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Abstract

Accumulation of beta-amyloid (Ab) in the brain has been implicated as a major contributor to
the cellular pathology and cognitive impairment observed in Alzheimer’s disease. Beta-
amyloid may exert its toxic effects by increasing reactive oxygen species and
neuroinflammation in the brain. This study set out to investigate whether a genetically
engineered derivative of the peroxisomal antioxidant enzyme catalase (CAT–SKL), is able to
reduce the toxicity induced by intracerebroventricular injection of Ab25–35 in the mature rat
brain. Histopathological and immunohistochemical analyses were used to evaluate
neuroinflammation, and neuronal loss. Spatial learning and reference memory was assessed
using the Morris water maze. CAT–SKL treatment was able to reduce the pathology induced
by Ab25-35 toxicity by significantly decreasing microglia activation in the basal forebrain and
thalamus, and reducing cholinergic loss in the basal forebrain. Ab25–35 animals showed
deficits in long-term reference memory in the Morris water maze, while Ab25–35 animals
treated with CAT–SKL did not demonstrate long-term memory impairments. This preclinical
data provides support for the use of CAT–SKL in reducing neuroinflammation and long-term
reference memory deficits induced by Ab25–35.

INTRODUCTION

Alzheimer’s disease (AD) is a devastating age-related neurodege-
nerative disease characterized by beta-amyloid (Ab) plaques, neu-
rofibrillary tangles, neuronal degeneration and loss, and synaptic
dysfunction and failure all of which contribute to progressive cog-
nitive decline and dementia in afflicted patients (13, 24, 27). The
exact pathogenesis of AD is not yet fully understood, however it is
clear that accumulation of Ab is an integral part of AD. Ab is a
peptide of 37–43 amino acids that is generated from proteolytic
cleavage of the amyloid precursor protein (APP) by the action of
b-and g-secretases (11, 29). A number of studies have shown that
Ab exerts its toxicity in part by activating inflammatory pathways
in the brain and facilitating the formation of reactive oxygen spe-
cies (ROS) with a resultant increase in oxidative damage.

Prolonged activation of the inflammatory response results in a
dysregulated process with neuroinflammatory cells releasing a
variety of pro-inflammatory mediators and potentially neurotoxic
factors including cytokines, chemokines and complement path-
way activation (1, 7, 24, 35). Added to this is the contribution of
Ab toxicity to oxidative stress in the brain. Reactive oxygen spe-
cies are produced as a normal consequence of cellular activity
and are usually maintained at low physiological levels by antioxi-
dant enzymes (18, 31). These antioxidants are able to remove
and or repair molecules that are oxidized, defending cells against

free radical damage. When ROS levels exceed the antioxidant
capabilities of the cell, such as is the case with Ab toxicity and
aging, oxidative damage results. Numerous studies have demon-
strated oxidative damage in the brains of AD patients, including
increased products of lipid peroxidation, protein oxidation and
oxidative damage to nucleic acids (18, 32, 37). In considering the
role of oxidative stress in the pathophysiology of AD, the balance
between the generation and removal of ROS by antioxidant
enzymes is of utmost importance. Modification of the activities
of these antioxidant enzymes could be potential pharmacological
targets for future AD therapy.

One such enzyme that plays a key role in maintaining oxidative
balance in cells is catalase. Catalase is a heme-containing tetrameric
antioxidant enzyme, predominantly found in peroxisomes, that cat-
alyzes the conversion of hydrogen peroxide (H2O2) to water and
oxygen. Deficiencies in catalase activity, expression and peroxiso-
mal localization are associated with oxidative stress, aging and
human disease (16, 28, 33, 43). Ab has been shown to inhibit cata-
lase activity in cells, resulting in increased H2O2 levels (12, 20,
21). Moreover, addition of catalase to Ab challenged cells has been
shown to protect cells from Ab toxicity by decreasing levels of
H2O2 and reducing protein and lipid oxidation (4, 17, 25).

