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Abstract

The potential for lifelong vitamin E supplementation to delay age-associated cognitive decline was tested in

apoE-deficient and wild-type C57BL/6 mice. Beginning at eight weeks of age, the mice were maintained on a

control diet or diets supplemented with DL-a-tocopheryl acetate yielding approximate daily intakes of either 20

or 200 mg/kg body weight. When 6 or 18 months of age, cognitive functioning of the mice was assessed using

swim maze and discriminated avoidance testing procedures. For the mice maintained on control diets, the age-

related declines in swim maze performance were relatively larger in apoE-deficient mice when compared with

wild-type. On the other hand, age-associated declines in learning and working memory for discriminated avoid-

ance were similar in the two genotypes. The 200-mg/kg dose of vitamin E prevented the accelerated decline in

spatial learning apparent in 18-month-old apoE-deficient mice, but had no equivalent effect on performance

declines attributable to normal aging in the wild-type mice. Vitamin E supplementation failed to prevent age-

related impairments in learning and memory for discriminated avoidance observed in both the wild-type and

apoE-deficient mice. The current findings are consistent with the hypothesis that apoE deficiency confers an

accelerated, though probably selective, loss of brain function with age. This loss of function would appear to

involve pathogenic oxidative mechanisms that can be prevented or offset by antioxidant supplementation.

Introduction

Apolipoprotein E genotype has been associated with

late-onset, familial and sporadic Alzheimer’s disease

(AD) and with an earlier progression of age-associ-

ated cognitive slowing in healthy individuals (Corder

et al. 1993; Hyman et al. 1996; Reed et al. 1994;

Roses 1996; Saunders et al. 1993; Yaffe et al. 2000).

This susceptibility gene is found in three allelic

variants: APOE2, APOE3 and APOE4. Inheritance

of the APOE4 allele confers a gene dose-related

increase in risk of clinical expression and earlier

onset of AD (Corder et al. 1993; Saunders et al.

1993; Strittmatter et al. 1993) whereas APOE2 is

associated with smaller risk and later onset (Corder

et al. 1994).

In accordance with the link between APOE geno-

type and neurodegenerative disease, apoE appears to

play an important role in a number of biological

processes within the central nervous system (CNS).

ApoE is thought to be particularly important in

cellular maintenance and repair, and the allelic

variants of apoE are associated with different degrees

of neuroprotection and capacity for recovery from
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CNS injury in a manner that accords with their

degree of association with AD (Huang et al. 2004;

Mahley and Rall 2000). ApoE-deficient mice, when

compared to wild-type mice, exhibit age-dependent

synaptic and dendritic neuropathologies (Masliah

et al. 1995; Buttini et al. 1999), neurochemical

alterations (Fisher et al. 1998; Gordon et al. 1995),

inclusion body pathology (Veurink et al. 2003), age-

dependent cognitive deficits (Gordon et al. 1995,

1996; Masliah et al. 1997; Oitzl et al. 1997; Gozes

2004; Veinbergs et al. 1999) and increased suscep-

tibility to excitotoxicity (Buttini et al. 1999). APOE4

transgenic mice also exhibit cognitive deficits (Raber

et al. 2000) and neuropathology (Buttini et al. 1999,

2000) when compared with APOE3 transgenic

animals.

A variety of mechanisms are thought to be in-

volved in the ability of apoE4 to affect expression

and progress of neurodegenerative processes. One pos-

sibility is that apoE may influence the degree of oxida-

tive stress/damage within the CNS. In vitro studies

have indicated that apoE yields isoform-dependent

protection against oxidative insult (Miyata and Smith

1996; Lee et al. 2004) and can influence nitric oxide

production by microglia in an isoform-dependent

manner (Colton et al. 2002, 2004). Moreover, when

compared with wild-type mice, apoE-deficient mice

exhibit increased protein and lipid oxidative damage in

several brain regions, decreased endogenous antioxi-

dants, and increased sensitivity to oxidative stress

(Shea et al. 2002; Veinbergs et al. 2000; Choi et al.

