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Abstract

Aims: Studies employing transgenic mice indicate that overexpression of superoxide dismutase 1 (SOD1) improves
memory during aging. It is unclear whether the improvement is due to a lifetime of overexpression, decreasing the
accumulation of oxidized molecules, or if increasing antioxidant enzymes in older animals could reduce oxidative
damage and improve cognitive function. We used adeno-associated virus to deliver antioxidant enzymes (SOD1,
SOD2, catalase [CAT], and SOD1+CAT) to the hippocampus of young (4 months) and aged (19 months) F344/BN
F1 male rats and examined memory-related behavioral performance 1 month and 4 months postinjection. Results:
Overexpression of antioxidant enzymes reduced oxidative damage; however, memory function was not related to
the level of oxidative damage. Increased expression of SOD1, initiated in advanced age, impaired learning. In-
creased expression of SOD1+CAT provided protection from impairments associated with overexpression of SOD1
alone and appears to guard against cognitive impairments in advanced age. Innovation: Viral vector gene delivery
provides a novel approach to test the hypothesis that increased expression of antioxidant enzymes, specifically in
hippocampal neurons, will provide protection from age-related cognitive decline. Further, expression of multiple
vectors permits more detailed investigation of mechanistic pathways. Conclusion: Oxidative stress is a likely
component of aging; however, it is unclear whether increased production of reactive oxygen species or the
accumulation of oxidative damage is the primary cause of functional decline. The results provide support for the
idea that altered redox-sensitive signaling rather than the accumulation of damage may be of greater significance
in the emergence of age-related learning and memory deficits. Antioxid. Redox Signal. 16, 339–350.

Introduction

The brain is highly sensitive to oxidative stress (22), and
the accumulation of damaged molecules may contribute to

age-related memory impairments (8, 14, 30, 37, 38). Antioxidant
molecules and enzymes balance the biological activity of reac-
tive oxygen species (ROS), superoxide (O2

-�), and hydrogen
peroxide (H2O2). Superoxide dismutase (SOD) catalyzes O2

-�

into H2O2 and catalase (CAT) or glutathione peroxidase (GPx)
converts H2O2 to water and oxygen. SODs are classified ac-
cording to their metal cofactors and cellular localization. The
Cu/Zn-SOD1 (SOD1) is distributed throughout the cytoplasm,
nucleus, and inner membrane space of mitochondria, Cu/Zn-
SOD3 (SOD3) is located in the extracellular space, and Mn-SOD
(SOD2) is restricted to the mitochondrial matrix (11, 18, 28).

SOD1 overexpression differentially influences brain function
over the course of aging (23). Enhanced long-term potentiation
(LTP) and spatial memory are observed in aged transgenic

SOD1 (tg-SOD1) mice (25, 27). In contrast, tg-SOD2 mice do not
exhibit altered synaptic plasticity or memory (23). It is unclear
whether increased SOD1 activity is required over the lifespan
to prevent the accumulation of oxidative damage; or whether
enhanced SOD1 activity, initiated in aged animals, might be
therapeutic. To test this hypothesis, we used adeno-associated
virus (AAV) to deliver antioxidant enzymes (SOD1, SOD2,
CAT, or SOD1 + CAT) to the hippocampus of young and aged
rats. The results demonstrate a dissociation of learning from
measures of oxidative stress and suggest that changes in redox-
sensitive signaling may mediate cognitive impairment.

Results

Efficiency-specificity of the viral vectors

Following behavioral testing, a subset of animals was killed
for examination of vector expression. Figure 1 illustrates the
pattern of AAV-mediated transfection. Strong expression was
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observed throughout the dorsal hippocampus, extending
> 3000 lm along the anterior–posterior axis and included all
major cell layers (Fig. 1A). Transduction was limited to the
hippocampus in confirmation of our previous work (17) and
mainly observed in neurons. Immunostaining for the myc tag
of SOD1-myc revealed transduction in neurons identified by

neuronal nuclei (NeuN) (Fig. 1B) or MAP2 (Fig. 1C) staining.
Myc immunofluorescence was not localized to astrocytes or
microglia, assessed by immunostaining for glial fibrillary
acidic protein (GFAP) (Fig. 1D) and Iba1 (Fig. 1E). Injections of
SOD1 + CAT resulted in colocalization within the soma and
dendrites of neurons (Fig. 1F). The SOD2 was observed in the
soma, but not in the nucleus and it colocalized with OxPhos
complex IV subunit I (COX) consistent with mitochondrial
localization (Fig. 1G).

