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Abstract

Recent studies suggest that hippocampal function is partially dissociable along its septo-temporal axis: the septal hippocampus is more
critical for spatial processing, while the temporal hippocampus may be more important for non-spatial-related behavior. In young adults,
water maze training specifically activates new neurons in the temporal hippocampus, but it is unknown whether subregional differences are
maintained in older animals, which have reduced neurogenesis levels. We therefore examined gradients of activity-related Fos expression and
neurogenesis in 13-month-old rats and found that neurogenesis occurs relatively evenly throughout the dentate gyrus. Water maze experience
significantly increased Fos expression in the suprapyramidal blade and Fos was highest in the septal pole of the dentate gyrus whether the animal
learned a platform location, swam in the absence of a platform or remained in their cage. No Fos+ young neurons were found using typical
markers of immature neurons. However, Fos expression in the subgranular zone, where adult-born neurons predominate, was disproportionally
high in the temporal dentate gyrus. These findings indicate that adult-born neurons in the temporal hippocampus are preferentially activated

compared with older neurons.
Published by Elsevier Inc.
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1. Introduction

While arole for the hippocampus in spatial memory is well
established (Frankland and Bontempi, 2005), more recent
evidence also points to a role for the hippocampus in regu-
lating anxiety-related behavior. There is substantial evidence
suggesting that these two functions of the hippocampus are at
least partially subserved by different anatomical subregions:
the septal hippocampus is particularly important for spatial
learning and the temporal hippocampus regulates defensive,
anxiety-related, and odor-mediated behaviors (Bannerman
et al., 2004; Pentkowski et al., 2006; Hunsaker et al.,
2008). Other studies suggest that the temporal hippocampus

* Corresponding author at: National Institutes of Health, Building
35/3C911, MSC3718, Bethesda, MD 20892, United States.
Tel.: +1 301 451 8281; fax: +1 301 480 4564.
E-mail address: snyderjason@mail.nih.gov (J.S. Snyder).

0197-4580/$ — see front matter. Published by Elsevier Inc.
doi:10.1016/j.neurobiolaging.2009.05.022

contributes to spatial learning as well, but to different
aspects than the septal hippocampus, including processing
larger spatial environments (Jung et al., 1994; Kjelstrup et
al., 2008), learning over longer timescales (de Hoz et al.,
2003), and mediating context-based inhibitory associations
(McDonald et al., 2006). Thus, the function of the temporal
hippocampus in regulating anxiety and spatial processing
appears to differ from that of the septal hippocampus.
Given the septo-temporal functional dissociation, and
findings suggesting that adult neurogenesis in the hippocam-
pus is involved in both spatial learning and anxiety-related
behavior (Leuner etal., 2006; Drew and Hen, 2007), we previ-
ously examined septo-temporal gradients (there referred to as
“dorso-ventral” gradients) of neurogenesis and activity (i.e.
Fos+ cells) in young neurons in young adult rats after learn-
ing in a spatial water maze task (Snyder et al., 2009). In that
study, both neurogenesis and granule neuron Fos expression
were higher in the septal dentate gyrus of the hippocampus.
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However, expression of Fos by young neurons after water
maze training was specific for the temporal dentate gyrus,
suggesting that young granule neurons may play a different
role than older granule neurons in water maze learning.

It is well documented that neurogenesis declines with age
(Altman and Das, 1965; Seki and Arai, 1995; Kuhn et al.,
1996; McDonald and Wojtowicz, 2005), and there are also
reports that the expression of activity-dependent immediate
early genes (IEGs) is reduced with age (Small et al., 2004).
However, it is unclear whether there are changes in septo-
temporal gradients of neurogenesis and activity with aging,
which could alter distinct aspects of hippocampus-dependent
learning in old age. Therefore, in the current study, we exam-
ined neurogenesis and water maze-induced Fos expression
in septo-temporal and infrapyramidal-suprapyramidal axes
of the dentate gyrus in 13-month-old rats. We found weak
subregional differences in levels of neurogenesis but strong
biases for Fos expression in the septal dentate gyrus and in
the suprapyramidal blade after water maze experience. In the
temporal dentate gyrus, but not septal dentate gyrus, water
maze training activated adult-born neurons (in the subgranu-
lar zone) more than older neurons (in the outer rows).