2004; Matthews and Beal 1996; Ramassamy et al.

2001; Montine et al. 1999; Reich et al. 2001).

If the cognitive and neurological alterations asso-

ciated with apoE deficiency involve an increase in

oxidative stress and associated molecular damage,

then experimental augmentation of antioxidant de-

fense in animals lacking apoE could be expected to

prevent the consequential decline in neuronal func-

tion as the animals age. The current studies addressed

this hypothesis by maintaining apoE-deficient and

wild-type mice on diets supplemented with different

concentrations of the antioxidant vitamin E, and com-

paring the degrees of subsequent age-related cogni-

tive impairment among the groups. Cognitive function

in these groups of mice was assessed according to

two different paradigms involving different dimen-

sions of learning and memory performance. A spatial

swim maze task was employed to measure ability of

the mice to learn and remember the location of a

hidden platform. It has been shown that performance

on this task is dependent on cortical and hippocampal

functions, and is negatively correlated with concen-

trations of protein oxidative damage (Forster et al.

1996; Nicolle et al. 2001). A discriminated avoidance

test (Forster and Lal 1992) required the mice to

rapidly identify and remember the correct arm of a T-

maze, and to respond preemptively in order to avoid

shock. This test was used to assess simple and

reversal learning, and to test working memory

capacity of the mice.

Materials and methods

Animals

The study began with 147 male, 4-week-old C57BL/

6J mice and 162 homozygous for the Apoetm1Unc

mutation (apoE-deficient mice) backcrossed 10 times

to C57BL/6J mice, obtained from The Jackson Labo-

ratory (Piedrahita et al. 1992). The Jackson Labora-

tory estimated that the N10 generation contained

99.91% of the genome from the C57BL/6J. Controls

were C57BL/6J mice from the Jackson Laboratory

production colony. Upon arrival at the University of

North Texas Health Science Center (UNTHSC)

vivarium, the mice were housed individually in

28� 19� 12.5 cm solid bottom polycarbonate cages

with wire tops, modified into two mouse units by

insertion of a stainless steel divider. The colony room

was maintained at 23 T 1 -C/40% humidity, under a

12-h lightYdark cycle with lights on at 0700 h. The

mice had access to food and water, ad libitum at all

times except during testing periods. Sentinels from

the colony room tested serum negative for common

pathogens during routine screening (Charles River

Laboratories) performed at 3-month intervals through-

out the study.

Vitamin E supplementation

Three weeks following their arrival in the UNTHSC

vivarium, separate groups of 48Y54 mice of each

genotype, approximately eight weeks of age, were

assigned to receive the control diet (NIH-31 open

formula) or one of two DL-a-tocopheryl acetate

(Vitamin E)-supplemented diets containing 10 (10�)

or 100 (100�) times the concentration of vitamin E in
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the control diet. The adjusted concentrations of the

three diets compounded by Harlan Teklad (Madison,

WI) equaled 16.5 (control), 165 or 1,650 mg DL-a-

tocopheryl acetate per kg of food. Dietary intake was

recorded in subsets of each genotype/diet group from

two to five months of age (n = 11Y14) and from 12 to

18 months of age (n = 22Y29), in order to estimate

the daily doses of DL-a-tocopheryl acetate and to

determine if supplementation had any effect on food

intake. Body weights of the mice were recorded

weekly throughout the experiment. Concentrations of

a-tocopherol following 100� supplementation with

this test diet were increased õ3-fold in plasma and

by 50Y60% in the cerebral cortex of both young and

old groups of C57BL6 mice after 12 weeks of dietary

supplementation (Sumien et al. 2003, 2004). The

supplementation was maintained throughout the

experiment.