Figure 2 shows the increase in enzyme expression and de-
crease in oxidative damage associated with viral vector
treatment. For quantification, band intensities were nor-
malized to glyceraldehyde 3-phosphate dehydrogenase
(GAPDH), and then normalized to the mean value for young
animals. Two SOD1 bands were observed for young and aged
SOD1-myc–injected rats (Fig. 2A). The band representing
endogenous SOD1 was observed at 19 kDa and a larger
band representing the myc-tagged human SOD1 was located
at 23 kDa. Densitometry indicated that rats injected with
SOD1-myc exhibited a fourfold increase in total SOD1
[F(1,16) = 45.59, p < 0.0001] (Fig. 2E). Measurement of the
19 kDa band indicated that SOD1-myc expression did not
modify the level of endogenous SOD1 (data not shown). An
increase in the relevant vector was observed for SOD2
[F(1,11) = 7.9, p < 0.05] (Fig. 2B, F) and CAT [F(1,8) = 7.14,
p < 0.05] (Fig. 2C, G). Finally, injection of SOD1 + CAT in-
creased the expression of SOD1 [F(1,10) = 14.54, p < 0.01] and
CAT [F(1,12) = 7.83, p < 0.05] (Fig. 2D, H). It should be noted
that the level of expression for SOD1 under this condition

FIG. 1. Neurons are the
primary cell type transduced
by the adeno-associated virus
vectors. (A) Panels show that
transduction of myc (green)
for superoxide dismutase 1
(SOD1)-myc extended at least
3000 lm through the hippo-
campus, was observed in all
three cell layers, and was
limited to the hippocampus.
The distance is calculated rel-
ative to bregma. (B) Merged
images showing colocaliza-
tion (yellow) of myc (green)
for SOD1-myc and neuronal
nuclei (red) in neuron cell
bodies, and (C) in dendrites
determined by MAP2 (red).
Myc did not colocalize with
(D) glial fibrillary acidic pro-
tein (red) or (E) Iba1 (red). (F)
Merged figure for the hippo-
campus of a rat injected with
SOD1 + CAT and immuno-
stained for myc (green) for
SOD1-myc and CAT (red) and
colocalization (yellow). (G)
Merged figure of a cell in the
CA1 pyramidal cell layer of a

rat injected with the SOD2 vector shows colocalization of SOD2 (green) with the OxPhos complex IV subunit I (COX) (red).
Note the expression is not observed in the nucleus (N) consistent with mitochondrial localization. Cell nuclei in (A), (D),
and (E) were stained with 4’-6-diamidino-2-phenylindole (blue). Calibration bars represent 500 lm (A), 100 lm (B–F), and
10 lm (G).

Innovation

The accumulation of oxidized molecules due to oxida-
tive stress is hypothesized to be a major contributor to age-
related cognitive decline, such that antioxidant treatments
may be protective against brain aging (36). Viral vector
gene delivery provides a novel approach to test the hy-
pothesis that increased expression of antioxidant enzymes,
specifically in hippocampal neurons, will provide protec-
tion from age-related cognitive decline. Overexpression of
antioxidant enzymes in young and aged rats reduced ox-
idative damage; however, the decrease in oxidative stress
was not associated with enhanced cognitive function. Su-
peroxide dismutase 1 (SOD1) overexpression impaired
learning in aged rats and increased the expression of glu-
tathione peroxidase. Overexpression of SOD1 + catalase
(CAT) rescued the learning impairment, indicating that the
impairment was likely due to excessive hydrogen peroxide
(H2O2). Moreover, SOD1 + CAT enhanced spatial learning
in aged rats implying the importance of H2O2 and redox
state in regulating cognitive function during aging.
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FIG. 2. Overexpression of antioxidant enzymes in the hippocampus reduces markers of oxidative stress. Western
blot analysis of hippocampal lysates from young and aged rats injected with viral vectors to express (A, E) SOD1-myc,
(B, F) SOD2, (C, G) CAT, or (D, H) SOD1 + CAT. For quantification, band intensities were normalized to the expression
of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and this value was normalized to the mean value of young
controls from the same blot. In each case, transduction resulted in an increase in the expression of the antioxidant
enzyme. For SOD1-myc (A, D), two bands were observed representing endogenous rat SOD1 (rSOD1) and the human
myc–tagged SOD1 (hSOD1). Lipid peroxidation (4-hydroxy-2-nonenal [HNE]) and S-glutathionylated proteins (gluta-
thione [GSH]) were decreased by enzyme overexpression. To determine whether overexpression of antioxidant enzymes
would influence expression of downstream antioxidant enzymes, immunostaining was performed for glutathione per-
oxidase 1 (GPx1), GPx4, and CAT. Overexpression of SOD1-myc in aged rats was associated with an increase in GPx1
(E). Each bar represents the normalized mean + SEM (n = 3–6). Asterisks indicate significant ( p < 0.05) differences deter-
mined by Fisher’s protected least significant difference (PLSD) post hoc test.
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was reduced relative to injection of SOD1-myc (i.e., two vs.
fourfold).