2. Methods
2.1. Animals and treatments

Fourteen 13-month-old male Long Evans rats (Charles
River, Quebec) were used in the following experiments.
All animals were individually housed, and all treatments
conformed to animal health and welfare guidelines of the
University of Toronto. To label adult-born DG granule cells,
all rats were given 2 intraperitoneal injections of 5-bromo-2’-
deoxyuridine (BrdU; Sigma, 50 mg/kg/injection, dissolved
at 20 mg/ml in saline, 0.007N NaOH) spaced 10 h apart, for
5 consecutive days. Beginning 3 weeks after BrdU injec-
tions, all 14 rats were handled 5 min per day for 5 days to
minimize stress associated with behavioral procedures. Four
weeks after BrdU injections, rats were divided into three
groups that were either trained in the Morris water maze
(as described below), put in the water maze with no plat-
form (swim controls), or left untouched (cage controls). All
rats were perfused exactly 2 h after their first water maze trial
(~90 min after their last trial) or at the same time of day (cage
controls) to assess activity-dependent Fos expression.

2.2. Water maze

On the final day of the experiment, 8 rats were trained in the
Morris water maze, a hippocampus-dependent task (Morris
et al., 1982) known to induce Fos expression in adult-born
granule neurons (Jessberger and Kempermann, 2003; Kee et
al., 2007; Tashiro et al., 2007). The testing apparatus was as
previously described (Snyder et al., 2005). Briefly, the pool
was 180 cm in diameter and filled with water. Water was kept

at 25 °C and non-toxic white paint was added to hide a 10 cm
wide platform present in the SE quadrant. Distal cues were
present on the walls of the room to allow rats to develop
a spatial strategy for escaping the water by mounting the
platform. Rats were allowed to remain on the platform for
10 s after finding it. If a rat failed to locate the platform within
60 s, it was guided to the correct location by the experimenter.
Rats were trained in pairs for 16 trials, 1-2 min apart, allowing
initially naive rats to quickly develop a spatial memory for
the platform location. Latency to find the platform and mean
proximity to the platform were calculated for each trial using
HVS Image software (Buckingham, UK). For the proximity
measure (Gallagher et al., 1993), the distance of the rat from
the platform location was calculated at 0.1 s intervals. The
mean of these values was then calculated for each trial. A
rat that searches in the correct area of the pool will have a
low mean distance value, providing a measure of spatial bias
for the platform location that should decrease across trials if
animals learn the location of the platform. In addition, if the
search pattern is spatially selective, the difference between
the mean distance from the platform location and from a
similarly sized location at the opposite side of the pool should
increase across blocks. Following training, rats were returned
to their home cages until being perfused exactly 2 h after their
first training trial. Swim control rats (n = 3) were placed in the
poolin the absence of a platform and allowed to swim for 60 s,
455,305 and 15 s (4 trials of each) to approximate the swim
times of the trained rats. They were perfused 2 h after the first
swim trial. Cage control rats (n=3) were perfused directly
from their home cages with no behavioral manipulation.

2.3. Immunohistochemistry

Animals were perfused with phosphate-buffered saline
followed by 8% paraformaldehyde. Brains were fixed in
paraformaldehyde for an additional 24 h. The right hippocam-
pus was extracted, cut into 4 approximately equal-length
pieces and sectioned essentially perpendicular to its long
(septo-temporal) axis. Since hippocampi were not forcibly
straightened some curvature remained, but this procedure
generally enabled comparable analyses along the entire axis
(Gaarskjaer, 1978; Rapp and Amaral, 1988) (Fig. 3A). Sec-
tions were cut at 40 wm using a vibratome for a total of ~200
sections.

