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Aged SOD Overexpressing Mice Exhibit Enhanced Spatial
Memory While Lacking Hippocampal Neurogenesis
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ABSTRACT

The recent finding that hippocampal slices from aged mice overexpressing the gene for superoxide dismutase
(SOD) exhibit long-term potentiation (LTP) of reactivity to afferent stimulation that is significantly larger
than that produced in aged wild-type (wt) mice has encouraged the exploration of the effects of reactive oxy-
gen species (ROS) on learning in aged mice. In addition, young-adult and aged wt and SOD transgenic mice
were used in an attempt to correlate adult neurogenesis with spatial learning. Aged wt and SOD mice exhib-
ited a 90% reduction in doublecortin-labeled new dentate gyrus neurons as compared to young mice, with no
significant difference between genotypes. In addition, aged SOD mice exhibited better performance than wt
controls in both reference and working memory tasks in a water maze. These findings provide a behavioral
measure to demonstrate that excessive production of H,0, is beneficial in aged mice. Antioxid Redox Signal 9,

181-189.

INTRODUCTION

REACTIVE OXYGEN SPECIES (ROS) have been hypothesized
to be a major contributor to cognitive decline in aged
individuals (40). We have shown recently (21) that adding 50
uM H,O, to the perfusion medium could restore long-term
potentiation (LTP) of responses to afferent stimulation in hip-
pocampal slices taken from aged (2-year-old) mice. Interest-
ingly, hippocampal slices from aged mice overexpressing the
H,0, producing enzyme Cu/Zn superoxide dismutase (SOD)
expressed a large LTP that was similar to that induced in
young wild-type (wt) slices. This was the reverse result to that
found in slices from young adult SOD and wt mice where
SOD slices were impaired in LTP in a way that could be re-
stored by extrinsic addition of 50 uM H,O,. In contrast, the
wt expressed an impaired LTP by H,0,. We hypothesized that
hippocampal synaptic plasticity results from synaptic events
that induce a transient H,O, flux that is necessary for long-
term changes in the synapses. According to this hypothesis,
the hippocampal slices taken from the aged SOD mice
showed LTP that was similar to that seen in aged wt slices
when exogenous H,0, was added due to an intrinsic increase

in H,O, that was necessary for LTP. We therefore predicted
that aged SOD mice will perform better than wt in hippocam-
pus dependent tasks.

The intrinsic differences in hippocampal function between
SOD and wt mice, particularly in aged individuals, provides
an opportunity to monitor the contribution of another unique
hippocampal quality, neurogenesis, to the performance of
hippocampus-dependent tasks.

The dentate gyrus (DG) of the mammalian hippocampus is
one of the few brain regions to undergo neurogenesis in the
adult (2, 18). The abundance of knowledge available in regard
to hippocampal structure and function has prompted studies
aimed at understanding the possible relationship between the
newborn neurons and functions ascribed to the hippocampus.
Whereas many studies show little connection between neuro-
genesis and hippocampus-dependent learning, it is still de-
bated whether neurogenesis in the DG is in fact necessary for
successful completion of hippocampus dependent memory
tasks (13, 30, 38, 42, 43). It has been further argued that elec-
trical stimulation of developing progenitor cells in the DG de-
termines a neuronal outcome with functional significance for
hippocampal learning (12).
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Aging in mammals is accompanied by a decline in mental
capacities such as learning and memory (4). There is also evi-
dence of specific hippocampal degeneration that occurs with
age. Several studies have shown that the rate of DG neurogen-
esis is dramatically slowed in senescence (5, 9), offering a
possible underlying cause for a decline in hippocampus-
dependent task performance. It is therefore of great interest to
study whether the degree of decline in the rate of neurogene-
sis in aged individuals correlates with the level of decline in
performance of hippocampus dependent tasks. Drapeau et al.
(13) found that water maze performance in aged rats was in-
deed correlated with the amount of cells labeled by BrdU in
the DG. In contrast, Merrill ef al. (32) showed that hippocam-
pal neurogenesis does not correlate with spatial learning abil-
ity in aged rats. Interestingly, it has been shown in several
studies that neurogenesis correlates with success in hip-
pocampus dependent tasks but not with spatial navigation
memory of a water maze (30, 42), while others did show such
a correlation (3, 13, 23, 29, 34, 38, 43, 46). Although these
studies and many recent others (summarized in Table 1)
find correlations between neurogenesis and hippocampus-
dependent memory function, none of them has been success-
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ful in establishing a causal relationship. Furthermore, there
are more parsimonious explanations explaining the correla-
tion in most cases.

