
NeuroMolecular Medicine 197 Volume 4, 2003

Folate and Vitamin E Deficiency Impair Cogniti ve
Performance in Mice Subjected To Oxidative Stress

Differential Impact on Normal Mice and Mice Lacking Apolipoprotein E

Shelia M. Mihalick, Daniela Ortiz, Ramya Kumar,
Eugene Rogers and Thomas B. Shea* 

Center for Cellular Neurobiology and Neurodegeneration Research Department
of Biological Sciences University of Massachusetts, Lowell, MA 01854 

Received June 13, 2003; Accepted July 7, 2003

Abstract

One factor contributing to the age-related decline in cognitive performance is increased oxida-

tive stress, that can arise from environmental, nutritional, and/or genetic compromise. Folate

deficiency has been linked to several age-related neurodegenerative conditions, including

A l z h e i m e r ’s disease (AD), at least in part by increasing oxidative stress. Folate deficiency also

potentiates the impact of other known risk factors for AD. A d e c rease in function of apolipopro-

tein E (ApoE), is associated with increased oxidative stress and is a risk factor for AD. We tested

the combined impact of dietary deficiencies in folate and vitamin E, coupled with exposure to

high dietary iron as a pro-oxidant, on cognitive performance in normal and ApoE–/– mice by

monitoring the percent alternation in passive Y and T maze tests. Both normal and A p o E – / –

mice displayed some cognitive impairment when deprived of folate and vitamin E and exposed

to iron, but ApoE–/– mice were more severely affected. These findings highlight the potential

combined impact of dietary deficiencies and genetic predisposition to neurodegeneration. They

further leave open the possibility that one or more risk factors may remain latent, and neu-

rodegeneration may ensue only following augmentation by one or more additional traumatic

events or conditions. 
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Introduction

A factor contributing to the age-related decline in

cognitive performance is increased oxidative stre s s ,

that can arise from environmental, nutritional

and/or genetic compromise (Berr, 2002; Butterfield

et al., 2002; Floyd and Hensley, 2002; Perry et al.,

2002a, b). Ag rowing body of evidence demonstrates

that, in addition to causing developmental disor-

ders of the nervous system, folate deficiency con-

tributes to many age-related neurological and

psychological disorders including dementia,

i m p a i red cognition, depression, psychosis,

A l z h e i m e r’s disease (AD) and Parkinson’s disease

(Mizrahi et al., 2003; Mattson and Shea, 2002; Shea

and Rogers, 2002a; Shea et al., 2002a). These delete-

rious effects arise at least in part by the increase in

oxidative stress that accompanies folate deficiency.

Folate deficiency increases neuronal oxidative

s t ress by increasing levels of the neurotoxin homo-

cysteine —levels that are related to the pro g re s s i o n

and severity of AD (Postiglione et al., 2001), decre a s-

ing endogenous antioxidants, and by inducing DNA

damage and depleting energy reserves (Kruman et

al., 2001; Ho et al., 2002, 2003). Folate deprivation

also potentiates the deleterious impact of certain

other risk factors for AD, including amyloid β, glu-

tamate, and metal neurotoxicity (Ho et al., 2001, 2002,

2003; Kruman et al., 2000, 2002; White et al., 2001), 

One genetic risk factor for sporadic and familial

AD is the presence of the epsilon 4 (E4) allele of

a p o l i p o p rotein E (ApoE; Growdon, 2001; Rebeck et

al., 2002). Oxidative damage in the brain is elevated

in AD patients, and the extent of this damage cor-

relates with the presence of the E4 allele (Ramas-

samy et al., 1999). Transgenic mice lacking A p o E

(ApoE–/– mice) exhibit increased oxidative stre s s ,

and there f o re re p resent a useful model for the impact

of oxidative stress on neurodegeneration (e.g.,

Huang et al., 2000; Ramassamy et al., 1999, 2002;