As shown in Figure 2, SOD1, SOD2, CAT, or SOD1 + CAT
overexpression was associated with reduced 4-hydroxy-2-
nonenal (HNE) staining. Quantification confirmed a decrease
in HNE-reactive protein for SOD1 [F(1,8) = 9.26, p < 0.05],
SOD2 [F(1,12) = 11.45, p < 0.01], CAT [F(1,8) = 18.53, p > 0.01],
and SOD1 + CAT [F(1,8) = 16.53, p < 0.01]. A decrease in pro-
tein S-glutathionylation was observed for rats overexpressing
SOD1 [F(1,12) = 15.17, p < 0.005], SOD2 [F(1,12) = 7.83,
p < 0.05], CAT [F(1,8) = 22.54, p < 0.01], and SOD1 + CAT
[F(1,8) = 7.3, p < 0.05]. Examination of SOD activity indicated
that SOD1-myc rats exhibited a twofold increase in SOD
activity compared with green fluorescence protein (GFP)–
injected rats ( p < 0.05; n = 4/group, data not shown).

SOD overexpression can increase the level of H2O2 and the
expression of downstream antioxidant enzymes (13, 19, 29,
33). Western blots indicate that GPx4 and CAT levels did not
differ among groups; however, there was a tendency for a
treatment effect for GPx1 [F(1,15) = 3.46, p = 0.08] and post hoc
comparisons indicated GPx1 expression significantly in-
creased in aged SOD1 rats (Fig. 2E).

Age-dependent influence of enzyme overexpression
on spatial learning

Spatial learning in the water maze was tested 1 month
following virus injections. Figure 3 shows the mean escape
latency and escape path length across the five training blocks
during cue discrimination training. All groups exhibited a
decrease in escape latency and path length during training,
and young animals exhibited superior latency and path length
relative to aged rats. An analysis of variance (ANOVA) on
latency indicated an effect of training [F(4,404) = 107.21,
p < 0.0001] and an age effect [F(1,404) = 34.71, p < 0.0001] in
the absence of a treatment effect (Fig. 3A, B). Similarly, an

ANOVA on path length indicated an effect of training
[F(4,404) = 71.23, p < 0.0001] and age [F(1,404) = 40.084,
p < 0.0001] in the absence of a treatment effect (Fig. 3C, D).

For spatial discrimination, an ANOVA on escape latency
indicated significant main effects of training [F(5,505) = 68.03,
p < 0.0001] and age [F(1,505) = 37.35, p < 0.0001], with a ten-
dency for a treatment effect [F(4,505) = 2.10, p = 0.08] (Fig. 4A,
B). Analysis of escape path length indicated effects of
training [F(5,505) = 81.19, p < 0.0001] and age [F(1,505) = 28.83,
p < 0.0001], with a tendency for a treatment effect [F(4,505) =
2.27, p = 0.06] (Fig. 4C, D). To localize treatment effects, the
data for the last two training blocks were averaged and an
ANOVA was run within each age group. No treatment effects
were found in young rats. A tendency [F(4,50) = 1.92, p = 0.12]
for a treatment effect on latency was observed for aged rats,
and post hoc analyses indicated that aged SOD1 + CAT rats
exhibited significantly less time to reach platform compared
with aged rats expressing SOD2 or SOD1 alone (Fig. 4E). The
results were confirmed for the distance (Fig. 4F). An ANOVA
on the mean for the last two blocks revealed tendency for a
treatment effect in aged rats [F(4,50) = 2.5, p = 0.05] and post hoc
analysis indicated that aged SOD1 + CAT rats had a shorter
path length compared with aged SOD2 or SOD1 rats.

A 60 s probe trial was delivered between training blocks 5
and 6. Analyses were performed on two consecutive 30 s
segments. An ANOVA on the percent time in the goal
quadrant during the first 30 s indicated that young rats spent
more time in the goal quadrant than aged rats [F(1,100) = 4.82,
p < 0.05] and there was a tendency for a treatment effect
[F(4,100) = 2.07, p = 0.08] (Fig. 5A, B). ANOVAs within each
age group revealed a treatment effect for aged animals
[F(4,50) = 3.07, p < 0.05] and post hoc comparisons indicated
that aged control rats spent more time in the goal quadrant
compared with aged rats with SOD1 or CAT overexpression.
Aged SOD1 + CAT rats spent significantly more time in the
goal quadrant relative to aged SOD1 rats. The percent time in