Each mouse received approximately six weeks of

behavioral testing; two weeks for spatial discrimina-

tion in a swim maze followed by approximately

four weeks of discriminated avoidance testing using

a T-maze, beginning when they were either 6 or

18 months of age. Twenty-four mice from each of

the six genotype/supplementation groups were tested

when six months of age (after four months of sup-

plementation) whereas the remaining mice were

maintained in the colony until 18 months of age, at

which time the survivors received the same test

battery.

Spatial swim task

The apparatus used for this study consisted of a

circular tank [110 cm (dia) � 60 cm deep], filled to a

depth of 34 cm with 24 T 2 -C tap water, colored

opaque white (Forster et al. 1996). A 10-cm square

platform was placed in the tank 1 cm below the sur-

face of the water. The test consisted of a pretraining

phase, in which the mice learned the simple response

components of swimming and standing on the hidden

platform, and a place discrimination acquisition phase

in which the mice learned to locate the platform using

spatial cues. Performance of the mice in the latter

phase was recorded via a computerized tracking system

(San Diego Instruments model # SA-3).

During the pretraining phase, a clear acrylic cor-

ridor (76 � 11 � 41 cm) leading directly to the plat-

form was placed in the tank and a black curtain was

draped around the tank to remove any visual cues.

The mouse was placed at one end of the acrylic alley

and allowed to swim to the end with the hidden plat-

form. The mouse remained on the platform for 10 s

and then was placed into a holding cage for an inter-

trial interval (ITI) of 3 min. This phase consisted of

four sessions of five trials delivered over two days.

The latency to reach the platform in seconds was re-

corded for each trial.

In the acquisition phase, each mouse was placed

into the open tank (curtain and alley removed) from

one of three starting positions and allowed to swim

until it found the hidden platform up to a maximum

time of 90 s. After 10 s on the platform, the mouse

was removed and placed into a holding cage for an

ITI of 10 min. Each acquisition session consisted of

five trials with the platform in the same location

(about 40 cm from the edge of the tank). This phase

consisted of eight sessions, with two sessions con-

ducted each day, separated by at least 3 h. The

average length of the path taken to locate the

platform over each of the five trials was the measure

of spatial performance recorded during each session.

A sixth trial (a probe trial) was performed during

acquisition sessions 4 and 7 in which the platform

was lowered at the start of the trial and then raised

after a period of 40 s. The performance measured on

each probe trial was the proportion of time spent

within a 20-cm diameter annulus from where the

platform had been lowered, representing approxi-

mately 3% of the total area of the water surface.

Greater than chance performance on this measure

was considered to reflect the strength and accuracy of

the spatial memory.

Discriminated avoidance task

A discriminated avoidance task described previously

(Forster and Lal 1992; Forster et al. 1995; McDonald

et al. 2005) was used to assess learning for simple

avoidance and simple discrimination, discrimination

reversal, learning of a response strategy, and delayed

memory performance. The apparatus consisted of an

acrylic T-shaped maze with compartments in the

stem and each goal arm separated by doors. The

maze rested on a grid floor wired to deliver 0.27 mA

scrambled shock to the feet.

The discriminated avoidance task involved a series

of daily test sessions (one per day for up to 30 days)
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in which the mouse could avoid shock to the feet by

running to a correct goal arm of the maze within 5 s

from opening of the start door. Information as to

which arm would be correct on a given session was

presented during the first trial (an information trial)

during which the mouse received shock in the in-

correct arm of the maze and was permitted to escape

to the correct arm. On the subsequent trials of each

session, the mouse could avoid shock by running to

the correct arm. In previous studies, both young and

old mice learned the simple discrimination (choosing

the correct arm) and avoidance (running to the

correct goal within 5 s) components of the task on

the first session, but required up to 30 or more

sessions before they were able to efficiently use

information presented only on the first trial of each

session (a working memory requirement) to avoid all

subsequent shocks (Forster and Lal 1992).