Shea and Rogers, 2002b; Shea et al., 2002b,c; Ve i n s-

b e rgs et al., 2000). We have demonstrated that folate

deprivation potentiates the deleterious impact of

ApoE deficiency. ApoE–/– mice, but not normal

mice, displayed oxidative damage to brain tissue

within 1 mo of folate deprivation. Vitamin E depri-

vation alone did not induce detectable oxidative

damage in this short-term trial; however, simulta-

neous deprivation of vitamin E potentiated the

e ffects of folate deprivation (Shea and Rogers, 2002b;

Shea et al., 2002b,c). Because long-term vitamin E

deprivation has been shown to impair learning in

ApoE–/– mice (Ve i n s b e rgs et al., 2000), and folate

deprivation has been shown to impair multiple

aspects of learning and memory in experimental

animals (Crowe and Ross, 1997; Lalonde et al, 1993)

and humans (Hassing et al., 1999), we examined

whether or not the increased oxidative damage in

ApoE–/– mouse central nervous system following

folate and vitamin E deprivation was reflected by

i m p a i red cognitive performance. 

Materials and Methods

ApoE –/– mice (obtained from Jackson Labora-

tories, Bar Harbor, ME, strain number 2052 on a

C57Bl6 background) and normal mice of the same

genetic background were maintained on a basal,

folate, and vitamin E-free chow and drinking water

ad libitum for 1 mo (“AIN-76”; Purina/Mother Hub-

b a rd, Inc.; Shea and Rogers, 2002b; Shea et al., 2002b).

For some groups, this basal diet was supplemented

with folic acid (2mg/kg total diet wet weight), vit-

amin E (as α- t o c o p h e rol; 1g/kg total diet wet

weight), and iron (50g/500g total diet;) as a pro -

oxidant (Shea and Rogers, 2002b; Shea et al.,

2002b,c). Supplementation with folic acid and vit-

amin E without iron was defined as the complete

diet; supplementation with iron without folic acid

or vitamin E was defined as the deficient diet. Cages

(3–4 mice each) were provided with an excess of

chow and water each day that was weighed prior

to dispensing and the remainder weighed the fol-

lowing day, allowing for calculation of the average

amount consumed. After 1 mo on these diets, mice

w e re subjected to standard Y maze and T maze tests

( C o rcoran et al., 2002; King et al., 1999 and re f s .

t h e rein). For the Y maze, the pattern of exploration

of the Y maze was re c o rded over 5 min intervals for

each mouse. Under normal conditions, mice will

p re f e rentially explore the three arms of the maze in

succession, for example, a mouse leaving the left

arm and exploring the top arm should next enter

the right arm rather than first returning to the left

arm. The frequency that mice visited each of the

t h ree arms during any three-arm visitation sequence

vs the total visitations defines the % alternation.

We also examined cognitive deficiencies using the

“T maze” re w a rd-based system. Mice were placed at

the bottom of a T-shaped maze, with one arm of the
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maze blocked. Each arm of the maze contained a

d e p ression containing a small amount of sweetened

milk. Mice were allowed to locate and consume the

milk in the available arm, then were returned to the

bottom of the maze and the block was removed fro m

the other arm. If the mouse entered the opposite

(newly unblocked arm), it was scored as passing; if

it instead re - e x p l o red the previously-visited arm, it

was scored as failing. The rationale for these crite-

ria are similar to the alternation described above for

the Y maze; given a choice, mice under normal con-

ditions will demonstrate a greater tendency to

e x p l o re a novel area rather than re - e x p l o re pre v i-

ously visited territory. Mice were tested three times,

and the percentage of passing trials calculated for

each mouse. Mazes were cleaned and dried between

tests to avoid influence of the prior mouse on sub-

sequent exploration. Notably, the same mice were

subjected to both maze trials on successive days;

mice were subjected to the Y maze prior to the

T maze to avoid any influence of re w a rd expecta-

tions on the behavior in the Y m a z e .

Results and Discussion
Normal mice demonstrated identical perfor-

mance in the Y maze on either diet, while the defi-

cient diet impaired the performance of normal mice

in the T maze (Fig. 1). The diff e rential performance

of normal mice in these two tests highlights that

these tests are not identical and that they assay dis-

tinct (although overlapping) aspects of cognitive

performance. In contrast to normal mice, A p o E – / –

mice displayed reduced performance in both tests

when maintained on the deficient diet (Fig. 1–/–).