FIG. 3. Overexpression of antioxi-
dant enzymes did not affect cue dis-
crimination in water maze. All groups
learned to reach the visible platform,
as indicated by a significant overall
decrease in latency (A, B) and distance
(C, D) across blocks. Y = 5-month-old
and A = 20-month-old rats injected
with SOD1, SOD2, CAT, or SOD1 +
CAT. Age-matched controls (Cont)
included rats injected with GFP and
no-surgery controls. (To see this illus-
tration in color the reader is referred to
the Web version of this article at
www.liebertonline.com/ars).
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the goal quadrant was compared with that expected by
chance (i.e., 25%). For the first 30 s of the probe trial, all groups
except for aged SOD1 or CAT performed above chance. Ex-
amination of time spent searching the goal quadrant for the
last 30 s of the probe trial indicated a tendency for an age effect
[F(1,100) = 5.06, p = 0.08] in the absence of a treatment effect
(Fig. 5C, D). An examination of the percent time in the goal
quadrant indicated that all groups except aged controls and
aged SOD1 rats spent significantly greater time in the goal
quadrant relative to chance (Fig. 5C, D). The fact that aged
SOD1 rats did not spend a significant portion of their search
behavior in the goal quadrant for either segment of the probe
trial indicates that these animals did not acquire a spatial
search strategy.

The aged SOD1 impairment was confirmed by measuring
the latency to the first platform crossing (Fig. 5E, F). An
ANOVA indicated an age [F(1,100) = 10.95, p < 0.01] and
treatment [F(4,100) = 2.52, p < 0.05] effect. ANOVAs within
each age group indicated a tendency for a treatment effect in
aged animals [F(4,49) = 2.38, p = 0.06] and post hoc comparisons
indicated that aged SOD1 rats required a longer time to cross
the platform location compared with age-matched controls,
CAT, and SOD1 + CAT expressing groups. There was a ten-
dency ( p = 0.08) for a difference between SOD1 and SOD2
groups. An ANOVA on the total number of platform crossing

indicated an age difference [F(1,100) = 13.15, p < 0.001] (Fig.
5G, H), in the absence of a treatment effect. In sum, the results
indicate that SOD1 overexpression for 1 month was associ-
ated with impaired spatial learning in aged rats. The fact that
the SOD1 + CAT exhibited superior performance relative to
SOD1 group indicates that the impairment maybe rescued to
co-overexpressing CAT.

Overexpression of SOD1 + CAT for 4 months
improves spatial learning

Our results contrast with studies in tg-SOD1 mice, which
indicate that young tg-SOD1 mice exhibit impaired spatial
learning while aged tg-SOD1 mice show enhanced spatial
memory (20, 27). The difference may result from an interaction
of age and the duration of overexpression. To examine this
possibility, a subset of animals tested at 1 month was retested
at 4 months postinjection. The experimental groups included
young rats (8 months) injected with SOD1 (n = 6), SOD1 + CAT
(n = 10), GFP (n = 2), no-surgery controls (n = 4), and aged rats
(23 months) injected with SOD1 (n = 6), SOD1 + CAT (n = 10),
GFP (n = 2), or no-surgery controls (n = 4).

For examination of spatial learning 4 months after viral
vector injections, the platform location in the maze was
shifted to a new quadrant. An ANOVA on escape latency

FIG. 4. Overexpression of SOD1
impaired spatial learning in aged
rats. Behavioral measures for young
and aged rats during training on the
spatial version of the water escape
task. Mean latency (A, B) and mean
path length (C, D) to escape during
spatial discrimination training. No
treatment effects were found for
young rats. Examination of the mean
latency (E) and mean path length (F)
averaged across the last two training
blocks in aged animals indicated an
effect of treatment. The SOD1 + CAT
group performed better relative to the
SOD1 and SOD2 groups. Asterisk in-
dicates a significant ( p < 0.05) differ-
ence. (To see this illustration in color
the reader is referred to the Web version
of this article at www.liebertonline
.com/ars).
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across training blocks indicated main effects of training
[F(5,185) = 40.53, p < 0.0001] and age [F(1,185) = 5.19, p < 0.05],
with a tendency for a treatment effect [F(2,185) = 5.19,
p = 0.07] (Fig. 6A, B). Analysis of escape path length indi-
cated effects of training [F(5, 185) = 36.12, p < 0.0001] and age
[F(1,185) = 5.20, p < 0.05] (Fig. 6C, D). To localize treatment
effects, the data for the last two training blocks were aver-
aged and an ANOVA for treatment effects was run within
each age group. An ANOVA for young animals indicated a
tendency for a treatment effect [F(2,18) = 7.12, p = 0.14];
however, post hoc comparisons did not reach significance.
Although there was a trend for young SOD1 rats to exhibit
an increase in the escape latency relative to young control

rats ( p = 0.05). An ANOVA for aged animals indicated a
tendency for a treatment effect [F(2,19) = 3.24, p = 0.06] and
post hoc comparisons indicated that aged SOD1 + CAT rats
required less time to reach platform compared with aged
SOD1 rats (Fig. 6B). Analysis of the mean distance for the last
two training blocks also indicated a tendency for a treatment
effect in aged rats [F(2,19) = 2.67, p = 0.09] (Fig. 6C, D) and
post hoc comparisons confirmed that aged SOD1 + CAT rats
had a shorter path length to escape compared with aged
SOD1 rats (Fig. 6D).