We therefore studied the effect of altered ROS homeostasis
affected by aging and transgenically expressed SOD on spa-
tial learning and utilized this model to further examine the re-
lationship between new DG neurons and the completion of
these tasks.

MATERIALS AND METHODS

Subjects

Homozygous SOD mice overexpress the entire native
human Cu/Zn superoxide dismutase (SOD) gene with its own
promoter (15). SOD mice were developed from outbred mat-
ing (F1) between CBYB/6 [(Balb/C x C57BIl/6j) F1] and
B6D/2 [(C57BI/6] X DBA) F1]. Mice with the same back-
ground but lacking the transgene were inbred for use as wild
type (wt). The enzymatic activity of the transgene in these
mice represents a sixfold increase over the level of endoge-

TABLE 1. CORRELATION OF HIPPOCAMPAL NEUROGENESIS AND BEHAVIOR IN RODENTS

Reference Biological model NG Memory task Result
47 PS1 mutation D Contextual fear conditioning Less freezing
49 Irradiation D DMTS Increased errors after 240 sec
Contextual fear Less freezing
48 Aging D Fear conditioning Less freezing
14 Aging D MWM Less memory of new location
11 D-Galactose exposed mice D MWM Shorter latency to platform
36 Irradiation D MWM N.D.
Barnes maze Longer latency to tunnel
38 Irradiation D MWM Less time in target quadrant
43 Irradiation D MWM Less time in target quadrant
At 2—4 week probe test
39 Nicotine administration D MWM Less time in target quadrant
41 NT-3 conditional ko D MWM Slower learning
Less time in target quadrant
1 Pup food deprivation D MWM Less time in target quadrant
44 Serotonin depletion D MWM N.D.
20 Olfactory bulbectomy D Passive avoidance Less avoidance
Contextual fear Less freezing
24 Prenatal music U 8 arm radial maze Faster completion of task
Less errors
35 Brief neonatal hypoxia U Multiple T maze Better retention at 40 days
34 Enriched environment U MWM Shorter latency to platform
28 Erythropoietin after TBI U MWM Improved learning
25 S100B after TBI U MWM Improved cognitive performance
50 T cell treatment in U MWM Shorter latency to plateform
Immunodeficient mice
7 Enriched environment U Object recognition More time in safe chamber
+MAM D Less time on new object
10 VEGF gene transfection U Passive avoidance More time in safe chamber
MWM More time in target quadrant
26 Maternal swimming 0] Step down More avoidance
During pregnancy avoidance

NG, neurogenesis; D, down; U, up; DMTS, delayed match to sample; MWM, Morris Water Maze; N.D., no difference; TBI,
traumatic brain injury.
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nous CuZnSOD in the brain of control mice. During the es-
tablishment of the colony, the presence of the transgene was
followed by SOD gel activity (showing mouse and human
proteins in brain extracts), as well as PCR from tail genomic
DNA. The homozygocity for SOD genes was predicted by
quantitative PCR and confirmed by backcrossing tg-mice
with control animals. No noticeable phenotype was observed
concerning young or adult mice, except that young SOD ani-
mals were somewhat smaller than controls. The mice were
kept in two groups of young adult (4-month-old) SOD and wt
mice and two groups of aged (22- to 24-months-old) SOD
and wt. A week prior to behavioral testing, the mice were han-
dled and weighed by the examiner and divided into random-
ized cages in mixed groups. The average weights of the mice
were 34 + 1,32 +2,33.2+1.8,and 31.7 + 1.6 g for aged wt,
aged SOD, young wt, and young SOD, respectively.

Behavior

Locomotor activity in open field. Mice were tested
for locomotor activity in 1 x 1 m open field in one trial of 5
min. The arena was divided into 16 squares 25 cm x 25 cm and
the total number of line crossing was counted. A small percent-
age of the mice (1/6 of the old wt and 3/8 of the young wt) re-
mained immobile for the whole trial and they were not added to
the data shown in Table 1.