Catalase is targeted to peroxisomes by a type 1 peroxisomal tar-
geting signal (PTS1), with the carboxy-terminus residues, lysine-
alanine-asparagine-leucine (KANL). This targeting sequence is
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different from the classical PTS1 of other peroxisomal enzymes,
which have a serine-lysine-leucine (SKL) consensus sequence (16,
28). The PTS1 KANL only poorly targets catalase to peroxisomes,
and as cells age it has been shown that catalase is increasingly mis-
localized to the cytosol (16). The poor targeting efficiency of the
KANL sequence coupled with the mislocalization of catalase to
peroxisomes as cells age is associated with accumulation of H2O2

in cells and resultant oxidative injury. In order to better target cata-
lase to peroxisomes, a genetically engineered variant of the
enzyme, CAT–SKL has been developed (United States patent
7,601,366 and 8,663,630 and several foreign patents). This
recombinant enzyme is able to enter cells and traffic to organelles
(mostly peroxisomes) where it is able to efficiently metabolize
H2O2 (16, 23, 36, 44). Use of CAT–SKL has been shown to restore
catalase levels and oxidative equilibrium in a number of cellular
settings (9, 10, 16, 36, 43, 44). CAT–SKL has also been shown to
be protective against Ab derived diffusible ligand (ADDL)-induced
cytotoxicity in rat primary cortical/hippocampal cultures via reduc-
tion of H2O2 levels (9).

Since Ab results in increased H2O2 levels, and addition of cat-
alase to cell culture alleviates this increase in H2O2, it is
hypothesized that the use of CAT–SKL in vivo could be a tar-
geted approach to reducing the toxicity induced by Ab. There-
fore, the aim of the present study was to evaluate whether the
targeted antioxidant CAT–SKL is able to reduce the toxicity
induced by Ab25–35 administration in the mature rat brain. Previ-
ous work has demonstrated the toxicity induced by intracerebro-
ventricular (icv) administration of Ab25–35 in the rodent brain,
with pathological changes including increased activation of
inflammatory cells, loss of hippocampal and cholinergic neurons,
and cognitive deficits being realized (2, 3, 5, 22, 40–42). Results
from this study demonstrate the ability of CAT–SKL to reduce
Ab induced microglia and astrocyte activation, enhance cholin-
ergic neuronal survival and attenuate long-term reference mem-
ory deficits in rats.

MATERIALS AND METHODS

Animals and treatment groups

All experimental procedures were carried out in accordance with
the guidelines of the Canadian Council on Animal Care and were
approved by Western University Animal Use Subcommittee.
Animals were carefully monitored and all efforts were made to
minimize the number of animals used. Adult male Wistar rats
(Charles River, Montreal QC, Canada) 6 months of age weighing
600–650 g at the beginning of the experiments were housed at a
temperature of 22–248C under a 12 h:12 h light:dark cycle. Rats
were provided food and water ad libitum. Animals were randomly
assigned to one of four groups. Group one received bilateral icv
injections of the reverse Ab35–25 peptide and ip saline injections
(RP, n 5 11), group two received bilateral icv injections of the
reverse Ab35-25 peptide and ip CAT–SKL injections (RP 1 CAT–
SKL, n 5 12), group three received bilateral icv Ab25–35 injections
and ip saline injections (Ab, n 5 12) and group four received bilat-
eral icv injections of Ab25-35, and ip CAT–SKL injections (Ab 1

CAT–SKL, n 5 12).

Ab preparation and administration

Ab25–35 or the reverse physiologically inactive, Ab35–25 peptide
(Bachem, Torrance, CA, USA) was prepared at a concentration of
21.2 lg/lL and administered via icv injection as previously
described (22).

CAT–SKL treatment

The genetic reengineering of the catalase enzyme and purification
of CAT–SKL is described elsewhere (16, 43, 44). Rats undergoing
catalase-SKL (CAT–SKL) treatment received a total of four cata-
lase injections, once per week for 4 sequential weeks (Figure 1A).
The decision to administer CAT–SKL once a week was based on a
study that used a similar treatment paradigm of CAT–SKL admin-
istration in mice (8). Animals were weighed immediately prior to
injection and were administered 1 mg/kg of CAT–SKL by ip injec-
tion. Those animals not receiving CAT–SKL injections received ip
injections of an equivalent volume of saline. The recombinant
enzyme CAT–SKL was acquired from Dr. Paul A. Walton and
Dr. Stanley R. Terlecky (United States patent 7,601,366 and
8,663,630 and related international patents).