In the current study, each session consisted of an

information trial (as described above) followed by a

series of training trials that continued until the mouse

made a correct avoidance on four of the last five (or

a maximum of 25 trials had been reached). After

the start door opened on each trial, shock was initi-

ated 5 s later if the mouse had not entered the correct

goal arm, or immediately if the mouse entered the

incorrect goal arm. Shock was continued for a max-

imum of 60 s or until the correct goal arm was

entered. After 10 s in the correct goal arm, the mouse

was removed and placed into a holding cage for an

ITI of 1 min. The daily training sessions continued

until, during four consecutive sessions, the mouse

had made a correct avoidance on the first trial fol-

lowing the information trial (designated as the test

trial) and on at least three of the next four trials.

Attainment of this criterion suggested that the mouse

had acquired a stable response strategy (learning set)

of remembering and acting on information presented

in the first trial of each session.

After the learning set criterion had been met, an

additional session was conducted in which the

memory demand was increased by interposing a 7-

min delay (as opposed to the 1-min ITI) between the

information trial and the test trial. If the mouse failed

to make a correct arm choice on the test trial of that

session, the mouse received additional training ses-

sions under the 1-min delay until the learning set

criterion had been reconfirmed, followed by an

additional test under the 7-min delay. This process

was repeated until the mouse could make a correct

arm choice after 7 min, or a maximum of 30 sessions

had been conducted.

Four different components of performance in the

discriminated avoidance task were analyzed in the

current study: (a) Ability of the mice to learn the sim-

ple discrimination and avoidance components of the

task was assessed by the number of trials to reach

the four of five correct avoidance criterion on the first

training session. (b) Ability of the mice to reverse their

initial training bias was assessed in terms of trials to

criterion on the second session, in which the correct

choice was always opposite from the original training.

(c) Learning of the response strategy (learning set)

was assessed in terms of the total number of sessions

required to reach the criterion. (d) Delayed memory

performance was assessed in terms of the number of

sessions required to meet the criterion for perfor-

mance after the 7-min delay.

Data analysis

Data for each behavioral measure were considered in

factorial analyses of variance with Genotype, Diet

(vitamin E dose), and Age as between groups factors,

and Sessions as a within groups factor where appli-

cable. The effects of Diet on age-related functional

declines were tested within the Age�Diet interaction

of separate analyses of variance on each genotype,

using planned individual comparisons between young

and old age groups. For analysis of survival data,

KaplanYMeier survival distributions were calculated

and a log-rank c2 statistic was used to compare sur-

vival of the genotypes under each diet.

Results

Body weight

When compared with C57BL/6J control mice, the

apoE-deficient mice showed more rapid weight gain

as a function of age and greater peak body weight

(Figure 1). This overall pattern resulted in a significant

main effect of Genotype, as well as a Genotype �
Age interaction (all P G 0.001). The vitamin E

supplementation failed to significantly affect weight

of the genotypes across ages, as indicated by the

absence of a main effect or any interactions invol-

ving Diet (all P 9 0.141).
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Food intake

Dosage of a-tocopheryl acetate was calculated at

different points across the life span based on the food

intake and body weight of the mice (data not shown).

Throughout the study, a-tocopheryl acetate intake

(per kg body weight/day) for each genotype remained

proportionately 10 and 100 times that of mice on the

control diet. In both genotypes, intake of a-tocopheryl

acetate was similar and tended to decline from 2 to

12 months (P G 0.001), primarily due to increases in

weight without significant change in food intake.

Intake of a-tocopheryl acetate/kg body weight was

30% higher in apoE-deficient mice when compared

with the wild-type mice by 18 months (P G 0.001),

primarily due to the relatively greater weight loss in

apoE-deficient animals after 15 months of age. On a

per mouse basis, the effect of genotype on a-toco-

pheryl acetate intake was negligible.

Survival

The relationship between the vitamin E dose and sur-

vival of each genotype is depicted in Figure 2. ApoE-

deficient mice had significantly higher mortality overall

Figure 1. Effect of apolipoprotein E genotype and vitamin E supplementation (panels left to right) on body weight of mice as a function of

age. Body weights were recorded at weekly intervals and averaged over 4-week periods. Each value represents the mean T SE of 23Y54 mice.