Measurement of spatial learning in the water
maze. The water maze consisted of a round tank, 1.25 m in
diameter, filled with water. Water temperature was adjusted to
28°C for the aged mice to avoid hypothermia due to deficits in
thermoregulation. Prior to the training of the young mice, a
pilot study was carried out with three mice that were not in-
cluded in the study. These young mice did not prefer staying on
the platform to swimming in the water at 28°C, therefore water
temperature for the young mice was adjusted to 25°C. In the
spatial memory experiment, mice were trained to find the loca-
tion of a hidden platform (12 cm in diameter), submerged 1 cm
below the water surface, and visual cues were placed around
the maze. Training consisted of four trials per day for aged
mice, and five trials per day for young mice over 3 consecutive
days, the entrance point to the maze was varied across trials.
On the 4th day after the second trial, a “probe trial” was per-
formed: the platform was removed and the swimming trajec-
tory of the mice was manually recorded. The drawn traces of
the mice swim patterns were scanned to a computer and the
density of pixels in each of the four quadrants of the maze was
measured digitally (Adobe Photoshop).

After the probe trial the platform was placed in a new loca-
tion and the mice were trained for two trials. The latency of
finding the platform in the new location on the second trial
was considered as a measure of working memory.

Immunohistochemistry

After behavioral testing, the mice were anesthetized with ke-
tamine (100 mg/Kg) and fixed by intracardiac perfusion with 4%
paraformaldehyde. Floating 16 pm (cryotome) sections were cut
at the level of the dorsal hippocampus, and were immunostained
with specific antibodies raised against DCX (Santa Cruz Bio-
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technology, Inc., Santa Cruz, CA) or the neuronal marker NeuN
(Chemicon, Temecula, CA). Immunohistochemistry was per-
formed on sections of wt and SOD mice in parallel. The staining
was revealed by an avidin-biotin peroxidase complex (Vectastain
Elite ABC kit, Vector Laboratories, Burlingame, CA) reacting
with diaminobenzidine/H,0, and observed by light microscopy.
For monoclonal antibodies, the protocol provided by the M.O.M
kit detection (Vector Laboratories, CA) was followed.

Quantification of DCX positive cells

Four coronal sections from the dorsal hippocampus of
each of 4 young (total of 16 sections) and 6 old mice (total of
24 sections) of both SOD and wt genotypes were immuno-
stained for DCX. The DCX positive cells found at the granu-
lar layer of the DG on both hemispheres were counted.

Statistical analysis

Two-way analysis of variance (ANOVA) followed by
Scheffe’ post hoc multiple comparison tests were used as in-
dicated. For comparisons between two groups, an indepen-
dent #-test was used. Finally, to characterize the relations be-
tween different measures, a Pearson’s correlation coefficient
was calculated.

All tests were two-tailed. The results are presented as
means = S.E.M.

RESULTS

Aged SOD mice exhibit better spatial memory than
aged wt.

Open field behavior. First we examined the motor
ability of the mice in an open field (Table 2) to determine
whether there were significant motor deficiencies that might
affect the performance in the water maze task. Analysis of total
line crossings showed no effect for age [F(1,37)<1] but it did
reveal a genotype specific difference [F(1,37) = 13.43, p <
0.001] with the SOD mice exhibiting a higher degree of loco-
motor activity as was shown previously for these mice (17).
There was no significant interaction between the factors of age
and genotype [F(1,37) =1.878, p > 0.179)].

Spatial learning in a water maze. Next we tested
the mice performance in a water maze (33). The young mice

TABLE 2. OPEN FIELD BEHAVIOR IN MICE
Mouse Line crossings Center crossings
Young wt 50+34 5+£2
Young SOD 105 £25 10£2
Old wt 56 +41 5+£2
Old SOD 82 +33 5+2

A summary of the average number of times the mice crossed
linesina 1 m X 1 m arena divided into 16 squares 25 cm X 25
cm during a 5-min trial. Also shown are the number of times
the mice crossed the center squares.
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showed a marked improvement between trials on day 1, two
way ANOVA with genotype as a between-subjects factor and
trial as a within-subjects factor revealed a significant main
effect of trial [F(4,24) = 10.81, p < 0.0001] indicating that
both groups acquired the task. In fact, contrary to our previ-
ous findings, the SOD mice did not acquire the task signifi-
cantly slower than the wt as seen by the lack of interaction be-
tween genotype and trial F(4,24) = 1.124, p > 0.369]. We did
not find a significant difference between the two genotypes
[F(1,27) <1].