Behaviour testing: Morris water maze

Spatial learning and reference memory were tested in the Morris
water maze (MWM) as described previously (22, 38). Briefly, ani-
mals underwent four days of spatial learning, followed by two
probe trials (days 12 and 19) and two days of cued learning (day
20–day 21) (Figure 1B). Spatial learning took place from days 8 to
11 following icv injections of Ab25–35 or Ab35–25 and consisted of
16 training trials, with four trials per day for 4 days with an inter-
trial interval of 20 min. Twenty-four hours following the last spatial
acquisition trial, rats were subjected to a probe trial where the plat-
form was removed from the pool and rats were allowed to swim
freely in the water for 30 s. On day 19, rats received an additional

Figure 1. Treatment paradigm and time course for CAT–SKL

injections, Ab administration and behaviour testing. (A) CAT–SKL or

saline injections were administered ip once a week for four

consecutive weeks. Ab25–35 or the reverse peptide Ab35–25 was

injected icv on day 0 and animals were sacrificed on day 21. (B)

Timeline for behavior testing in the Morris water maze (MWM) on

days 8–21. Spatial learning took place from days 8 to 11. Rats

underwent two probe trials, one on day 12 and the second probe trial

on day 19. Cued learning occurred on days 20 and 21.
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probe trial for 30 s to determine long-term memory retention. Rats
were not trained during the time period between day 12 and day
19. The time spent and the distance travelled in the target quadrant
was taken as an index of rats’ memory capacity, with a value below
25% being considered chance. On days 20–21 rats were trained in
a nonspatial cued version of the water maze. For the cued training
rats received four trials per day for 2 days, with the location of the
hidden platform and the rats start position varying with each trial.
A cue directly attached to the platform was used to indicate the
platforms position. Cued learning was used as a control procedure
in order to determine if any differences observed in the MWM
could be attributed to either a difference in motivation to escape the
water, or an inability to use cues to locate the hidden platform.
Animal behavior, including swimming speed, distance travelled
and latency to find the platform were monitored using video-
tracking software for all MWM tasks (ANY-mazeVR , Stoelting Co.,
Wood Dale, IL).

Tissue isolation/preparation

Twenty-one days following Ab25–35 or Ab35–25 administration rats
were weighed and then euthanized with an overdose of Euthanyl
(pentobarbital sodium, 54.7 mg/mL). A subset of rats (Ab 1 CAT–
SKL n 5 7; Ab n 5 6; RP 1 CAT–SKL n 5 7; RP n 5 6) were
then perfused transaortically with 0.01 M phosphate buffer saline
(PBS, pH 7.35) followed by 4% paraformaldehyde (PFA, pH 7.35,
300 mL). Brains were then removed and further fixed for 24 h in
PFA at 48C after which they were transferred to a 30% sucrose
solution for 3 days. Thereafter, brains were frozen on dry ice and
serially sliced into 35-lm coronal sections (from 3.1 to 24.8 mm
relative to bregma according to the atlas of Paxinos and Watson),
using a Leica CM1850 Cryostat (Leica Biosystems, Concord, ON,
Canada) in preparation for histochemical examination. Remaining
animals (Ab 1 CAT–SKL n 5 5; Ab n 5 6; RP 1 CAT–SKL
n 5 5; RP n 5 5) were sacrificed by decapitation and brain samples
were isolated, flash frozen in dry ice, and subsequently stored at
2808C until used in biochemical assays.

Histology (H&E staining; OX-6, GFAP, ChAT
immunolabeling)

For histology brain sections were stained with 0.1% Mayer’s hema-
toxylin solution and 0.5% eosin Y solution, dehydrated, and cover-
slipped. Immunohistochemistry was performed on free-floating serial
coronal sections to visualize astrocytes, microglia and cholinergic
neurons as previously described (1, 2, 22). The following primary
antibodies were used: mouse monoclonal anti-glial fibrillary acidic
protein (GFAP; 1:1000; Sigma-Aldrich, St. Louis MO, USA) to
assess astrocyte activation, ramified microglia were detected using a
mouse monoclonal antibody OX-6 directed against the MHC II
receptor (OX-6; 1:1000; BD Pharmingen, Mississauga ON, Canada)
and a monoclonal mouse anticholine acetyltransferase (ChAT;
1:500; Abcam, Cambridge MA, USA) was used to detect cholinergic
neurons. After incubation with the primary antibody, sections were
incubated with biotinylated antimouse secondary antibody (1:2000,
Vector Laboratories, Burlingame, CA, USA) followed by incubation
with avidin–biotinylated complex (Vector Laboratories, Burlingame,
CA, USA) reagent and then visualized using 0.05% 3, 30 diamino-
benzidine tetrahydrochloride (Sigma-Aldrich, St. Louis MO). Series

representative of each treatment group were processed together to
reduce variability between groups.