(Approximately one half of the mice were euthanized between six and eight months following their behavioral testing, whereas survivors

remained on study until 18 months).

Figure 2. Effect of apolipoprotein E genotype and vitamin E

supplementation on KaplanYMeier probability of survival as a

function of age. (Note broken ordinate scale).
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than wild-type controls, c2(1, n = 308) = 13.664, P G
0.001. The vitamin E-supplemented diets did not have

a significant effect on survival for either wild-type or

apoE-deficient mice, although there was a trend in the

direction of increased survival in the apoE-deficient

mice supplemented with 100� vitamin E.

Spatial swim maze performance

Pretraining

Over the four sessions of pretraining in the straight

alley, all age and treatment groups showed a progres-

sive decrease in the latency to reach the platform. The

18-month-old groups showed longer latencies to

reach the platform on the initial pretraining session

when compared with the young groups, but none of

the age, genotype or diet groups differed in latency by

the fourth pretraining session. A four-way analysis of

variance confirmed a significant Session x Age

interaction (P G 0.001), but failed to indicate signif-

icant main effects or interactions involving Diet or

Genotype (P 9 0.078).

Path length

The ability of the mice to learn the spatial discrim-

ination task was considered in analyses of variance

on path length over sessions 1Y4, whereas maximum

spatial performance accuracy was assessed in analy-

ses of sessions 5 through 8. The mice of all ages and

genotypes learned to swim to the hidden platform, as

indicated by their progressively shorter path lengths

over the first four testing sessions. However, as sug-

gested in Figure 3, both the initial level of perfor-

mance and rate of improvement over these sessions

varied as a function of both age and genotype.

Without supplementation, spatial performance of both

Figure 3. Learning of spatial discrimination as measured by distance traveled to reach a hidden platform (Path Length) within a swim maze

for wild-type (left panel) and apoE-deficient mice (right panel). The panels from top to bottom show the effect of age under each diet

condition. Each value represents the mean average path length T SE for the five trials conducted within each session.
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wild-type and apoE-deficient mice showed a decre-

ment by 18 months of age, although this decrement

was larger in the apoE-deficient mice (Figure 3, top

right). Relative to diet-matched 6-month-olds, the

spatial performance of 18-month-old apoE-deficient

mice, but not wild-type mice, tended to improve with

vitamin E supplementation. This effect was most

evident for the 18-month-old apoE-deficient mice

supplemented with the high (100�) dose of vitamin E

(Figure 3, lower right panel). There was no apparent

effect of diet or genotype on path length among the 6-

month-old groups. In support of these general obser-

vations, a four-way analysis of variance conducted on

path length for sessions 1Y4 indicated significant

effects of Age, Genotype and their two-way interac-

tion (all P G 0.021), as well as a significant three-way

interaction of Age, Diet, and Sessions (P = 0.012).

Separate three-way analyses within each genotype

suggested that the age-related effect of diet was

attributable to the effect of vitamin E in the ApoE-

deficient mice as opposed to the wild-type. Analysis

for apoE-deficient mice indicated a significant three-

way interaction of Sessions, Diet and Age (P G 0.017),

whereas the analysis for wild-type failed to indicate

significant main effects or interactions involving the

Diet factor (all P 9 0.142).

Eighteen-month-old, non-supplemented controls of

both genotypes showed longer average path length

over sessions 5 through 8 when compared with their

young counterparts. This effect of age was also

evident in mice maintained on the 10� vitamin E

diet, but was diminished or absent in mice on the

100� diet. Analyses of variance within each geno-

type confirmed a significant effect of Age (all P G
0.002), but failed to suggest main effects or inter-

actions involving Diet (all P 9 0.283). When a sepa-

rate analysis of variance was performed for each diet,

with Genotype, Age and Sessions as the factors, the

effect of Age was significant for mice receiving the

control or 10� diets (all P G 0.002) but not for mice

supplemented with the 100� diet (P = 0.106), con-

firming the observation from Figure 3.