Examination of the first 30 s of the probe trial delivered
between blocks 5 and 6 indicated a tendency for young rats to
spend more time in the goal quadrant relative to aged rats

FIG. 5. Overexpression of SOD1
impaired acquisition of a spatial
search strategy in aged rats. A single
probe trial was given between block 5
and block 6 of spatial training. Percent
time spent searching the goal quadrant
during the first 30 s for (A) young and
(B) aged rats. The search behavior of
aged rats with overexpression of SOD1
or CAT was not different from chance
levels (25% dashed line). Aged SOD1
rats spent significantly less time com-
pared with aged control and aged rats
with overexpression of SOD1 + CAT.
Aged rats with overexpression of CAT
spent significantly less time than aged
control rats. Examination of the per-
cent of time spent in goal quadrant
during the second 30 s of probe trial
for (C) young and (D) aged rats indi-
cated that aged rats with over-
expression of SOD1 continued to
perform at chance levels. Examination
of the latency for first platform cross-
ing for (E) young and (F) aged rats
indicated a treatment effect for aged
animals due to an extended latency for
the SOD1 group. Age differences were
observed for total number of platform
crossings between (G) young and (H)
aged rats. Asterisk indicates group
difference ( p < 0.05). Pound sign (#)
indicates a significant ( p < 0.05) differ-
ence from chance. (To see this illus-
tration in color the reader is referred to
the Web version of this article at
www.liebertonline.com/ars).
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[F(1,37) = 3.33, p = 0.07] in the absence of a treatment effect
(Fig. 7A, B). The percent time searching the goal quadrant was
significantly above chance for all groups, indicating that all
groups had acquired a spatial search strategy. A tendency for
a treatment effect [F(2, 37) = 2.47, p = 0.09] in the absence of an
age difference was observed for the second half-minute of the
probe trial (Fig. 7C, D). Again, all groups spent a significantly
longer time in the goal quadrant than expected by chance (Fig.
7C, D). An ANOVA on the latency to the first platform
crossing indicated a significant age effect [F(1,37) = 12.73,
p < 0.01], and a tendency for a treatment effect [F(2,37) = 2.24,
p = 0.1]. An ANOVA within each age group indicated a ten-
dency for a treatment effect only in the aged group
[F(2,19) = 3.29, p = 0.05]. Post hoc comparison indicated that
aged SOD1 + CAT rats required less time for the first platform
crossing compared with aged SOD1 rats and there was a
tendency ( p = 0.08) for SOD1 + CAT rats to cross quicker than
aged controls (Fig. 7E, F). Finally, an ANOVA on total plat-
form crossing indicated an age effect [F(1,37) = 12.67, p < 0.005]
and a tendency for a treatment effect [F(2,37) = 2.54, p = 0.09].
An ANOVA within each age group indicated a tendency for a
treatment effect in aged rats [F(2,19) = 3.45, p = 0.05] and post
hoc comparisons indicated that aged SOD1 + CAT rats
exhibited significantly more platform crossings than aged
controls (Fig. 7G, H). In fact, aged SOD1 + CAT rats exhibited
performance similar to young animals.

Figure 8 shows Western blot data on enzyme expression
and lipid peroxidation in the hippocampus for animals that
overexpressed viral vectors for *5 months. As shown in
Figure 8A, the two SOD1 bands (19 and 23 kDa) were ob-
served for SOD1-myc–injected rats. Densitometry confirmed
that rats injected with SOD1-myc exhibited approximately
threefold increase in total SOD1 [F(1,12) = 133.08, p < 0.0001)
(Fig. 8A, C). Again, the 19 kDa band was not influenced by
SOD1-myc expression (data not shown). Injection of SOD1 +
CAT increased the expression of SOD1 [F(1,12) = 31.31,
p < 0.001] and CAT [F(1,8) = 10.40, p < 0.05] (Fig. 8B, D). Similar
to 2-month overexpression, the level of expression for SOD1

under this condition was reduced relative to injection of
SOD1-myc alone (i.e., 2 vs. 2.5-fold).