Catalase activity

Catalase activity was measured by its ability to degrade H2O2, as
previously described (16, 30). For the determination of catalase
activity levels, frontal cortex, hippocampal, thalamic and cerebel-
lar brain tissue was isolated and homogenized in tissue protein
extraction buffer (50 mM Tris–HCL, 150 mM NaCl, 0.1% Tween
20, dH20, protease cocktail inhibitor). Homogenized tissue was
centrifuged (23 at 48C 13,000 RPM for 20 min) and the superna-
tant was collected. Sample protein concentration was then meas-
ured using a Pierce BCA protein assay kit (Pierce, Rockford IL,
USA) and 15 lg from each sample were taken for the catalase
activity assay. Samples were added to a reaction mixture of
0.02 M imidazole buffer, 1 mg/mL BSA, 0.2% Triton-X, and
0.01% hydrogen peroxide and incubated at room temperature.
The reaction was stopped at 0, 4, 6, 8 or 10 min time points with
titanium (IV) oxysulfate (TiOSO4) stop solution (TiOSO4 in
2N H2SO4) which reacts with remaining hydrogen peroxide in
solution to produce a yellow peroxotitanium complex. Absorb-
ance at 405 nm was then measured for sample and nonsample
containing wells, whereby the difference yielded a rate of
DOD405nm/min. Rates were then adjusted for protein concentra-
tion as determined by BCA protein assay, yielding a DOD405nm/
min/mg total protein (Derived from Storrie and Madden, 1990).

Imaging and quantification

Stained brain sections were photographed with a Leica DFC295
camera coupled to a Leica DM IRE2 microscope (Leica Microsys-
tems, Concord, ON, Canada) with Leica Application Suite Version
4.1.0 image analysis software (Leica Microsystems). Analysis and
quantification were carried out using ImageJ 1.45s software (Wayne
Rasband, National Institute of Health, Bethesda, MD, USA).

Areas examined included the frontal cortex, striatum, hippocam-
pus (CA1 and CA3), thalamus, medial septal nucleus (MSN), and
vertical diagonal band (VDB) of the basal forebrain, and the corpus
callosum. Further quantification was completed for the hippocampus
(CA1 and CA3), thalamus (ventral posteromedial and ventral pos-
terolateral thalamic nuclei), and MSN/VDB region of the basal fore-
brain. Microglia, astrocyte, and cholinergic neuronal analysis and
quantification was completed as previously described (22). For
H&E analysis photomicrographs were taken from the left and right
CA1 and CA3 regions of the hippocampus. Two different observers
counted the number of undamaged neurons in the CA1 and CA3
region of the hippocampus; the observers completed the counts
independently from one another and were blinded to the experimen-
tal conditions. Only cells with a neuronal morphology were counted;
undamaged neurons were those cells with intact cell membranes and
full nucleus. The number of undamaged neurons per optical field
(neuronal density) was determined in four tissue sections per rat.

Statistical analysis

Statistical analysis was performed using GraphPad Prisim 5.0 for
MAC OSX. Data were analyzed by performing a one-way analy-
sis of variance (ANOVA) (F values). When ANOVA indicated
significant treatment effects, means were separated using Tukey’s
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multiple comparison test. Data are expressed as mean 6 standard
error of the mean (SEM), and a minimum of P< 0.05 was con-
sidered statistically significant. In some cases, statistical signifi-
cance between treatment groups was indicated using a lettering
system on graphs. Letters shared in common between or among
groups indicated no significant differences.

RESULTS

Catalase activity

Catalase activity was measured in the thalamus, frontal cortex, hip-
pocampus, and cerebellum. CAT–SKL administration appeared to
increase catalase activity levels in the cerebellum in RP and Ab

animals compared to their respective, non CAT–SKL administered
controls. In the thalamus, catalase activity levels appeared higher in
Ab CAT–SKL administered animals compared to all other groups.
However, these differences in catalase activity levels in the thala-
mus and cerebellum did not reach significance. Catalase activity
levels in the frontal cortex and hippocampus appeared unaffected
by treatment with CAT–SKL (Table 1).