Probe trial performance

The performance of the mice on probe trials con-

ducted at the end of sessions 4 and 7 are shown in

Figure 4 for wild-type and Figure 5 for apoE-deficient

mice. All of the groups showed greater than chance

percentage of time in the 20-cm annulus during both

probe trials, suggesting a spatial bias of the mice for

the platform position. Regardless of diet, young mice

of both genotypes also showed an increase in % an-

nulus time from session 4 to session 7. However, this

increase was absent or reversed in 18-month-olds of

both genotypes on the control diet, accounting for the

greater % annulus time in the 6- versus 18-month-olds

observed for session 7. The 100� vitamin E diet

resulted in an improvement in probe trial performance

of the 18-month-old apoE-deficient mice during this

session, to a level nearly equivalent to that of diet-

matched 6-month-olds. There was a similar, though

smaller, trend to this effect for the 18-month-old wild-

type mice maintained on either the 10� or 100� diet.

When the session 7 data for % annulus time of the

wild-type mice were analyzed using a two-way

analysis of variance, only a significant main effect of

Age (P = 0.001) was evident. On the other hand, ana-

lysis of session 7 for the apoE-deficient mice revealed

a significant main effect of Age and a significant

Age � Diet interaction (P = 0.034). Individual com-

parisons within the Age � Diet interactions confirmed

significant age-related decreases in annulus time for

apoE-deficient mice maintained on the control or

10� diet (all P G 0.031), but not for mice on the

100� diet (P = 0.682).

Discriminated avoidance learning and memory

The four components of performance analyzed in the

discriminated avoidance task are shown in Figure 6

Figure 4. Performance of wild-type C57BL/6 mice on a probe trial

conducted after the fourth (left) or seventh session (right) of spatial

swim maze training as a function of age and vitamin E diet. Probe

trial performance is expressed as the percentage of probe trial time T

SE spent in a 20-cm annulus over the center of the platform position

after it had been lowered below the surface for a period of 40 s.
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for each genotype, diet and age group: Initial learning

(A), learning of the first reversal (B), learning an effi-

cient response strategy (learning set) (C) and delayed

memory performance (D). Overall, the 18-month-old

mice showed impaired performance in each compo-

nent of the discriminated avoidance test, with little

indication of a qualitative difference related to

genotype. Additionally, there was no indication that

vitamin E supplementation affected performance of

either genotype. Analyses of variance on initial

learning and learning set each revealed a significant

main effect of age (all P G 0.001) and additionally, a

main effect of genotype (all P G 0.001) due to the

somewhat better performance in both age groups of

the apoE-deficient mice when compared to the wild-

type. However, the Genotype � Age interactions for

these measures were nonsignificant (all P 9 0.309) as

were all effects/interactions involving diet (all P 9
0.145). Separate analyses revealed significant main

Figure 6. Effect of age, genotype and diet on performance components (T SE) of the discriminated avoidance task: (A) The mean number of

trials to reach the avoidance learning criterion during the initial testing session (Initial Learning). (B) The mean number of trials to reach the

avoidance learning criterion during the second session in which the mice learned to turn in a direction opposite that trained on the previous

day (Reversal Learning). (C) The mean number of sessions required for learning of a stable response strategy (Learning Set) requiring

working memory. (D) The mean number of sessions required for efficient performance after a 7-min delay.

Figure 5. Performance of apoE-deficient C57BL/6 mice on a probe

trial conducted after the fourth (left) or seventh session (right) of

spatial swim maze training as a function of age and vitamin E diet.

Probe trial performance is expressed as the percentage of probe trial

time (T SE) spent in a 20-cm diameter annulus over the center of the

platform position after it had been lowered below the surface for a

period of 40 s.
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effects of age within each genotype (all P G 0.007),

confirming the observation that, overall, a decline in

performance with age occurred in both genotypes.