On day 2 the rate of improvement was slower but still sig-
nificant [F(4,24) = 3.099, p < 0.034]. There was no signifi-
cant difference in performance between the groups [F(1,27) =
1.547, p > 0.224], and the interaction between trial and geno-
type was also insignificant [F(4,24) <1].

The performance on day 3 showed similar tendency {effect
of trial [F(4,24) = 4.841, p < 0.005], genotype [F(1,27) =
1.29, p > 0.266], interaction [F(4,24) = 1.725, p > 0.177]}.

The first trial on the fourth day of training shows a simi-
lar degree of learning for both genotypes [t(24) = 1.972,
p>0.06].

To examine the consolidation of learning, we analyzed the
performance on the first trial of each day, across all 4 days.
There was clear improvement over days [F(3,25) = 87.037, p
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< 0.0001]. However, there was no significant effect for geno-
type [F(1,25) = 1.561, p > 0.222] nor for the interaction be-
tween them [F(3,25) = 1.614, p > 0.211]. This indicates that
the young SOD and their counterpart wt controls showed sim-
ilar rate of consolidation of the spatial task.

In the old mice group, the SOD mice acquired the task
faster and reached a significantly lower score than the wt.
Two way ANOVA of the latencies to reach the platform on the
first day revealed no significant effect for trial [F(3,8) =2.08,
p > 0.181], genotype [F(1,10) < 1], or the interaction between
them [F(3,8) < 1].

On the second day there was an improvement across trials
[F(3,8) = 4.786, p < 0.034], with a clear difference between
SOD and wt [F(1,10) = 6.247, p < 0.031], but with insignifi-
cant interaction [F(3,8) = 1.022, p > 0.433].

On day 3 the improvement across trials was smaller and not
significant [F(3,8) < 1], as well as the difference between
genotypes [F(1,10) =3.85, p > 0.078], and the interaction be-
tween the two factors [F(3,8) = 1.64, p > 0.256]. However,
the first trial of the fourth day showed a marginally signifi-
cant improvement of the SOD mice compared with the wt
[t(6) =2.387, p < 0.051]. Analysis of performance on the first
trial over the four days of training showed a significant im-
provement over days [F(3,8) = 6.457, p < 0.016], with no

Working memory -Young

40
304
20 -

10

Time(sec)

wt SOD
;0. Probe test -Young
60:
@ 50 B vt
£ o [_1soD
32 30
20:
NN R
o | N . ; ;
1 2 3 4

Quadrant

Working memory -Old
40
30+
20 % %
10 -
0 i T
wt SOD
0. Probe test -Old
60 *
501 I wt
40- [ 1soD
30
20
0 "
1 2 3 4
Quadrant

FIG. 2. Working memory and retention in water maze.

The top panels show the latency to find the hidden platform on the sec-

ond of two trials in which the platform was placed in a new location. This test measures working memory (/eft, young mice, right, old
mice.) The bottom panels show the percent of time spent in each quadrant of the maze in a probe test conducted in the absence of the
platform. This test measures the degree of memory retention of the former position of the platform (leff, young mice, right, old mice).


http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2007.9.181&iName=master.img-001.jpg&w=386&h=325

186

genotype effect [F(1,10) = 1.502, p > 0.248], and no signifi-
cant interaction [F(3,8) = 1.425, p > 0.306] (Fig. 1).

We did not compare the old and the young groups because
different training paradigms were used to prevent exhaustion
of the old mice.

Aged SOD mice exhibit better working
memory and retention than aged wt

Following the second trial of the 4th day of training, the
platform was removed and the time spent by the mice in each
of the quadrants of the maze was measured. The young mice
spent more time in the quadrant in which the platform was
previously located, demonstrating memory retention of the
platform location [F(3,56) = 67.533, p < 0.0001] (Scheffe’
post hoc test for quadrant 1 compared with all other quad-
rants, p < 0.00001). The young wt and SOD mice did not dif-
fer significantly in the percent of time spent in that quadrant.

The old mice also spent more time in the quadrant that had
formerly contained the platform [F(3,32) = 25.189, p <
0.0001]. Old wt mice spent only 36.4 + 7.5% of the time in
the correct quadrant whereas old SOD mice spent 55.9 +
2.02%. The interaction between quadrant and genotype was
significant [F(3,32) = 4.936, p < 0.006] and the difference in
time spent in the correct quadrant was close to significance
[t(4)=2.498, p <0.059], demonstrating better memory of the
learned task by the old SOD mice (Fig. 2). Interestingly, a
similar phenomena was recently found in aged mice overex-
pressing extracellular SOD (19).