Neuroinflammation: microglia and astrocyte
activation

Immunohistochemical assessment showed an increase in the
appearance of ramified microglia in the MSN/VDB (F3,26 5 11.43,
P< 0.0001) and thalamus (F3,27 5 3.32, P< 0.03) of Ab25–35

injected rats, which was reduced in animals treated with CAT–
SKL. Microglia in the MSN/VDB of Ab25–35 icv injected rats was
significantly increased compared to the control RP (P < 0.001),
and RP 1 CAT–SKL animals (P < 0.001). This microglia activa-
tion was effectively reduced by treatment with CAT–SKL with
Ab 1 CAT–SKL animals showing a significant decrease in micro-
glia in the MSN/VDB when compared to Ab25–35 animals (P <
0.05; Figure 2D). Microglia activation in the thalamus was signifi-
cantly greater in Ab25–35 administered animals compared to the
control RP group (P < 0.05). CAT–SKL treatment combined with
Ab25–35 administration reduced microglia activation in the thala-
mus such that the microglia in the thalamus of Ab 1 CAT–SKL
animals was not significantly different from both control groups
(RP or RP 1 CAT–SKL) (P > 0.05; Figure 2E).

Optical density measurements of GFAP immunopositive astro-
cytes was taken as a measurement of astroglial reactivity in the
hippocampus. One-way ANOVA analysis revealed statistically sig-
nificant differences between treatment groups (F3,30 5 4.89,

P< 0.007). Ab25–35 administered animals showed a significant
increase in astrocyte density in the CA3 region of the hippocampus
compared to RP and RP 1 CAT–SKL treated animals (P< 0.05 vs.
RP, P< 0.01 vs. RP 1 CAT–SKL). CAT–SKL treatment reversed
this increase in astrocyte density induced by Ab25–35 in the CA3
(P< 0.05 Ab vs. Ab 1 CAT–SKL) (Figure 2F). No differences in
astrocyte density were detected in the CA1 region of the hippocam-
pus between treatment groups (data not shown).

Cholinergic neurons in the MSN/VDB
in CAT–SKL treated animals

Ab25-35 administered animals had a significantly reduced number
of ChAT positive cholinergic neurons in the MSN/VDB compared
to RP and RP 1 CAT–SKL treated rats (P< 0.05). With CAT–
SKL treatment this significant reduction induced by Ab25–35

administration was lost and there were no significant differences in
cholinergic neuronal counts between Ab 1 CAT–SKL treated rats
and the control RP or RP 1 CAT–SKL treated animals (P> 0.05;
Figure 3).

Neuronal numbers in the hippocampus
following Ab25–35 administration and CAT–SKL
treatment

Counts of H&E stained pyramidal neurons in the CA1 region of
the hippocampus revealed no differences in neuronal numbers
between treatment groups (Figure 4C). However, there was a sig-
nificant reduction in neuronal numbers in the CA3 region of the
hippocampus in Ab25–35 treated rats compared to RP treated ani-
mals (P< 0.05). With CAT–SKL treatment this significant reduc-
tion in neuronal numbers was no longer observed. There were no
significant differences in pyramidal cell numbers among Ab,
RP 1 CAT–SKL, and Ab 1 CAT–SKL treated rats (Figure 4D).

Behavior testing: Morris water maze

Latency, path length and swimming speed
during spatial learning

Latency and distance traveled to find the platform decreased signifi-
cantly over the course of acquisition training for all treatment
groups (P< 0.001 day 4 vs. day 1), indicative of successful learn-
ing of the task. There were no differences in latency or distance
travelled to find the platform between treatment groups, suggesting
Ab25–35 toxicity did not impair spatial learning (Figure 5A,B).
Average swimming speed was not significantly different across
training days within a group and there were no differences in mean
swimming speed between treatment groups across training days
(data not shown).