Analyses of variance on reversal learning (Figure

6B) and performance involving 7-min delay (Figure

6D) revealed only significant main effects of age (all

P G 0.001), whereas all other effects and interactions

were non-significant (all P 9 0.096).

Discussion

The main findings of this study were: (1) In C57BL/6

mice, apoE deficiency was associated with an accele-

rated mortality rate and a cognitive deficit involving

impaired spatial maze learning; (2) ApoE deficiency

did not affect the age-related impairment in simple

avoidance learning or working memory in these

mice; (3) lifelong dietary supplementation of the an-

tioxidant vitamin E ameliorated the accelerated age-

associated deficits in spatial memory associated with

apoE deficiency, but failed to affect age-impaired

avoidance learning or working memory.

The present results clearly indicate that wild-type

C57BL/6 mice, when fed control diets, exhibit a

deleterious effect of age in several different measures

of cognitive performance, in accordance with find-

ings of previous studies (Forster et al. 1996; Forster

and Lal 1992; Sumien et al. 2004). These effects

involved a slower initial learning of spatial discrim-

ination in older mice, as well as a decreased max-

imum efficiency in spatial navigation after initial

learning. In the discriminated active avoidance task,

older mice also showed an impaired initial learning,

as well as a decreased ability to learn a new response

once the initial response had been learned. Further-

more, the older mice required more training before

adopting an efficient response strategy requiring

working memory and, once learned, showed more

difficulty performing under conditions of increased

memory demand. When age-matched apoE-deficient

mice were compared with wild-type for these age-

sensitive aspects of cognitive performance, they

showed markedly greater age-related impairments in

initial learning of spatial discrimination, but did not

differ from wild-type in any of the other dimensions

of age-related cognitive decline that were tested.

While the observation of accelerated deficits in

spatial swim maze performance of apoE-deficient

mice is consistent with previous literature (Gordon

et al. 1995, 1996; Masliah et al. 1997; Oitzl et al.

1997; Veinbergs et al. 1999, 2000; Grootendorst et al.

2001), the current studies suggest that the accelerated

decline does not extend to several other dimensions

of learning and memory performance. Thus, brain

processes targeted by apoE deficiency could be rela-

tively selective when compared with those involved

in normal brain aging.

The observed increase in mortality of apoE-defi-

cient mice may be related to atherosclerosis, which

could also affect the observed changes in cognitive

performance secondary to vascular disease in the brain

or perhaps deficits of motor function from peripheral

vascular disease. The increased mortality could also

represent accelerated aging in various organ systems

independent of cognitive abilities, suggesting the

possibility that impairments in learning and memory

could be a result of sensory or motor deficits in this

genotype. This explanation is unlikely based on the

results of a previous study in which apo-E deficiency

did not affect the age-associated losses detected in a

variety of tests for sensory and psychomotor function

(McDonald et al. 1997). Furthermore, there was no

effect of genotype or diet on path-independent swim

speed during pretraining or learning phases of the

water maze test in the current study, suggesting that

obvious changes in motor performance were not likely

responsible for deficits in spatial performance. Al-

though the visual capacity of the apoE-deficient mice

was not addressed in the current study, a previous

investigation failed to indicate a difference in visible

platform performance attributable to apo-E deficiency

(Veinbergs et al. 2000).

To the extent that apoE can influence oxidant pro-

duction (Colton et al. 2002) and antioxidant defenses

(Miyata and Smith 1996; Lomnitski et al. 1999),

increased oxidative stress represents one possible

mechanism for the accelerated cognitive impairment

in apoE-deficient mice. This hypothesis is consistent

with reported increases in markers of oxidative

stress/damage in the brains of apoE-deficient mice

relative to age-matched controls, including increases

in products of lipid peroxidation (Veinbergs et al.

2000; Montine et al. 1999; Pratico et al. 1998),

increased 3-nitrotyrosine (Matthews and Beal 1996),

and increased carbonylation of protein (Choi et al.