Sequential fluorescent double labeling was performed
for Fos, followed by BrdU, on free floating sections. For
BrdU/Fos double-immunolabeling, sections were first incu-
bated with rabbit anti-Fos antibody (1:10,000; Calbiochem
#PC38; 3 days at 4°C) followed by Alexa568 goat anti-
rabbit secondary antibody (1:200; Molecular Probes; 2 h at
room temperature). Sections were then treated with 1IN HCl
at 45 °C for 40 min to denature DNA and expose BrdU. Sec-
tions were then incubated with rat anti-BrdU antibody (1:200;
Accurate #0BT0030; 1 day at 4 °C) followed by Alexa488
goat anti-rat secondary antibody (1:200; Molecular Probes;
2h at room temperature). PSA-NCAM/Fos staining was
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done similarly, using rabbit anti-Fos (1:10,000; Calbiochem
#PC38; 3 days at 4°C) then Alexa568 goat anti-rabbit
followed by mouse anti-PSA-NCAM (1:200, Chemicon
#MAB3524; 3 days at 4 °C) then Alexa488 goat anti-mouse.
All antibodies were diluted in phosphate-buffered saline
containing 0.03% Triton X-100. One rat in the water maze-
trained group had poor immunolabeling and was excluded
from histological analysis.

2.4. Cell quantification

For regional comparison, sections were assigned to one
of four equal-length bins along the septo-temporal axis
of the DG (S1 =septal, S2 =mid-septal, T3 =mid-temporal,
T4 =temporal; Fig. 3A). Within each section, attention was
paid to whether cells were located within the infrapyramidal
or suprapyramidal blade of the DG.

Quantification of BrdU+ cells was performed on every
5th section throughout the septo-temporal extent of the DG
in the water maze trained rats (40—46 sections per rat). Quan-
tification of Fos+ granule cells was performed on every 10th
section in the water maze trained, swim control and cage con-
trol rats. Nuclei were counted as positive for Fos expression
if the Fos signal stood out clearly compared to the surround-
ing tissue and if the staining evenly filled the entire nucleus.
Analysis of potential Fos staining in PSA-NCAM+ cells was
performed on every 5th section in the S1 and T4 quartiles.
Every BrdU+ cell (mean = 124 per animal) and PSA-NCAM+
cell (approximately 75 cells per quartile, 150 per animal) was
examined for Fos expression with an epifluorescence micro-
scope (Olympus BX51) and a 60x oil immersion lens (N.A.
1.25). For all analyzed sections, cross-sectional area of the
granule cell layer was measured at 4x and multiplied by
the section thickness (40 pm) to yield region volumes. Cell
densities were then determined by dividing the number of
cells in each region of the granule cell layer by its respective
volume. Since cells present at both the top and bottom-most
focal planes were counted, these measurements likely over-
estimate true values (West et al., 1991). To assess whether
septo-temporal differences in cell size exist, and might there-
fore bias density calculations, Fos+ cell size was measured
in a single section from the middle of both the septal and
temporal poles of 6 animals; the cross-sectional area of 6
randomly chosen Fos+ cells, spanning both blades, was mea-
sured. Measurements were made at the focal plane where the
cell was largest (roughly the middle of the cell) using a 60 x
objective and confocal microscopy.

To characterize activity in a broad population of adult-
born cells, we calculated the proportion of Fos+ cells that
were located in the subgranular zone (SGZ), defined for this
purpose as the deepest row of granule cells in the granule
cell layer, bordering the hilus. The granule cell layer follows
an outside-in gradient of formation that does not produce
strict layering of granule cells by age but nonetheless results
in the deepest portion of the granule cell layer containing
a high proportion of granule cells that are young (Crespo

et al., 1986; Dayer et al., 2003; Kempermann et al., 2003;
Seri et al., 2004) and possess immature electrophysiological
properties (Wang et al., 2000). The number of Fos+ cells
in the SGZ and the total number of Fos+ cells in the entire
granule cell layer (SGZ plus other rows) were counted in two
sections per animal, one from the middle of S1 and one from
the middle of T4, and the percentage of Fos+ cells in the
SGZ was calculated (100 x Fossgz/Fosota1)- The percentage
of Fos+ cells in the SGZ was compared across subregions (S1
versus T4) and was also compared, within each subregion,
to the chance value expected if Fos+ cells were distributed
equally in all rows, where chance = (100%)/(# of rows).