Probe trials: short and long-term memory
retention

On day 12, 24 h following the last spatial learning trial, all groups
demonstrated memory of the platform location based on their pref-
erence for the target quadrant as indicated by the distance and time
spent in that quadrant. No differences in percentage of time spent or
distance travelled in the target zone was identified between treat-
ment groups (Figure 5C,D). On day 19, 7 days after the first probe

Table 1. Regional catalase activity levels

RP RP 1 CAT–SKL Ab Ab 1 CAT–SKL

Cerebellum 1.33 6 0.04 1.38 6 0.09 1.40 6 0.08 1.47 6 0.06

Frontal Cortex 0.55 6 0.07 0.59 6 0.01 0.42 6 0.04 0.39 6 0.13

Hippocampus 0.82 6 0.14 0.78 6 0.05 0.89 6 0.07 0.85 6 0.08

Thalamus 0.92 6 0.09 0.86 6 0.08 0.91 6 0.06 1.06 6 0.09

Catalase activity (DOD405nm/min/mg total protein) measured in the

Cerebellum, Frontal Cortex, Hippocampus and Thalamus in rats sub-

jected to icv injections of Ab25–35 or reverse peptide Ab35–25 with and

without CAT–SKL treatment. Data are presented as mean 6 SEM,

n 5 5–6 per group.
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trial, rats were subjected to a second probe trial to assess long-term
reference memory retention. RP 1 CAT–SKL and Ab 1 CAT–
SKL treated animals spent a significantly greater percentage of time
in the target zone than Ab administered animals (P< 0.01 for

RP 1 CAT–SKL vs. Ab, P< 0.05 for Ab 1 CAT–SKL vs. Ab)
(Figure 5C,D). RP, RP 1 CAT–SKL, and Ab 1 CAT–SKL ani-
mals all travelled a greater distance in the target zone than Ab only
animals (P< 0.05 for RP vs. Ab, P< 0.001 for RP 1 CAT–SKL
vs. Ab, P< 0.01 for Ab 1 CAT–SKL vs Ab).

Comparison between probe trial on D12
and D19

Ab administered animals spent significantly less time and traveled
significantly less distance in the target zone on day 19 compared to
day 12 (P< 0.01). No significant differences in time spent or dis-
tance travelled in the target quadrant between day 12 and day 19
were found for RP, RP 1 CAT–SKL and Ab 1 CAT–SKL treated
rats (P > 0.05; Figure 5C,D). The reduction in time spent and dis-
tance traveled in the target quadrant on day 19 compared to day
12 for Ab25–35 animals indicates long-term reference memory
deficits, which was effectively ameliorated in Ab animals treated
with CAT–SKL.

Cued learning

Animals across treatment groups showed no significant differences
in the time it took them to locate the platform, or distance travelled

Figure 2. Neuroinflammation. Representative photomicrographs of

microglia immunolabeled with OX-6 in (A) the medial septal nucleus/

vertical diagonal band (MSN/VDB) of the basal forebrain (B) OX-6

labeled activated microglia in the thalamus, and (C) astrocytes labeled

with GFAP in the CA3 region of the hippocampus in RP, RP 1 CAT–

SKL, Ab, and Ab 1 CAT–SKL rats, respectively. The number of OX-6

positive microglia in the (D) MSN/VDB and (E) thalamus and (F) optical

density measurements of GFAP immunopositive astrocytes in the

CA3 region of the hippocampus shown as a percentage of the mean

value of the RP group. Boxed areas in low magnification images in

panel 1 illustrate the location of high magnification pictures in panels

2–4. Data presented as mean 6 SEM, n 5 6–7 animals per group,

means with different letters are significantly different.

Figure 3. CAT-SKL prevents cholinergic loss in the MSN/VDB. The

number of choline acetyltransferase (ChAT) immunolabeled cholinergic

neurons shown as a percentage of the RP group in the medial septal

nucleus/vertical diagonal band (MSN/VDB) of the basal forebrain in RP,

RP 1 CAT–SKL, Ab, and Ab 1 CAT–SKL treated rats. Data are presented

as mean 6 SEM. Means with different letters signify significance.
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to find the platform. Average swimming speed was not significantly
different between treatment groups (data not shown). Thus, rats
across treatment groups demonstrated similar motivation and abil-
ities to escape the water.

