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Cardiovascular risk factors, such as oxidative stress and elevated lipids, are linked to the development of
cognitive impairment. A mediator common to both stressors is the apolipoprotein E (apoE). The objectives of
this study are to determine the effects of apoE deficiency and diet-induced systemic oxidative stress in mice
on vascular expression of inflammatory proteins and on cognitive function. Mice are placed on a diet
enriched in homocysteine for fifteen weeks and then assessed for spatial learning using an eight-arm radial
maze and for inflammatory protein expression by immunohistochemistry. Our results show that diet-
induced oxidative stress does not affect cognitive function in normal mice. In contrast, apoE−/−mice on the
homocysteine diet show significantly impaired (pb0. 001) maze performance. ApoE−/− mice also have
high cholesterol levels. There is no expression of inflammatory proteins IL-6 and IL-8 in the vasculature of
controlmice on normal or homocysteine diet and little in apoE−/−mice on normal diet. In contrast, apoE−/−
mice on homocysteine diet show pronounced vascular reactivity to IL-6 and IL-8 antibodies. These data show
that systemic oxidative stress correlates with expression of inflammatory proteins in the cerebral vasculature
and impaired cognitive function. These results are consistent with the hypothesis that an oxidative-
inflammatory cycle in the cerebral vasculature could have deleterious consequences for cognition.
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1. Introduction

Increasing evidence links cardiovascular-associated risk factors to
the development of cognitive impairment, especially in Alzheimer's
disease (AD). Both oxidative stress and elevated lipids correlate with
increased risk of developing dementia (Herrmann and Knapp, 2002;
Rojo et al., 2006). A mediator common to both stressors is the lipid-
carrying protein apolipoprotein E (apoE). Apolipoprotein E is a vital
component in lipoprotein metabolism (Hirsch-Reinshagen et al., 2009),
but may also underlie biological processes and pathologic conditions
independent of lipid metabolism, including AD, cognitive function, and
immunoregulation (Mahley and Rall, 2000). After liver, the highest
levels of apoE expression are found in the nervous system (Boyles et al.,
1985; Elshourbagy et al., 1985), supporting an important role for this
protein in neural function. Inheritance of the apoE allele 4 increases the
risk of developing late-onset AD (Lendon et al., 2000; Wakutani et al.,
2002). Impairments in cognitive performance have been observed in
aged apoE-deficient (apoE−/−) mice (Champagne et al., 2002;
Grootendorst et al., 2005; Troen et al., 2006; van Meer et al., 2007;
van Praag et al., 2005; Zhou et al., 1998). Absence of apoE also correlates
with diminished anti-oxidative capacity in animals (Law et al., 2003).
Finally, in aged mice lack of apoE has a destabilizing effect on the
cerebral microcirculation leading to blood-brain barrier leakage
(Hafezi-Moghadam et al., 2007).

