conditions for the proxi-
mal versus distal CA1 region of adult versus old rats. Overall, the
distal portion of CAl had a significantly higher proportion of
cells that were positive for both cytoplasmic and nuclear Arc sig-
nal relative to the proximal region of CA1 (ANOVA, F, 4, =
6.62, p < 0.02). This indicates that, in distal CA1l, it was more
likely for a neuron to show activity during both epochs of behav-
ior compared with proximal CAl. Additionally, the adult rats
showed a significantly higher proportion of principal cells that
were positive for both nuclear and cytoplasmic Arc signal com-
pared with the old rats (F, 4o, = 6.90, p < 0.02). Possible expla-
nations of the reduced overlap in the active neural ensemble
between epochs in old rats will be explored further in the next
section. When data from the different regions of CA1 and age groups
were analyzed together, there was no significant effect of condition
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Figure 8.  Proportion of CA1 cells that expressed Arc across the different age groups and
behavioral conditions. The y-axis shows the proportion of distal (purple) and proximal (orange)
(A1 cells that were positive for Arc mRNA (in any cellular compartment) as a function of age
group and experimental condition (AA, AB, CC, or MECS). Behavioral condition (but not age)
significantly affected the proportion of cells that expressed Arc (repeated-measures ANOVA,
Fi3.39) = 60.15, p < 0.001). Specifically, rats in the MECS condition had a significantly higher
percentage of Arc-positive CAT pyramidal cells than did the rats in the other three conditions
(Tukey's HSD test, p << 0.001 for all comparisons). Moreover, rats in the CC condition had
significantly lower normalized numbers of Arc-positive neurons in CA1 relative to the rats in
both the AA and AB conditions (Tukey’s HSD test, p << 0.001 for all comparisons). Error bars
indicate == 1 SEM.
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Figure 9.  Arc distribution in the negative and positive control conditions. Arc expression
profiles by age for rats killed 30 min after undergoing MECS or killed directly from the home cage
(CQ). There was no significant effect of age group (adult vs old; F, ,5) = 0.40, p = 0.67) or
region (proximal vs distal; F, 76 = 0.09, p = 0.91) on Arc distribution for the two control
conditions. However, there was a difference in the proportion of cells with Arc foci only, cyto-
plasm only, or both (F, ¢, = 183.93, p << 0.001), and this difference in the subcellular distri-
bution of Arc varied significantly by control condition (MECS vs CG; £, ;¢) = 186.59,p << 0.001).
In particular, for the MECS condition (as expected at the 30 min time point), there were signif-
icantly more neurons with Arc in the cytoplasm only (p << 0.01, Tukey's HSD test). Error bars
indicate = 1 SEM.

(AA vs AB) on the proportion of cells showing both cytoplasmic and
nuclear Arc signal (ANOVA, F; 4oy = 3.17, p = 0.08).

catFISH similarity scores

A calculation of similarity scores (Vazdarjanova and Guzowski,
2004) can also be used to characterize the subcellular distribution
of Arc (foci only, cytoplasm only, or both) with a single value that
provides a quantitative measure of the population overlap of cell
activity patterns between the two different epochs of behavior.
The similarity score provides a better means for comparing over-
lapping activity patterns across brain regions and age groups be-
cause it controls for differences in cell number and overall
proportion of positive cells. A low similarity score is consistent
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Figure10. Arcdistributionin the AAand AB behavioral conditions. Arc expression profiles by
age for rats either exposed twice to the same set of five objects within the same environment
(AA) or exposed twice to the same objects within two different environments (AB). Overall, the
distal portion of CA1 had a significantly higher proportion of cells that were positive for both
cytoplasmicand nuclear Arcsignal, indicating that these cells were active during both epochs of
behavior relative to the proximal region of CAT (F; 45, = 6.62, p << 0.02). Additionally, the
adult rats showed a significantly higher proportion of principal cells that were positive for both
nuclear and cytoplasmic Arc signal compared with the old rats (F; 45, = 6.90, p < 0.02),
suggesting that neural ensembles in old CA1 exhibited a greater degree of remapping. When
data from the different regions of CA1 and age groups were analyzed together, there was no
significant effect of condition (AA vs AB) on the proportion of cells showing both cytoplasmic
and nudlear Arc signal (ANOVA, F; 4 = 3.17, p = 0.08). The lack of an effect of behavioral
condition on population overlap was likely attributable to the old rats showing reduced overlap
in the AA condition. Error bars indicate = 1 SEM.
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Figure11.  Ensemble overlap in distal versus proximal CA1. catFISH similarity scores for rats

either exposed twice to the same set of five objects within the same environment (AA) or
exposed twice to the same objects within two different environments (AB). In adult rats, there
were significant differences in catFISH similarity scores for both distal and proximal CA1 be-
tween the AA and AB conditions (F; ,p) = 21.3, p < 0.01, repeated-measures ANOVA), with
adult rats showing a significantly greater degree of remapping during the AB condition com-
pared with the AA condition. Interestingly, old rats showed no significant difference between
the catFISH similarity scores for the AA and AB conditions (F; 5 = 0.68, p = 0.42, repeated-
measures ANOVA). Additionally, in adult rats, the difference in catFISH similarity score between
the AA and AB condition was significantly larger in proximal CA1 than distal CAT (F; ;) =
17.41,p < 0.01, repeated-measures ANOVA). Error bars indicate = 1 SEM.