After completion of the probe test, the mice were tested in
two trials for a new location of the platform. The latency to
find the platform on the second of these trials was considered
a measure of the working memory. In both age groups, there
were no significant differences between the SOD and the wt
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FIG. 3. Neurogenesis in DG granular layer.
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mice. However, there was a clear tendency for the SOD mice
to be faster than the wt in finding the platform on the second
trial (Fig. 2).

The rate of neurogenesis is dramatically
reduced in aged individuals

In many recent studies (16, 22, 45), neurogeneis in the
adult brain has been measured by detecting the incorporation
of a thymidine analog 5'-bromo-2’-deoxyuridine (BrdU) to
dividing cells with consequent counter detection of neuronal
markers. It has been shown recently (6, 37) that Doublecortin
(DCX), a microtubule-associated phosphoprotein required
for neuronal migration and differentiation specifically labels
newly generated neurons in the DG (for a recent thorough
study using BrdU and DCX on aging rodents, see Ref. 31).
This labeling, unlike BrdU labeling is neuron specific, it is
time specific insofar as it labels neurons in the first three
weeks of differentiation, it labels neuronal processes that en-
ables visualization of dendritic structures, and it does not re-
quire additional labeling of the neurons with a neuronal
marker.

We stained hippocampal slices taken from young and old
wt and SOD mice with anti DCX antibodies. Figure 3 shows
the extensive specific labeling of new neurons found in both
wt and SOD young adult dorsal hippocampus (Figs. 3A and
3B). By comparison, old mice of both genotypes expressed
an extremely low number of DCX-labeled neurons (Figs. 3C
and 3D). Four sections from dorsal hippocampus (per mouse)
of 4 young mice of either genotype and 6 old mice from ei-
ther genotype were stained for DCX and the labeled cells
bearing neuronal morphology were counted in each section in
both hemispheres. Cells counted were those for which a dis-
tinct cell body was visible in stratum granulosum with ex-
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Coronal sections (16 um) from young and old wt and SOD transgenic mice were

immunostained using antibodies raised against doublecortin (DCX). The stained neurons are new neurons that are within the first
3 weeks of differentiation. (A) young wt, (B) young SOD, (C) old wt, (D) old SOD. Bar = 500 um. The quantified results from
four sections of 4 young and 6 old mice of wt and SOD genotypes are shown in (E). The graph shows the average number of DCX

labeled cells in one unilateral section of the hippocampus.
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tending neurites. Cells of similar size and morphology were
evident across genotypes and ages. The average number of
DCX positive cells in a hemisection was 70 £ 6, 68.5 =4, 5.5
+ 0.5, and 7.5 £ 1 cells for young wt, young SOD, old wt and
old SOD, respectively (Fig. 3E). Two-way generalized linear
model (GLM) revealed significant main effect of age
[F(1,16) = 63.277, p < 0.0001] on neurogenesis. A consider-
able decrease of over 90% in the rate of neurogenesis is evi-
dent when comparing old sections of either genotype with the
young ones. Both the effects of genotype [F(1,16) < 1] and
the interaction between genotype and age [F(1,16) < 1] were
not significant.

The total number of cells in the DG is
not affected by the rate of neurogenesis

A 90% reduction in the rate of DG neurogenesis may af-
fect the overall number of DG cells. We therefore attempted
to determine whether a decrease in the overall cell number of
proportional magnitude accompanied the decrease in neuro-
genesis. To estimate the number of neuronal cells in the DG,
we stained adjacent sections to those stained for DCX with an
antibody specific for the neuronal marker NeuN. We found
no significant differences in the width of the granular layer of
the DG (Fig. 4), there were no apparent differences in the
density or size of DG granular layer cells across age groups
and genotypes. This demonstrates that the dramatic differ-
ence seen in the rate of neurogenesis between old and young

FIG. 4. Neuronal density in the
DG. Coronal sections (16 pm)
from young and old wt and SOD
transgenic mice were immuno-
stained using antibodies to the
neuronal marker NeuN. No gross
morphological alterations are
seen as a consequence of age or
genotype. (A) young wt, (B)
young SOD, (C) old wt, (D) old
SOD. Bar, 100 um.
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mice does not result in an overall reduction in the number of
DG granular neurons.