2004). Moreover, the association of apoE deficiency

with spatial maze performance, a behavior thought to

be dependent on hippocampal function, is consistent

with the regional pattern of protein oxidation reported
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by Choi et al. (2004), who observed a one-fold in-

crease in total protein oxidation primarily in the hip-

pocampus of young apoE-deficient mice when

compared with wild-type. It is noteworthy that two

of the proteins showing increased carbonylation in

the hippocampus of the apoE-deficient mice, creatine

kinase and dihydropyrimidase-related protein 2, are

also targets of oxidative damage in patients with

Alzheimer’s disease (Castegna et al. 2002a, b).

The responsiveness of apoE-deficient mice to diet-

ary supplementation with vitamin E, observed in the

current and previous studies (Veinbergs et al. 2000),

adds additional support for the involvement of oxi-

dative stress/damage in the neurological alterations

and cognitive impairment in apoE-deficient mice. In

the current studies, vitamin E supplementation ap-

peared to prevent the accelerated decline in learning

of the spatial discrimination in the swim task in these

mice, but seemed to be less effective in preventing

deficits attributable to normal aging in either of the

genotypes. In the swim maze task, vitamin E sup-

plementation did not clearly affect the age-related

deficits in initial learning exhibited by the wild-type

mice. Moreover, while vitamin E supplementation

improved performance of the aged apoE-deficient

mice, it did not improve performance beyond that of

the age-matched, wild-type controls. In the discrimi-

nated avoidance task, vitamin E supplementation

clearly did not affect age-related cognitive deficits in

either genotype.

Whereas the current findings suggest that neuro-

logical deficits associated with apoE deficiency are

responsive to vitamin E supplementation, they pro-

vide no direct evidence that prevention of these

deficits involves an attenuation of oxidative damage.

In a previous study, it was observed that vitamin E

supplementation implemented in aged wild-type

(C57BL/6) mice failed to reverse deficits in cognitive

or psychomotor function, and did not attenuate age-

associated protein or lipid oxidative damage (Sumien

et al. 2004). The modest effect of long-term vitamin E

on behavior of wild-type mice in the current studies

may well reflect a similar failure to affect accumula-

tion of oxidative damage. Veinbergs et al. (2000)

reported that vitamin E supplementation attenuated

lipid oxidation in apoE-deficient mice, but not in

wild-type animals, a finding that is consistent with

the current behavioral results.

The modest effect of vitamin E on cognitive decline

in wild-type mice is somewhat inconsistent with

previous literature suggesting beneficial effects fol-

lowing long-term supplementation (Joseph et al.

1998). It is unlikely that insufficient dosage was

responsible for the modest effects in wild-type mice,

given that the 200 mg/kg/day dose used was relatively

high. Based on a dose response study reported in the

literature (Martin et al. 1999), this dose was nearly

two times the amount needed to achieve maximal

increases in brain a-tocopherol concentration. In

previous studies of both young and old C57BL/6

mice, supplementation at this level yielded a 30%

increase in the whole brain synaptosomal a-tocoph-

erol content (Lass et al. 1999), as well as a 50%Y60%

increase in homogenates of cerebral cortex (Sumien

et al. 2004). It seems possible that the effect of

vitamin E supplementation was more easily observed

in the apoE-deficient mice when compared with the

wild-type, based upon a more advanced progression

of spatial performance decline in those mice at the

ages tested in the current study. Thus, the effective-

ness of vitamin E supplementation in wild-type mice

may not be fully evident until these mice reach more

advanced ages. It is worth noting in this regard, that

there was a consistent trend toward beneficial effects

of vitamin E supplementation on spatial performance

in the wild-type mice.

In summary, the current findings are consistent

with the hypothesis that apoE deficiency confers an

accelerated, though probably selective, loss of brain

function with age. This loss of function would

appear to involve pathogenic oxidative mechanisms

that can be offset by lifelong supplementation with

vitamin E.
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