with a remapping of CA1 neural ensembles, whereas a high score
suggests that the same population of cells was active during both
epochs of behavior. Figure 11A shows that mean similarity scores
for proximal and distal CA1 for the different age groups and
behavioral conditions. Overall, the similarity score significantly
differed between proximal and distal CA1 (F, 54y = 15.55, p <
0.01, repeated-measures ANOVA), and this difference varied sig-
nificantly as a function of behavioral condition (F(, 5, = 7.39,
p < 0.05, repeated-measures ANOVA). Specifically, post hoc
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analysis indicated that the difference in the similarity scores be-
tween distal and proximal CAlreached statistical significance for
the AB condition (p < 0.01, Tukey’s HSD test) but not the AA
condition (p = 0.51, Tukey’s HSD test). This suggests that the
neural ensembles in proximal CA1 are more sensitive to environ-
mental change than those in distal CAl. Interestingly, the re-
duced remapping in distal CAl in the AB condition could be
attributable to the fact that objects remained unchanged between
epochs of behavior.

Although there was not a significant main effect of age group
on similarity score (F, 35y = 2.90, p = 0.10, repeated-measures
ANOVA), there was a significant three-way interaction of behav-
ioral condition (AA vs AB), age group (adult vs old), and region
of CA1 (distal vs proximal) on the similarity score. Post hoc anal-
ysis revealed that this interaction effect was attributable to the
adult rats having lower similarity scores for the AB condition
relative to the AA group (p < 0.01, Tukey’s HSD test), but this
difference in similarity scores as a function of behavior was not
observed in the old rats (p = 0.4, Tukey’s HSD test). Addition-
ally, in adult rats, the difference in catFISH similarity score be-
tween the AA and AB conditions was significantly larger in
proximal CA1 than distal CA1 (p < 0.01, Tukey’s HSD test). In
contrast, for the old rats, there were no significant effects of con-
dition or region of CA1 on similarity score (p > 0.1 for all com-
parisons, Tukey’s HSD test).

When the two different age groups were compared directly,
the old rats had significantly lower similarity scores compared
with the adult animals in proximal CAl for the AA condition
(p < 0.05, Tukey’s HSD test). However, for distal CA1, the sim-
ilarity score for the AA condition was not significantly different
between age groups (p = 0.98, Tukey’s HSD test). There were
also no significant differences between the similarity scores of
adult and old rats for the AB condition in either proximal (p =
0.99, Tukey’s HSD test) or distal (p = 0.89, Tukey’s HSD test)
CAL. Together, these data suggest that neurons in proximal CA1
of old rats may be more likely to remap inappropriately (i.e.,
when a rat is returned to a familiar environment). However, dif-
ferences in the behavior of adult and old rats provide an alternate
explanation for the age difference in the similarity score of prox-
imal CA1 neurons. Specifically, between epochs 1 and 2, the old
rats had significantly less overlap in the exploration paths
through the environment compared with the adult animals.
Therefore, it is possible that the old rats did not traverse the same
place fields between epochs of behavior although they remained
in the same arena, and this may have contributed to the reduced
similarity score.

To evaluate whether path differences between epochs contrib-
uted to reduced cell overlap, the correlation between path overlap
and ensemble similarity was measured for distal and proximal CA1.
Because disparities between age groups can produce erroneous cor-
relation values, all similarity score and path overlap values were
Z-score normalized within each age group and behavioral condition.
Figure 12 shows the scatter plots of normalized similarity scores as a
function of normalized path overlap for proximal and distal CA1 in
the AB (Fig. 12 A, B) and AA (Fig. 12C,D) conditions. A Bonferroni’s
correction was applied to compensate for calculating four correla-
tion statistics; therefore, the a value was set to p << 0.013. For the AB
condition, there was no significant correlation of between-epoch
path overlap and the similarity score in either distal (r,o) = —0.25,
p = 0.44), or proximal (1,5, = —0.09, p = 0.79) CAl. This indicates
that, when the environment changed between epochs, variation in
the spatial locations that were traversed in the arena did not affect the
degree to which activity patterns overlapped between epochs of the
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Figure12.  Normalized path overlap and ensemble similarity between epochs 1and 2. Scat-
ter plots of the Z-score-normalized similarity score as a function of Z-score-normalized path
overlapinadult (black) and old (gray) rats for the AA (4, B) and the AB (C, D) conditions in distal
and proximal CA1. There was a significant correlation between the similarity score of the active
ensembles during epochs 1and 2 and path overlap in proximal CA1 for the AA condition only (C;
Iy = 0.75, p < 0.005). None of the other variables showed any significant correlation with
path overlap (p > 0.4 for all comparisons).