Consistently, studies report a correlation between cognitive
function and the serum concentrations of folate (Mihalick et al.,
2003; Morris, 2002), vitamin B-12 (Selhub, 1999), vitamin B-6
(Borroni et al., 2002; Miller et al., 2002), and more recently
homocysteine (Auer et al., 2002;Herrmann andKnapp, 2002; Korczyn,
2002; McIlroy et al., 2002; Mizrahi et al., 2002; Nilsson et al., 2002;
Nourhashemi et al., 2000; Prins et al., 2002; Reutens and Sachdev,
2002; Shea and Rogers, 2002; Sheehan and Fazel, 2002; Vermeer et al.,
2002). Hyperhomocysteinemia promotes oxidative stress by increas-
ing formation of reactive oxygen species (Papatheodorou and Weiss,
2007).The damaging effects of homocysteine may influence normal
development as well as age-related decline. Addition of methionine to
the diet of pregnant rats induces hyperhomocysteinemia and leads to
the formation of sustained oxidative stress in the brains of progeny
(Makhro et al., 2008). Newborn animals are characterized by lower
body weight, cerebral superoxide dismutase deficiency, and impaired
cognitive capacity. In aging, plasma levels of homocysteine are
predictive of cognitive decline (Herrmann et al., 2007). Hyperhomo-
cystemia has been implicated in the pathogenesis of neurodegener-
ative and neuropsychiatric disorders including AD, stroke and vascular
dementia (Reutens and Sachdev, 2002; Kronenberg et al., 2009).
Finally, because homocysteine can damage vascular endothelial cells
(Papatheodorou and Weiss, 2007), homocysteine may contribute to
the pathogenesis of CNS disorders by causing both cerebrovascular
injury as well as direct neurotoxicity.
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The brain microvasculature could be a convergence point for the
effects of oxidative stress and lipid injury in health and disease. In AD,
we have shown that brain microvessels express oxidized proteins and
release high levels, compared to control-derived vessels, of a number
of inflammatory proteins including tumor necrosis factor-α (TNFα),
interleukin (IL) IL-1β, IL-6, and IL-8 (Grammas and Ovase, 2001;
Grammas et al., 2006). Recent brain imaging data from humans and
animals suggest that cerebrovascular dysfunction may precede
cognitive decline and neurodegeneration in AD and AD animal
models (Bell and Zlokovic, 2009). The effects of oxidative stress in
apoE knockout mice on brain vascular inflammation and cognition are
unknown.

In humans, assessment of vascular inflammation in the context of
cognitive function is not possible. However, behavioral experiments
in rodents can be utilized to model memory and cognitive functions,
while assessing vascular inflammation. In this regard, the 8-arm radial
maze (RAM), developed by Olton and Samuelson (1976), is a widely
used measure of cognitive function that captures spatial learning and
working memory in rodents (Hodges, 1996).

The objectives of this study are to determine the effects of apoE
deficiency and diet-induced systemic oxidative stress in mice on
vascular expression of inflammatory proteins and on cognitive
function, as assessed by behavioral experiments in the radial arm
maze.

2. Methods

2.1. Animals and diet

Animal procedures were performed in accordance with NIH
“Guide for the Care and Use of Laboratory Animals” and Texas Tech
University Health Sciences Center Institutional Animal Care and Use
Committee (IACUC) guidelines. Due to limited availability at the time
of the study, ApoE knockout (−/−) mice were bred in our research
facility. One male and three female breeders (4–6 weeks old) were
purchased from Jackson laboratory (Bal Harbor, Maine 04609). ApoE
(−/−) were homozygous for the ApoE tm1Unc mutation andwere bred
on C57B1/6J background strain. Pregnant females were separated on
day 18 of gestation and were housed with their litter until the pups
were weaned at 21 days of age. Pups were then separated and housed
individually. Female mice were used for breeding only; male mice
were used for ongoing experiments. Male, six month old, C57Bl/6J
mice were purchased from Charles River Laboratories (Wilmington,
MA 01887). Upon delivery, C57Bl/6J mice were housed individually
and given free access to food and water. Diet manipulations were
instituted for control and apoE (−/−) mice at 7 to 8 months of age
and mice were maintained on the respective diet for the duration of
experiments. Both C57Bl/6J and apoE−/−mice were maintained on a
restricted diet of either normal rodent chow (Purina) or on 50% of the
Harlan Teklad TD97345 diet (Harlan Teklad, Madison Wisconsin)
which is enriched in methionine and depleted of vitamins B6, B12 and
folate to induce hyperhomocysteinemia. While on restricted diet,
mice were weighed daily and chow amounts adjusted so that each
mouse maintained a weight no less than 85% of its weight at the
beginning of experiments. Mice were individually housed in venti-
lated cages with hard wood bedding and free access to water.