A decrease in HNE-reactive protein was observed for rats
that overexpress SOD1 [F(1,12) = 24.23, p < 0.001] or SOD1 +
CAT [F(1,12) = 7.63, p < 0.05] (Fig. 8). For SOD1 rats, there was
an age effect on CAT expression [F(1,12) = 6.58, p < 0.05] in the
absence of a treatment effect. Post hoc tests within each treat-
ment group indicated an age-related decrease in expression in
animals overexpressing SOD1 (Fig. 8C). Examination of GPx1
indicated no effect of age or treatment for SOD1 animals and
SOD1 + CAT animals exhibited an effect of age [F(1,16) = 15.00,
p < 0.005] and treatment [F(1,16) = 4.27, p < 0.05]. Post hoc ana-
lyses indicated that GPx1 expression was reduced in aged rats
that overexpressed SOD1 + CAT [F(1,8) = 7.9, p < 0.05] com-
pared with aged controls (Fig. 8B, D). Levels of protein car-
bonyls were measured; however, the results did not reveal any
information concerning the effect of SOD1 overexpression,
possibly due to the lack of specificity of carbonyl measures (1)
or the fact that H2O2 is a poor mediator of stable oxidative
damage for protein carbonyls (43). Further, previous research
indicates that lipid peroxidation may be more sensitive since
SOD overexpression in mice markedly reduces lipid perox-
idation in the absence of a significant effect on protein car-
bonyls (24). Consistent with the lipid peroxidation results,
overexpression of SOD1 resulted in a decrease in Oxo8dG
[F(1,21) = 16.58, p < 0.0005] in the absence of an age difference
(Fig 9), confirming that SOD1 overexpression decreased oxi-
dative damage.

Discussion

While it is clear that oxidative stress is a likely component
of aging, it is unclear whether increased production of ROS or
the accumulation of oxidative damage is the primary cause of
functional decline. Consistent with previous work in tg-mice,
overexpression of SOD1, SOD2, and CAT reduced markers of
oxidative stress (41). However, decreased oxidative damage
was not associated with improved cognitive function.

FIG. 6. Long-term over-
expression of SOD11CAT im-
proved learning in spatial trials
in aged rats. Behavioral mea-
sures for young and aged rats
during training on the spatial
version of the water escape
task 4 months after viral injec-
tions. Mean latency (A, B) and
mean path length (C, D) to es-
cape during spatial discrimi-
nation training. The bar graphs
represent the mean latency
averaged across the last two
training blocks. For aged ani-
mals, better performance was
observed for the SOD1 + CAT
group relative to the SOD1
group. Asterisk indicates a
significant ( p < 0.05) difference.
(To see this illustration in color
the reader is referred to the
Web version of this article at
www.liebertonline.com/ars).
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Moreover, SOD1 overexpression impaired spatial learning in
aged rats. The impairment was specific to SOD1 and spatial
learning in aged animals. The results indicate that accumu-
lation of oxidative damage is not the only mechanism for
cognitive decline. Other processes influenced by oxidative

stress may be more relevant to age-related cognitive decline,
including mitochondrial function, redox signaling, and in-
flammation.

SOD1 can be toxic to motor neurons (7). However, in the
current study, the deficit was limited to aged SOD1 animals,
indicating that it was not simply due to SOD1 overexpression.
Further, one would expect that toxicity should increase over
time. On the contrary, we observed that the spatial learning
deficit decreased following 4 months of SOD1 overexpression
in our oldest rats. Although there was a tendency for the
emergence of impairment as young SOD1 rats approached
middle age (Fig. 6). SOD1 catalyzes O2

- � into H2O2 and the
levels of O2

- � and H2O2 in brains of Tg-SOD1 mice are de-
creased and increased, respectively (35), and tg-SOD1 over-
expressing mice exhibit age-dependent effects on cognition
and hippocampal synaptic plasticity that are thought to result
from elevation of ambient H2O2 levels (26). Thus, the speci-
ficity may be due to ambient H2O2 levels. One indication that
H2O2 was increased in the current study is that aged SOD1
animals exhibited increased GPx1 expression (Fig. 2A). In
other tissues, H2O2 can provoke an increase in GPx activity
(39, 42, 45). Finally, aged SOD1 + CAT rats did not exhibit
cognitive impairments, suggesting improved cognition re-
sulted from better homeostatic regulation of redox signaling
due to CAT processing of excess H2O2.

How can SOD1 overexpression reduce oxidative damage if
H2O2 levels increase? H2O2 is a relatively mild oxidizing
agent. Irreversible oxidative damage results from O2

- �; SOD1
removes O2

- � and overexpression of SOD1 reduces the level
of O2

- � in the brain (35). If free iron is available, H2O2 can
produce hydroxyl radicals (OH.) through Fenton-type reac-
tions. However, a large body of evidence indicates that H2O2

per se may not induce irreversible oxidative damage (10, 31,
32, 43). In contrast, H2O2 can readily and reversibly influence
redox-sensitive signaling cascades. Age-related changes in
redox state disrupt calcium homeostasis, increasing the re-
lease of calcium from internal stores, decreasing CaMKII ac-
tivity, and impairing LTP (5, 6, 15). H2O2 application to
hippocampal slices mimics age-related changes, promoting
calcium release from internal stores (21), decreasing synaptic
CaMKII activity (44), and impairing LTP (3, 26, 40). The LTP
impairment in tg-SOD1 mice is attenuated by CAT, suggest-
ing the involvement of elevated H2O2 (20). Together the