No significant diff e rence in consumption of food

and water was observed among groups re c e i v i n g

d i ff e rent diets (Table 1). 

Our prior analyses have demonstrated that fol-

lowing folate and vitamin E deprivation, and inclu-

sion of excess dietary iron (as a pro-oxidant), A p o E – / –

mice, but not normal mice, exhibit oxidative damage

to brain tissue (Shea and Rogers, 2002b). Both normal

and ApoE–/– mice exhibit increased glutathione

levels when maintained under this diet in an appar-

ent attempt to compensate for increased oxidative

s t ress. Increased thiobarbituric acid-reactive sub-

stance (TBARs) in brain tissue of ApoE–/– mice indi-

cates that this increase in glutathione is insuff i c i e n t

to compensate for the combined impact of A p o E ,

folate, and vitamin E deficiency, yet is able to com-

pensate for individual dietary or genetic deficien-

cies. The present findings in the Y and T- m a z e s

demonstrate that the oxidative damage re s u l t i n g

f rom the combined impact of folate and vitamin E

deficiencies along with dietary iron is reflected in

i m p a i red cognitive performance, and that deficiency

in ApoE function imparts a further deleterious impact

on cognitive performance. It remains unclear whether

the increased risk of AD associated with the E4 is

Fig. 1. Deprivation of folate and vitamin E differentially impairs cognitive performance of normal and A p o E – / –
mice subjected to oxidative challenge. Normal and ApoE–/– mice were maintained on the indicated diets,
then subjected to the Y and T maze tests (n = 6–12 mice, 3 independent experiments for the Y maze and 2
for the T maze). For the Y maze, the % alternations were determined for each group as described in Mate-
rials and Methods. For the T maze, each mouse was tested three times and the percentage of trials in which
the mouse exhibited alternation (defined as passing) was determined as described in the Materials and
Methods section. Note that both normal and ApoE–/– mice demonstrate impaired performance on the
deficient diet in the T maze (p ≤ 0.005 vs normal mice receiving a complete diet; A N O VA), while only
ApoE–/– mice demonstrate impaired performance on the deficient diet in the Y maze (p ≤ 0.005 vs normal
mice receiving a complete diet; A N O VA ) .
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derived from the diminished function(s) of A p o E 4 ,

or from the absence of protective effects provided by

ApoE3 and/or ApoE2, or derives from the actual

p resence of ApoE4 (Rebecki et al., 2002). Because we

utilized ApoE–/– mice, our studies address only the

lack of ApoE function. Additional studies ahould aim

to carry out similar studies with transgenic mice

e x p ressing human E4 vs E3 and/or E2. 

Oxidative stress, and deficiencies in folate, vita-

min E, and ApoE function all re p resent risk factors

for AD (Growdon, 2001; Mattson and Shea, 2002;

Perry et al., 2002a,b). These findings stress that age-

related cognitive impairment can arise from the

combined impact of genetic predispostion, oxida-

tive stress, and dietary deficiencies. These impair-

ments can arise under conditions where no appare n t

trauma results from any one of the above risk fac-

tors in isolation. These findings leave open the pos-

sibility that one or more risk factors may re m a i n

latent and neurodegeneration may ensue only fol-

lowing augmentation by one or more additional

traumatic events or conditions. In this re g a rd ,

i m p roved dietary supplementation with folate has

f o s t e red an increase among certain populations of

individuals expressing polymorphisms of the folate-

dependent enzyme 5’,10’-methylene tetrahydro f o-

late reductase that exhibit decreased activity

(Reyes-Engel et al., 2002). Although such individu-

als, who would otherwise have presented acute

developmental disorders, appear normal, they may

harbor an increased latent risk for neuro d e g e n e r a-

tion that may manifest only following age-re l a t e d

c o m p romise in nutrition. Further studies are

re q u i red to address the synergistic impact of known

and potential risk factors on age-related neuro d e-

generation and cognitive impairment.
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