Neurogenesis in aged mice does not
correlate with spatial memory performance

We have demonstrated a marked reduction in neurogenesis
in 2-year-old mice compared to young adults with a slightly
higher level of neurogenesis measured for SOD mice as com-
pared to wt. We have also demonstrated that old SOD mice
were better than wt in their performance of spatial memory
tasks. These findings may suggest that the improved behavior
of the SOD mice is due to the slightly higher level of neuro-
genesis. We therefore attempted to correlate the average num-
ber of new cells in the hippocampal sections with the time
spent in the correct quadrant on the probe trial—a quantita-
tive measure of the spatial learning (Fig. 5). Interestingly, we
found no significant correlation between the number of new
neurons and the performance in the spatial learning task
(Pearson correlation = 0.100955, p > 0.781). Although the
average rate of neurogenesis was greater for the old SOD
mice, the variability in this group was also larger (standard
deviation wt = 2.3, SOD = 6.3). Consequently, both groups
include mice with similar learning ability and very different
neurogenesis rates, and this was more evident in the SOD
group. This lack of correlation indicates that the better spatial
performance exhibited by the SOD mice cannot be ascribed
to a higher level of neurogenesis.



http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2007.9.181&iName=master.img-003.jpg&w=335&h=319

188

60- &)
- ) QO o
O s ol
- -m 8
. 40 - y2=0_3281x +43.732
E R*=0.0102
] 304 .
X 20 mwt
10 [ ] O SOD
3 6 9 12 15
Average new cells

FIG. 5. Correlation between memory and neurogenesis in
old mice. On the graph is plotted the rate of neurogenesis for
each mouse as measured by the average number of cells
counted in DCX stained sections as a function of performance
in the water maze as measured by the percent of time spent in
the “correct” quadrant of the water maze in the absence of the
platform.

DISCUSSION

In the present study, we used young SOD overexpressing
mice that have shown impairment in hippocampal LTP (17,
27) as well as aged wt mice that are also impaired in LTP. We
have shown recently (21) that slices from old SOD mice ex-
pressed LTP that was higher than that shown for old wt slices
and was similar to that shown for slices from young wt mice.
We hypothesized that the ability of SOD slices to express LTP
derived from the combined effect of age-dependent mito-
chondrial breakdown with the transgenically driven overpro-
duction of H,0,. This combined effect allowed for transient
H,0, fluxes necessary for hippocampal synaptic plasticity.
This possible mechanism may also underlie the ability of old
SOD mice to learn the water maze task in the current study.

We show here that SOD and wt mice have a similar rate of
neurogenesis in both old and young subjects. As shown previ-
ously by others (5), we find a dramatic 90% reduction in the
rate of neurogenesis in 2-year-old wt and SOD mice. This re-
duction in the rate of neurogenesis is not accompanied by a
reduction in the overall amount of granular neurons in the DG
as seen in NeuN stained sections. The old SOD mice exhib-
ited superior spatial learning performance in the water maze
compared to wt controls. The performance in the water maze
did not correlate with the rate of neurogenesis measured in
the brains of these subjects, indicating that neurogenesis is
probably not a crucial factor in hippocampus dependent tasks
in the old animal.

The functional significance of adult neurogenesis is the
subject of numerous current studies (12). The recent finding
that aging is associated with a drastic reduction in the rate of
neurogenesis is especially intriguing in light of the high rate
of neurogenesis found in young adults (8), predicting a func-
tion for the new neurons. Indeed, at least two studies were
conducted looking into functional consequences of the de-
cline in the rate of neurogenesis, with opposite results (13,
32). Some studies have shown that neurogenesis rate does not
correlate with success in learning the water maze (30, 42).
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Still others reported that such a correlation does exist (3, 13,
23, 29, 34, 38, 43, 46). Our finding supports the view that
adult neurogenesis is an interesting phenomena that is proba-
bly not necessary for execution of spatial memory functions
in the hippocampus. We do, however, suggest a critical role
for the management of ROS as a factor in age-dependent cog-
nitive decline.

ABBREVIATIONS

BrDU, bromo deoxyuridine; DCX, doublecortin; DG, hip-
pocampal dentate gyrus; LTP, long-term potentiation; ROS,
reactive oxygen species; SOD, superoxide dismutase.
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