AB condition. This is consistent with the idea that the active ensem-
bles of CA1 neurons remapped when the environment changed. In
contrast to the AB condition, during the AA condition, the path
overlap measure was significantly correlated with the similarity score
calculated from the patterns of Arc expression in proximal CAl
(r0) = 0.75, p < 0.005) but not distal CA1 (r(;o) = 0.13, p = 0.69).
Thus, more path overlap between epochs of behavior occurring in
the same environment suggests that the rats were more likely to
traverse the same fields and therefore have higher levels of overlap in
the populations of active cells. The lack of a significant correlation
between the similarity score calculated from distal CA1 cells and
path overlap is likely attributable to the observation that neurons in
distal CA1 have more dispersed firing fields and are more likely to
have multiple place fields (Henriksen et al., 2010). Thus, if a rat’s
path overlap is reduced between epochs, it is more likely to traverse
the same distal CA1 place fields than the same proximal CA1 place
fields. Importantly, the significant correlation between path overlap
and similarity score in proximal CA1 for the AA condition suggests
that the reduced neuron population overlap in old rats is attributable
to differences in the place fields that were traversed between epochs 1
and 2 rather than inappropriate remapping. This finding can also
account for the observation that the similarity scores for the AA
condition were significantly different between adult and old rats in
proximal but not distal CA1.

Discussion

The current findings provide strong support for the idea that CA1
pyramidal cells show distinct functional properties depending on
whether their primary cortical input is from the MEC or LEC. Under
the behavioral condition in which the external environment
changed between two epochs of object exploration but the objects
remained the same, the neuronal ensemble in proximal CA1 exhib-
ited global remapping more often than did ensembles in distal CA1.
This difference in remapping between the two CAl subregions is
consistent with Henriksen et al. (2010) who observed stronger spa-
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tial modulation of proximal CA1 pyramidal cell firing compared
with distal CA1 cells. The use of Arc catFISH in the current study as
a cell activity marker allowed a much larger sample to be mapped
across the proximodistal axis within an animal simultaneously.

One possible explanation for the observation that global re-
mapping did not occur in distal CA1 when the spatial context
changed but the salient local cues (objects) remained the same is
the direct input that distal CA1 receives from object-responsive
cells in both the LEC (Deshmukh and Knierim, 2011) and PRC
(Burke et al., 2012¢; Deshmukh et al., 2012). The stable local
objects may have provided a nonspatial contextual anchor for the
distal CA1 cells. In fact, these data are consistent with Burke et al.
(2011a) who describe object-modulated firing of distal CA1 py-
ramidal cells and remapping when the position of objects on a
track are shuffled or the objects are removed but the environment
does not change.

These results are also interesting to consider with respect to the
findings of Schmidt et al. (2012). The authors visualized Arc expres-
sion to compare population activity between distal and proximal
CA1 while rats found reward in a radial arm maze using two different
cognitive strategies. They report a greater degree of remapping in
distal relative to proximal CAl in response to changes in task de-
mands in the same environment, consistent with the idea of greater
sensitivity to nonspatial changes in context or nonspatial features of
an episode. Because reward location was repositioned on the maze
between trials, another possible interpretation of these data is that
reward acts as a salient cue, and changing reward location in the
testing environment prompts the remapping.

The current data should also be considered with respect to
results from experiments that manipulated the spatial location of
local cues on a track relative to external cues in the environment.
Specifically, when the relative position of local and environmen-
tal cues is mismatched, approximately equal proportions CA1l
neurons follow local cues, environmental cues, or change their
firing patterns (Lee et al., 2004). Based on the current data, distal
CA1 neurons might be predicted to follow local cues, whereas
proximal CA1 neurons might follow environmental cues or re-
map. A possible explanation for the finding by Lee et al. (2004) is
that the recordings were made in the intermediate and proximal
zones of CAl. Thus, the recorded CA1 population may have in-
cluded cells with input from MEC and LEC. Interestingly, CA3
neuron populations exhibit strong coherence under this cue mis-
match paradigm, with a majority of the cells following the local
cues after the rotation (Lee et al., 2004). A possible explanation
for the CA3 cue mismatch results is the fact that, unlike neurons
in CAl, all CA3 pyramidal cells receive direct input from the LEC
(Amaral and Witter, 1995).