2.5. Statistical analysis

Statistical analyses were performed using Systat 12
(http://www.systat.com) and Prism 5.0 (Graphpad) software.
Comparisons were made using 1-way or 2-way ANOVA and
Tukey’s HSD for post hoc analyses, with significance set
at p<0.05. A one-sample #-test was used to compare the
percentages of Fos+ cells in the SGZ to chance values.

3. Results
3.1. Water maze behavior

Rats showed a decreased latency to find the hidden plat-
form over 4 blocks of trials in the water maze, indicating
rapid acquisition of spatial information (repeated mea-
sures ANOVA, main effect of block, F321=9.9, p<0.001;
Fig. 1A). The latency for block 1 was significantly higher
than all other blocks (post hoc, p <0.05 for all) and blocks
2, 3 and 4 were not different from each other (p>0.05).
To verify that decreases in latency reflected spatial search
strategies, the mean distance (proximity) to the platform
location was also examined and compared to the mean dis-
tance to a hypothetical platform located in the opposite
quadrant of the pool (Gallagher et al., 1993). Over suc-
cessive blocks there was a decrease in mean distance to
the target platform location but no change in the mean dis-
tance to the equivalent location in the opposite quadrant of
the pool (Fig. 1B), suggesting an increased preference for
the platform location indicative of spatial learning. Two-
way repeated measure ANOVAs showed significant main
effects of block (F342=>5.1, p=0.0044), platform location
(F1,42=39.0, p<0.0001) and a significant block x platform
location interaction (F3 42 =8.0, p=0.0002). Post hoc tests
found that the mean distance to the correct platform location
was less than the mean distance to the opposite location for
blocks 2, 3 and 4 (p <0.001 for all).

3.2. Regional differences in neurogenesis

BrdU+ cell density was compared across the septo-
temporal axis and infrapyramidal-suprapyramidal blades
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Fig. 1. Spatial water maze acquisition. (A) The latency required for rats to
find the hidden platform decreased across blocks within a single training
session (ANOVA, effect of block, p<0.001; post hoc, *p <0.05 relative to
first block). (B) The mean distance from the target (correct) platform location
decreased across blocks whereas the mean distance from a hypothetical,
equivalent platform located in the opposite quadrant of the pool did not
change across blocks (post hoc, *p <0.001 relative to opposite location).

with a 2-way ANOVA. There was a significant main
effect of septo-temporal position on BrdU+ cell density
(F348=4.2, p<0.05), with post hoc tests showing that S2
had a significantly higher cell density than T4 (»p=0.010;
Figs. 2 and 3B). There was no significant main effect of
blade on BrdU+ cell density (F 48 = 1.2, p=0.284) or interac-
tion between blade and septo-temporal position (F3 48 =0.1,
p=0.796).
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Fig. 3. Neurogenesis in septo-temporal and infrapyramidal-suprapyramidal
blade subregions. (A) A schematic of the hippocampus illustrating how
septo-temporal subregions were defined. Solid lines divide septo-temporal
quartiles; dashed lines approximate a 1 in 10 section sampling scheme. (B)
Two-way ANOVA found a significant effect of septo-temporal position on
BrdU+ cell density, due to higher BrdU+ cell density in region S2 relative to
region V4 (post hoc, *p=0.01). There was no significant effect of blade on
the density of BrdU+ cells. Densities presented as “both blades” reflect the
total (i.e. infra+ supra) numbers of BrdU+ cells divided by the total gran-
ule cell layer volumes, not the average of the separately calculated blade
values, and were not included in statistical analyses. Bars represent mean £
SEM.