DISCUSSION

This study was the first to use the targeted antioxidant CAT–SKL
to try to reduce the toxicity induced by Ab25–35 in the mature rat
brain. Previous work in animal models has shown infusion of Ab

increases H2O2 formation, reduces the activity of H2O2 degrading
enzymes and increases the activity of H2O2-generating enzymes in
the rat brain (15). CAT–SKL is a genetically engineered derivative
of the antioxidant enzyme catalase. The SKL targeting sequence
enables catalase to be more effectively targeted to peroxisomes,
where its main function is to metabolize H2O2 to oxygen and water.
Metabolism of H2O2 is critical, because in addition to being a
potentially toxic metabolite on its own, it can also react with Fe21

to generate hydroxyl radicals, which are exquisitely reactive species
capable of inducing protein, lipid and DNA damage (18, 19, 34).

In this study, CAT–SKL was shown to reduce microglia activa-
tion in the MSN/VDB and thalamus of 6 months old Ab25–35

administered rats. Reduction in microglia activation is likely a sec-
ondary consequence of the antioxidant properties of the CAT–SKL

molecule. By decreasing ROS production, the toxicity induced by
Ab would be lessened thereby decreasing the activation and prolif-
eration of inflammatory microglia and astrocytes. CAT–SKL may
also have aided in reducing the production of inflammatory mole-
cules. Previous studies in vitro have demonstrated the ability of
CAT–SKL supplementation to reduce the expression of the inflam-
matory cytokine TNF-a in a human cell model of psoriasis (44).
Moreover, CAT–SKL has been shown to protect rat myocytes
from hypoxia–reoxygeneation and ischemia reperfusion injury via
reduction of oxidative stress in cell culture (36).

Treatment with CAT–SKL was also able to decrease cholinergic
neuronal loss in the MSN/VDB of the basal forebrain, and pro-
moted neuronal survival in the CA3 region of the hippocampus.
Presumably this reduction in neuronal loss is related to the
decreased inflammation seen following CAT–SKL treatment. Ab,
inflammation and ROS work in a self-propagating cycle, with the
result being excessive neuroinflammation and oxidative damage
that can disrupt normal cellular functioning and ultimately lead to
neuronal death. Stimulation of ROS production and activation of
inflammatory molecules in culture has been shown to induce neuro-
nal death. Moreover, Ab has been shown to mediate cell death via
its production of ROS (14). Therefore, the protective effect of
CAT–SKL on neuronal functioning and survival could be via
CAT–SKL mediated reduction in ROS and inflammation.

Figure 4. Neuronal numbers in the CA1 and CA3 regions of the

hippocampus. Representative photomicrographs of hematoxylin and

eosin stained cells in (A) the CA1 and (B) the CA3 region of the

hippocampus in RP, RP 1 CAT–SKL, Ab, and Ab 1 CAT–SKL treated

rats respectively. (C,D) Pyramidal cell numbers in the CA1 and CA3

subfields of the hippocampus shown as a percentage of the control

RP group. Data presented as mean 6 SEM, n 5 6–7 animals per

group, different letters represent statistically significant differences.
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Presumably the protective effects of CAT–SKL are exerted in
part by increasing catalase activity levels in the brain. However,
the results from the catalase assay revealed no significant differ-
ences in catalase activity levels throughout the brain regions
between groups. The lack of difference in catalase activity levels
could be attributed to the time point at which catalase activity
was measured. In this study we only examined catalase activity
in brain tissue at a 21-day time point. This is 7 days after the last
CAT–SKL injection and thus this time frame may not have been
optimal for detecting significant changes in catalase levels. This
study did not evaluate levels of catalase protein expression in the
brain. Although there is no direct evidence that CAT–SKL
crossed the blood brain barrier and increased catalase levels, the
impact on the brain was significant. This could be due to CAT–
SKL directly in brain tissue or the systemic generation of other
agents that did cross the blood brain barrier. In future studies
analysis of protein levels is regions of the brain where the great-
est changes in pathology are seen may help further our under-
standing of the mechanism of action of CAT–SKL especially
when corroborated with data from catalase activity assays.

Cognitive performance was evaluated in a spatial learning and
reference memory task in the MWM. All animals learned the task
to the same degree, as shown in the spatial learning phase of the
test. Upon evaluation of reference memory animals in all groups
showed no differences in memory during the first probe trial. Dur-
ing the second probe trial, 19 days after Ab25–35 injection, animals

showed a significantly decreased preference for the target zone than
animals from other treatment groups. Ab25–35 injected animals also
spent less time and traveled a shorter distance in the target zone
during the second probe trial compared to the first probe trial. This
decreased preference for the target zone during the second probe
trial was not seen in Ab25-35 administered animals treated with
CAT–SKL. Taken together this indicates that Ab25-35 icv adminis-
tration induces long-term reference memory deficits, and moreover
treatment with CAT–SKL is able to attenuate Ab25-35 induced
long-term reference memory impairments.