Another novel finding from the current experiment is that old
rats did not show high ensemble overlap in distal CA1 when the
environment changed and reduced overlap in proximal CAl. In
fact, the degree of remapping that occurred in old animals during
the AB condition was not significantly different between regions.
One possible explanation for this age effect is altered responsive-
ness to local object cues. Cells in the PRC are known to be respon-
sive to three-dimensional objects (Burke et al., 2012¢; Deshmukh
etal., 2012), and the PRC shares direct connections with both the
LEC and distal CA1 and is known to be affected by normal aging
(Burke etal., 2010, 2011b, 2012a,b; Ryan et al., 2012). All of these
factors are consistent with the observation in the present report of
less differentiated cell activity patterns along the proximodistal
axis of CAl in advanced age.

Finally, the current data reveal that there is a significant cor-
relation between path overlap and similarity scores during the AA

Hartzell et al. @ Activity Differences along the CA1 Transverse Axis

condition in proximal CA1l but not in distal CA1l. This finding
corroborates the idea that proximal CA1 pyramidal cells are more
strongly spatially responsive than are those in distal CA1 (Hen-
riksen et al., 2010, and supports the hypothesis that distal CA1
cells are more influenced by objects within the environment
(Burkeetal., 2011a). Moreover, it has been reported that neurons
in distal CA1 have more dispersed firing fields and are more likely
to have multiple place fields within an environment than do
proximal CA1 neurons (Henriksen et al., 2010). Thus, a rat with
alow path overlap between two exploratory epochs is more likely
to traverse place fields from the same distal CA1 neuron popula-
tion between epochs compared with the more spatially con-
strained proximal CA1 cells.

Along these lines, the significant relationship between behavioral
trajectory overlap in the AA condition and the strength of the simi-
larity score in proximal CA1 suggests that some of the variance in
similarity scores is attributable to behavioral differences across iden-
tical sessions. Because the older rats showed reduced path overlap
compared with adults in the AA condition (~0.9 for adult, ~0.8 for
old; Fig. 7), the observed age group difference in Arc expression
compartment patterns is most likely attributable to the difference in
behavior between epochs (Fig. 10). In open arenas, rats do not ex-
hibit stereotyped trajectories. Thus, it is possible to obtain data that
suggest remapping when the change in place field expression be-
tween epoch 1 and 2 is actually attributable to different place fields
crossed within the apparatus. The idea that the similarity score dif-
ference in proximal CA1 of old rats is attributable to differences in
behavior rather than age is consistent with at least two earlier Arc
catFISH investigations that observed map stability between epochs
in old rats (Small et al., 2004; Penner et al., 2011). It is possible that,
in those studies, adult and old rats showed more equivalent explor-
atory behaviors within the AA epochs. Although this provides an
explanation of the difference between those results and the results
reported here, path overlap was not measured in either of those
experiments. It also is important to note that the stability of map
retrieval in CA1 for old rats in these catFISH studies is not, on the
surface, consistent with the electrophysiological observation of re-
mappingin CA1 ensembles. At least two sources for these differences
can be suggested: (1) the electrophysiological remapping was ob-
served under different behavioral conditions, and (2) the extent of
sampling was very different (Barnes et al., 1997). Because remapping
is a stochastic event in any given animal, it is simply less probable to
capture a remapping event with the catFISH method. The behavior
in the electrophysiological studies involved traversal of a constrained
linear track, with many repeated place field entries and over many
days, making it more probable that such an event could be captured.
In Arc catFISH experiments, only a single session on a single day
is tested. Regardless of method used, it is clearly critical to
control for differences in the exact path traversed within a
single environment, because this variable can alter the active
proximal CA1 neuron population.

The present study shows that there are differences between the
responsiveness of distal versus proximal CA1 pyramidal cells to
changes in spatial context in the presence of objects. Distal CA1l
neurons do not remap when objects are stable, but the spatial
context changes. Future models of CAl contributions to the
functional computations performed by different hippocampal
subregions will need to consider this greater complexity along the
CA1 proximodistal axis. Moreover, it is conceivable that distal
and proximal CAl are extensions of two distinct cortical net-
works that are engaged in different components of memory. Dis-
tal CA1 could participate in an anterior temporal system, which
includes the PRC and LEC that relays representations of specific
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stimuli. In contrast, proximal CALl is likely part of a posterior
medial system involving the MEC, postrhinal cortex (parahip-
pocampal in primates), and the retrosplenial cortex that are crit-
ical for processing information related to spatial context
(Ranganath and Ritchey, 2012). The age-associated changes in
activity patterns of neural ensembles across CAl is consistent
with alterations in both of these systems and may partly account
for observed memory deficits in aging (for review, see Rosenz-
weig and Barnes, 2003; Wilson et al., 2006). Understanding these
alterations is crucial for gaining insight into the human aging
process and points to possible mechanisms underlying cognitive
changes associated with normative aging.
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