3.3. Fos expression in the entire granule cell population

We next examined Fos expression in the granule cell
layer of water maze-trained, swim control and cage control
rats (Figs. 2 and 4). A significant main effect of experience
on Fos+ cell density was found by 3-way ANOVA (with
experience, septo-temporal position, and blade as factors,

Fig. 2. Confocal images of markers used to measure neurogenesis and neuronal activity. (A) Low magnification photograph of BrdU and Fos immunostaining
in the septal dentate gyrus of a swim control rat; Fos+ cells primarily located in the suprapyramidal (supra) blade of the granule cell layer and the crest, where
the suprapyramidal and infrapyramidal (infra) blades meet. (B, C) High magnification images of BrdU (B) and Fos (C) staining from boxed region in A. Arrows
indicate 3 BrdU+ cells and arrowheads indicate 3 Fos+ cells. No BrdU+/Fos+ cells were found. (D) A representative cell immunostained for the endogenous
young neuronal marker PSA-NCAM (arrow). gcl, granule cell layer; sgz, subgranular zone. Scale bars 200 pm (A), 20 wm (B-D).
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Fig. 4. Fosexpression in septo-temporal and infrapyramidal-suprapyramidal
blade subregions in cage control (A), swim control (B) and water maze-
trained (C) rats. A 3-way ANOVA found significant main effects of treatment,
septo-temporal position and blade on Fos+ cell density (p <0.001 for all main
effects). Both swim control and water maze-trained rats had greater Fos+
cell density than cage controls, and swim controls had greater Fos+ cell
density than water maze-trained rats (post hoc, p <0.01 for all). The effect
of septo-temporal position was due to greater Fos+ cell density in region S1
compared to all other quartiles (post hoc, *p <0.001). A blade x treatment
interaction was also found, such that Fos+ cell density in the suprapyramidal
blade was elevated in swim control and water maze-trained rats relative to the
infrapyramidal blade and both blades of cage controls (post hoc, #p <0.05
for all).

F>80=27,p<0.001). The overall Fos+ cell densities in swim
control and water maze trained rats were 295% and 177%
higher, respectively, than in cage controls — differences that
were both significant (post hoc, p<0.001). Swim control
rats had significantly greater Fos expression than water maze
trained rats (p=0.003). There was a significant main effect
of blade, with higher Fos+ cell density in the suprapyramidal
blade than in the infrapyramidal blade (F go =48, p <0.001).
The only significant interaction was between experience
and blade (F280=6, p=0.005), with post hoc analyses
showing that both water maze and swim control animals had
increased Fos+ cell density specific to the suprapyramidal
blade (p<0.05 compared to infrapyramidal blades and
both blades of cage controls). A significant main effect of
septo-temporal position was seen (F3go=26, p<0.001),
with post hoc analysis showing higher Fos+ cell density in
the first quartile than all other quartiles (p <0.001). There
was no interaction between experience and septo-temporal
subregion, indicating that changes in activation across
treatment did not occur preferentially in any septo-temporal
region. To assess whether subregion-dependent differences
in cell size might contribute to these findings the size of
Fos+ cells was measured in septal and temporal poles. The
cross-sectional area of Fos+ cells was not significantly
different between the septal and temporal poles, and in any
case quite small relative to observed gradients, indicating
that cell size is not a significant factor underlying subre-
gional differences in Fos+ cell density (septal: 198 & 6 wm?,
temporal 219 & 18 wm?, mean & SEM; Tjo=1.1, p=0.3).