FIG. 7. Overexpression of SOD11CAT for 4 months im-
proves spatial learning in probe test. A single probe trial
was given between block 5 and block 6 of spatial training.
Mean percent of time spent searching the goal quadrant
during the first 30 s for (A) young and (B) aged rats. Mean
percent of time spent in goal quadrant during the second 30 s
of probe trial for (C) young and (D) aged rats. Examination
of the latency for first platform crossing for (E) young and (F)
aged rats indicated a treatment effect for aged animals due to
a superior performance by the SOD1 + CAT group compared
with the SOD1 group. Examination of the total number of
platform crossings for (G) young and (H) aged rats indicated
that aged SOD1 + CAT rats exhibited significantly more
platform crossings compared to aged control. Asterisk indi-
cates group difference ( p < 0.05). Pound sign (#) indicates a
significant ( p < 0.05) difference from chance. (To see this il-
lustration in color the reader is referred to the Web version of
this article at www.liebertonline.com/ars).
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results suggest that SOD1 overexpression could impair
learning through increased H2O2 acting on redox signaling
pathways involved in memory formation.

Adaptation to altered redox state

The effect of SOD overexpression on memory changes with
age (23). SOD1 overexpression impaired or had no effect on
learning in young mice and enhanced spatial memory in older
mice (25, 27). The authors suggest that aged mice adapt to
elevated H2O2. Transcription of genes regulating redox ho-
meostasis increases during middle age (2, 4, 47). Thus, the
increase in GPx1 expression in aged SOD1 mice may represent
an adaptive response. Other adaptive changes may underlie
the improvement in behavior following 4 months of SOD1
overexpression. Finally, aged SOD1 + CAT rats exhibited su-
perior water maze performance, indicating that treatment to
reduce O2

- � and H2O2 may be more beneficial than simply
enhancing SOD1. Indeed, administration of a SOD/CAT
mimetic improved memory in aging mice (34). Future studies
should employ redox proteomics to identify specific changes
related to cognitive decline.

In summary, memory function was not related to the level
of oxidative damage. Increased SOD1 expression impaired
learning in older rats. In contrast, increased expression of
SOD1 + CAT provided protection from age-related cognitive
impairments. The results extend a growing body of evidence
indicating the importance of H2O2 and the redox signaling for
regulating cognitive function during aging.

Materials and Methods

Animals

All treatments were approved by the Institutional Animal
Care and Use Committee and were in accordance with
guidelines established by the United States Public Health
Service Policy on Human Care and Use of Laboratory An-
imals. Young tg-SOD1 mice exhibit impaired spatial learn-
ing (20); therefore, young rats were included to examine age
effects and specificity of gene overexpression. AAV was
injected into the hippocampus of young (4 months) and
aged (19 months) male Fischer 344/Brown Norway F1 rats

FIG. 9. DNA oxidative damage is reduced by over-
expression of SOD1. The level of 8-oxo-7,8-dihydro-2-
deoxyguanosine (8-oxodGuo) was measured and normalized
by young controls (Y-Cont). Bars represent the mean and
SEM. Asterisk indicates significant (p < 0.05) differences in
treatment.

FIG. 8. Antioxidant enzymes and oxidative stress markers
in hippocampus with 5-month SOD1 and SOD11CAT
overexpression. Western blot analysis of hippocampal ly-
sates from young and aged rats injected with viral vectors to
express (A) SOD1 and (B) SOD1 + CAT. For SOD1 (A, C),
two bands were observed representing endogenous rat
SOD1 (rSOD1) and the human myc–tagged SOD1 (hSOD1).
CAT level did not change in SOD1 rats but increased in
SOD1 + CAT rats. Lipid peroxidation measured with anti-
HNE antibody was decreased by SOD1 and SOD1 + CAT
overexpression. The expression of SOD1 did not change the
level of GPx1 but the expression of SOD1 + CAT in aged rats
was associated with a decrease in GPx1 (D). GAPDH was
used as a loading control. Asterisk indicates a significant
( p < 0.05) difference in treatment. x indicates a significant
( p < 0.05) difference in age.
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(Harlan Laboratories) to express SOD1 (young: n = 14; aged:
n = 13), SOD2 (young: n = 9; aged: n = 9), CAT (young: n = 10;
aged: n = 9), mix of SOD1 + CAT (young: n = 11; aged: n = 12),
or GFP (young: n = 8; aged: n = 8). We also include young
(n = 4) and aged (n = 4) no-surgery controls. No behavioral
difference was observed between GFP and no-surgery
controls; therefore, these animals were combined for be-
havioral analysis.

AAV viral vectors

Virus particles were produced and quantified by dot blot
analysis, through the Powell Gene Therapy Center at the Uni-
versity of Florida (Gainesville, FL). Genes were cloned into
pseudotyped AAV5 capsid, self-complementary AAV vectors,
containing a cytomegalovirus (CMV)/chicken b-actin promoter
with a CMV-immediate early (CMV-IE) enhancer. Genes in-
cluded GFP, human SOD1 with a c-terminal myc tag (myc). The
SOD2 and CAT vectors were gifts from Dr. Nicolas Muzyczka.