Previous studies have investigated the role of catalase in main-
taining oxidative equilibrium. Addition of catalase to neuronal cul-
tures challenged with Ab has been shown to reduce H2O2 levels
and improve neuronal survival (4, 17, 45). Moreover, inhibition of
catalase activity has been shown to enhance the cytotoxicity of Ab

in neuronal cultures (by increasing ROS levels), indicating an
important role of this antioxidant enzyme in maintaining oxidative
balance (4, 20). Work in a transgenic mouse model of AD has dem-
onstrated the beneficial effects of using a superoxide dismutase/cat-
alase mimetic, EUK-207, to reduce Ab pathology. EUK-207 was
shown to reduce oxidation of nucleic acids and lipid peroxidation,
and was able to decrease Ab and tau accumulation (6). Moreover,
the impact of ROS, and in particular H2O2 levels on longevity has
been examined in a transgenic mouse line overexpressing human
catalase. The study demonstrated a significant enhancement in
murine lifespan in mice overexpressing catalase when compared to

Figure 5. Spatial learning and reference memory in the Morris Water

Maze (MWM). (A) Mean latency and (B) path length to find the hidden

platform in the MWM during four consecutive days of spatial learning

for RP, RP 1 CAT–SKL, Ab, and Ab 1 CAT–SKL treatment groups.

Spatial learning consisted of four training trials per day for four

consecutive days. Reference memory was measured as (C) the

percentage of total time spent and (D) percentage of total distance

traveled in the quadrant where the platform was located 24 h following

the last spatial learning trial (Probe 1) and 8 days after the last spatial

training trial (Probe 2) for RP, RP 1 CAT–SKL, Ab, and Ab 1 CAT–SKL

treatment groups. Data are presented as mean 6 SEM, n 5 8/9 animals

per group, different letters represent statistically significant differences.
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wild type controls. This increased longevity was attributed in part
to the reduction in H2O2 levels and oxidative stress (26). Taken
together these studies provide evidence for the protective role of
catalase in aging, and in reducing Ab toxicity. The CAT–SKL mol-
ecule may be of further benefit due to its unique targeting signal
that directs it to the organelle where it can carry out its function—
the peroxisome.

Currently we have a limited understanding of the mechanism by
which CAT–SKL supplementation reduces amyloid toxicity in
vivo. Work in vitro has demonstrated CAT–SKL reduces ADDL
toxicity in neuronal cultures via reduction of H2O2 levels and oxi-
dative stress (9). Additionally, it has been shown in vitro that re-
establishing peroxisomal catalase has downstream protective effects
on mitochondria via reestablishing redox balance (16), and that loss
of catalase activity promotes oxidative damage in mitochondria
(16, 39). However, future work investigating the mechanism of
action of CAT–SKL in vivo is needed.

Finally, this study involved administration of CAT–SKL begin-
ning one week prior to Ab administration therefore the neuropro-
tective effects of CAT–SKL may be due in part to prevention
rather than treatment of Ab toxicity. Further studies are needed to
elucidate whether CAT–SKL is able to reduce pre-existing Ab-
induced pathology, or whether it works primarily in a preventative
manner, priming the brain and making it more resilient to neuroin-
flammation and the subsequent neurodegeneration that results from
Ab toxicity.

CONCLUSION

Substantial evidence exists implicating oxidative stress and neuro-
inflammation in the pathogenesis of AD. While it is unclear
whether oxidative stress is an initiator of AD pathogenesis or a
mediator of the disease process it is known that oxidative stress
occurs during the early stages of the disease process, before the
appearance of amyloid plaques and neurofibrillary tangles in both
humans and in animals models of the disease (7, 37). Therapeutics
aimed at restoring or maintaining the homeostatic balance between
production and elimination of ROS, and thus reducing oxidative
stress and inflammation during the early stages of the disease may
help in slowing disease progression and may aide in the protection
of at-risk individuals from the development of AD. The antioxidant
molecule, CAT–SKL, may therefore be a viable therapeutic
approach for reducing oxidative stress and neuroinflammation dur-
ing the beginning stages of AD pathogenesis.
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