3.4. Fos expression in adult-born granule cells

No BrdU+/Fos+ or PSA-NCAM-+/Fos+ cells were found
in trained or control groups (average 124 BrdU+ cells
examined per rat, range = 55-210; approximately 140 PSA-
NCAM-+ cells examined per rat, 70 per quartile). To obtain
a measure of regional activity in a broader population of
adult-born neurons, we analyzed the proportion of Fos+
cells that were located in the SGZ in water maze-trained
rats (Fig. 5). The granule cell layer follows an outside-
in gradient of formation that continues through adulthood,
resulting in a high proportion of young neurons in the SGZ
(Crespo et al., 1986; Dayer et al., 2003; Kempermann et
al., 2003). By 2-way ANOVA we found no main effect of
blade but did see a significant main effect of septo-temporal
location: Fos+ cells in the SGZ made up a significantly
larger proportion of the activated population in the tem-
poral DG than in the septal DG (F28=37, p<0.001).
The proportion of Fos+ cells in the SGZ was not differ-
ent from chance in the septal DG (both blades pooled:
11.0% versus an expected value of 13.2% based on an
average of 7.6 rows; one sample #-test, 77 =1.3, p=0.2).
However, in the temporal DG, the proportion of Fos+ cells
in the SGZ was significantly greater than chance (35.6%
versus the expected 17.4% based on 5.8 rows; T7=3.7,
p<0.01).
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Fig. 5. Water maze training preferentially induces Fos expression in the subgranular zone (SGZ) of the temporal dentate gyrus, where adult-born neurons
reside. (A) The proportion of Fos+ cells located in the SGZ was examined in the septal and temporal quartiles of the dentate gyrus, using a 2-way ANOVA.
There was no difference between blades but there was an effect of septo-temporal position: a significantly greater proportion of Fos+ cells were located in the
SGZ in the temporal dentate gyrus compared to the septal dentate gyrus (¥*p <0.001). In the septal dentate gyrus, the proportion of Fos+ cells that were located
in the SGZ was not different from chance. In contrast, in the temporal dentate gyrus, the proportion of Fos-expressing cells located in the SGZ was significantly
greater than chance (one sample -test, *p <0.01). (B) Confocal image of PSA-NCAM and Fos immunostaining in the temporal dentate gyrus. A PSA-NCAM+
cell (arrow) and a Fos+ cell (arrowhead) are both located in the deepest row of cells in the granule cell layer, the SGZ. Scale bar 20 wm, gcl = granule cell layer.

4. Discussion
4.1. Neurogenesis gradients and aging

No suprapyramidal-infrapyramidal gradient in neurogen-
esis was observed in these 13-month-old rats. A significant
septo-temporal gradient was observed but only in the
mid-septal quadrant; the septal pole showed levels of neuro-
genesis identical to that in the temporal pole. This contrasts
with young adults, which have higher neurogenesis in the
infrapyramidal blade than in the suprapyramidal blade and
twice as much neurogenesis in the septal pole than in the
temporal pole (Snyder et al., 2009), suggesting a flatten-
ing of neurogenesis gradients with age. The septal pole and
infrapyramidal blade of the dentate gyrus are the last to be
formed during early postnatal development (Schlessinger et
al., 1975; Piatti etal., 20006). The higher levels of neurogenesis
in these regions in young adults (Snyder et al., 2009) therefore
appear to reflect continued developmental gradients. The cur-
rent data suggests that developmental neurogenesis gradients
continue to diminish into middle age, leaving residual low
levels of neurogenesis that occur roughly equally in all sub-
regions. It is possible that subregional differences in BrdU+
cell density reflect more general differences in granule cell
density or cell size. However, we feel these explanations are
unlikely since we and others have reported no difference in
granule cell density between the septal and temporal poles
(West et al., 1988; Snyder et al., 2009) and our analysis of
Fos+ granule cells showed that cell size was not significantly
different along the septo-temporal axis.

4.2. Gradients of activation in 13-month-old rats
An activity-induced increase in the density of Fos+ cells

occurred only in the suprapyramidal blade, consistent with
what has been seen in young adult rats (Chawla et al., 2005;