Rats were anesthetized with ketamine/xylazine (90/10 mg/
kg) and virus was stereotactically injected at two sites bilaterally
in the hippocampus using glass pipettes. Each injection consisted
of 2ll of GFP (dot blot titer: 1.02 · 1013 vg/ml), SOD1 (dot blot
titer: 1.14 · 1013 vg/ml), SOD2 (dot blot titer: 6.99 · 1012 vg/ml),
CAT (dot blot titer: 2.53 · 1013 vg/ml), or 3ll 2:1 mix of SOD1
and CAT.

Behavior testing

Methods for water maze testing have been published pre-
viously (16). Rats were first trained to find a visible platform
using 15 trials separated to five blocks. Rats that did not reach
the platform within 60 s on all trials during the fifth block were
removed from the experiment. Standard water maze testing
across several days is insensitive to cognitive decline across this
age span in Fischer 344/Brown Norway F1 rats (46). Therefore,
the task difficulty was increased by employing a single-day
massed training protocol, which is sensitive to age (9). Spatial
discrimination testing occurred 3 days later and consisted of 18
trials separated into six blocks. A free swim probe trial was
inserted between blocks 5 and 6. For the probe trial, the number
of platform crossings was counted and the time spent in both
goal and opposite quadrants was recorded.

Western immunoblotting

The hippocampi were frozen in liquid nitrogen, and
stored at - 80�C. Tissue was prepared in RIPA buffer
supplemented with protease inhibitor, phosphatase inhib-
itor, and EDTA (Thermo Scientific). The lysates were as-
sayed for protein content using BCA kit (Pierce) and then
separated on polyacrylamide gels (Bio-Rad Laboratories)
and transferred to PVDF membranes (GE Healthcare) for
Western blotting. Primary antibodies (SOD1, 1:5000; SOD2,
1:6000; HNE, 1:100; CAT, 1:1000; GPx1, 1:600; GPx4, 1:1000
[Abcam, Inc.]; GAPDH, 1:6000 [EnCor Biotechnology, Inc.];
glutathione, 1:1000 [Arbor Assays]) were diluted in
blocking buffer (5% milk in tris-buffered saline Tween-20)
and applied to the membrane overnight at 4�C. Mem-
branes were then incubated with horseradish peroxidase–
conjugated secondary antibodies directed against the
primary antibody (Cell Signaling Technology, Inc.). Mem-
branes were reacted with and enhanced chemiluminescent

substrate (Pierce Biotechnology). A medical film processor
(SRX-101A; Konica Minolta Medical Imaging U.S.A., Inc.)
was used to image the film.

Immunohistochemistry

Brains were postfixed in 4% paraformaldehyde followed
by 30% sucrose in PBS (4�C). Sections (10–20 lm) were incu-
bated with primary antibodies (SOD1, 1:1000; MAP2,
1:10,000; CAT, 5 lg/ml; SOD2, 1:500 [Abcam, Inc.]; myc-
tag, 1:2000 [Cell Signaling Technology]; NeuN, 1:1000
[Chemicon/Millipore]; Iba1, 1–2 lg/ml [Wako]; GFAP, 1:500
[DakoCytomation]; anti-COX, 1:300 [Invitrogen]) overnight
at 4�C. The brain sections were then washed and incubated in
corresponding Alexa 488 or 594 secondary antibodies (Mo-
lecular Probes) for 1 h at room temperature. Sections were
washed and counterstained with 4’-6-diamidino-2-pheny-
lindole solution (0.1 lg/ml in PBS) before mounting. Expres-
sion was confirmed using fluorescent microscopy (Zeiss
Axioplan 2 upright fluorescent microscope, equipped with a
QImaging Retiga 4000R Camera with RGB-HM-5 Color Filter
and QImaging QCapture Pro 6.0 software; QImaging Surrey).

SOD activity was measured using the HT SOD assay
kit (Trevigen, Inc.) and protein carbonyls were measured
using a commercial ELISA (Zentech PC Test, Protein Carbo-
nyl Enzyme Immuno-Assay Kit; Biocell Corp.) according
to the manufacturer’s instructions. 8-oxo-7,8-dihydro-2-
deoxyguanosine (8-oxodGuo) levels were determined ac-
cording to our previously published methods (12).

Statistical analysis

ANOVAs were used to establish main effects and interac-
tions. Follow-up ANOVAs and/or Fisher’s protected least
significant difference post hoc comparisons with p < 0.05 were
employed to determine specific differences. Student’s t-tests
were used to determine whether quadrant search behavior
was different than that expected by chance.
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