Snyder et al., 2009). The septal pole of the dentate gyrus
consistently had the highest levels of Fos expression, after
water maze experience as well as in control animals. These
anatomical gradients of Fos expression mirror those recently
found in young adults (Snyder et al., 2009), suggesting that
functional subdivisions of the DG are conserved with age.
While the gradients of Fos expression are preserved with
age, the overall density of Fos+ cells in 13-month-old rats was
reduced by approximately 50% (ANOVA, p <0.001) relative
to what was previously observed in young adults (Snyder
et al., 2009). The decrease in Fos expression in 13-month-
old rats relative to young adults extends findings that Arc
expression is reduced with age, specifically in the DG sub-
field of the hippocampus (Small et al., 2004). Given the role
IEGs have in memory consolidation (Kubik et al., 2007), it
is possible that decreased DG Fos expression is a contribut-
ing factor in the age-related decline in hippocampal function
(Driscoll and Sutherland, 2005). Another distinction from
previous findings in young adults was the increased number
of Fos+ cells in swim controls relative to water maze-trained
rats. The reason for this change with aging is not clear, but
a recent study has shown that water maze IEG expression
varies according to task demands, and can be particularly
elevated by unreinforced swimming (Shires and Aggleton,
2008). The increased Fos+ cell density in both maze-trained
and swim control rats relative to cage controls is consistent
with previous IEG data showing that the hippocampus pro-
cesses spatial information regardless of whether or not this
information signals reinforcement (Guzowski et al., 1999).

4.3. Implications for young neurons in learning and
behavior

Sparse Fos expression (~2% of granule cells in young
adults (Kee et al., 2007)) can make it difficult to assess activity
in adult-born neurons using BrdU or PSA-NCAM. However,
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given a 50% reduction in Fos+ cell density compared to young
adults and the fact that we examined 871 BrdU+ cells, we
would still expect to have found ~9 BrdU+/Fos+ cells (1%
of 871). That we found no BrdU+/Fos+ cells suggests the rate
of colocalization is <0.1%. The SGZ provides a much larger
population of granule cells that are nearly all born during
adulthood and are on average much younger than those found
in the more superficial rows (Crespo et al., 1986; Dayer et al.,
2003; Kempermann et al., 2003). After water maze training,
the density of Fos+ young neurons in 13-month-old rats was
higher in the temporal DG than the septal DG, in contrast
to the granule cell population as a whole, which was more
active in the septal DG. Young neurons in the temporal region
were actually more likely to be activated than older neurons,
as indicated by the proportion of Fos+ cells in the SGZ being
significantly higher than chance levels. This result matches
what was seen in young adults and confirmed in those animals
by the additional finding that PSA-NCAM+ young neurons
were also more likely to be activated in the temporal DG
than in the septal DG (Snyder et al., 2009). The mechanisms
underlying differential activation of young and mature neu-
rons is currently unknown. Young neurons possess a lower
threshold for synaptic plasticity in vitro and therefore could
be more easily recruited to participate in memory formation
than mature neurons (Wang et al., 2000; Snyder et al., 2001;
Schmidt-Hieber et al., 2004; Ge et al., 2007). The temporal
DG-specific enhancement of activity in young neurons may
be due to septo-temporal differences in cortical or subcorti-
cal inputs (Risold and Swanson, 1996; Dolorfo and Amaral,
1998; Pitkanen et al., 2000; Petrovich et al., 2001) that are
especially capable of activating young neurons.

The lack of PSA-NCAM-+ cells expressing Fos suggests
that activated SGZ cells are more mature than PSA-NCAM+
cells, in line with data from young adult rats (Snyder et
al., 2009) indicating that the SGZ population is 5-10 times
more likely to be activated than the PSA-NCAM-+ population.
Since neurogenesis is significantly reduced in 13-month-old
rats, and the average age of neurons in the SGZ is therefore
much greater, it is somewhat surprising that SGZ cells are still
preferentially activated at this age. This leads to two intrigu-
ing possibilities: (1) The behavioral critical period, during
which adult-born neurons show enhanced behavior-related
activity, might outlast the physiological critical period for
synaptic plasticity, which lasts only 6 weeks and ends with
adult-born granule cells having essentially identical physio-
logical properties to granule neurons born in development, at
least in mice (Laplagne et al., 2006; Ge et al., 2007). (2) The
behavioral critical period may be prolonged in 13-month-old
rats, perhaps due to the low number of new neurons or the
absence of novel stimuli.
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