2.2. Behavioral experiments

2.2.1. Apparatus
Amodular plexiglass 8-arm radial armmaze (Med. Associates Inc.,

St. Albans, VT) with Ethovision 3.1 video tracking software (Noldus,
Wageningen, Netherlands) was used for these experiments. The
central maze compartment had a diameter of 8 in. and each arm was
14in. long with food receptacles located at the end of each arm. The
maze was enclosed in a curtained area with fixed visual cues on the
curtained “walls”, the experimenter was stationed between arms 7
and 8, and the computer was stationed outside of the curtained area.
The camera was mounted 4ft above the central compartment.

The maze was saturated with the odor of chocolate to minimize
the use of odor cues for correct selection of baited arms by inserting
chocolate chips in the ventilation holes of each arm.

2.2.2. Procedure
At the age of 9–10 months, after being fed the control or

homocysteine (HC) diet for two months, mice were first exposed to
the maze. For three sessions, mice were placed in the center of the
maze and allowed to explore freely for 10 min. Chocolate shavings
were scattered throughout the maze to encourage exploration. On all
subsequent sessions, only the food receptacle at the end of each arm
was baited with chocolate and sessions concluded when the mouse
had visited each of the 8 arms at least one time or the maximum time
limit of 10 min had elapsed. All four paws crossing from the center
compartment into an arm counted as an “entry”; an entry was correct
if the arm had not been previously entered during the current session.

Mice were trained daily Monday through Friday for 15 blocks of 5
sessions each. The RAM has a fixed spatial structure of a central
compartment with eight radiating arms, but as each arm entry is a
distinct piece of information, the number of accurate entries before an
error may reflect spatial memory span (Hodges, 1996; Olton and
Samuelson, 1976), a measure of visuospatial working memory
(Baddeley and Hitch, 1993; Conway et al., 2005). Two measures of
RAM performance are therefore reported, the total number of entries
to complete the maze, which is an overall measure of learning and
memory, and thenumber of correct armentries before a re-entry error,
which is suggestive of spatial memory span or working memory.

2.3. Tissue recovery and immunohistochemistry

Mice were euthanized and brain tissue was fixed by transcardial
perfusion with 10% neutral buffered formalin (NBF). The brain was
removed and 1 mm blocks of tissue from cerebral cortex were post
fixed in 10% NBF for an additional 12 h and embedded in paraffin.
Brain sections were deparaffinized in xylene, hydrated through a
graded alcohol series, then rinsed for 5 min in deionized water and
incubated for 20 min at room temperature with Pepsin reagent (Cat.
No: PEP956 H, Biocare Medical, Concord, CA) for antigen unmasking.
Sections were washed in Tris-Buffered Saline containing 0.1% Tween-
20 (TBST) (pH 7.4) for 5 min, incubated 30 min in 0.3% H2O2 in
methanol to block endogenous peroxidase activity, washed in TBST
for 5 min, and blocked using TBST containing 2.5% normal goat serum
for 20 min at room temperature. Sections were then incubated with
rabbit polyclonal antibodies to IL-6 or IL-8 (Cat. No: ab6672; Cat. No:
ab7747; Abcam, Cambridge, MA) diluted 1:250 in TBST containing
2.5% normal goat serum for 30 min at room temperature, washed in
TBST for 5 min, and incubated with goat anti-rabbit IgG biotinylated
secondary antibody (Cat. No: GR602H, Biocare Medical, Concord, CA)
for 30 min at room temperature. Following stringent washing with
TBST for 5 min, sections were incubated with VECTASTAIN Elite ABC
reagent (Cat. No: PK-6200, Vector Laboratories, Inc., Burlingame, CA)
for 30 min at room temperature, washed in TBST for 5 min, incubated
with diaminobenzidine (DAB) tetrahydrochloride peroxidase sub-
strate solution (Cat. No: D3939, Sigma, St. Louis, MO), rinsed in
deionized water and counterstained with Gill's Hematoxylin. Sections
were viewed using an Olympus BX50 upright viewing system and
images were captured using ACT-1 software (Nikon, Melville, NY).

2.4. Blood collection and lipid analysis

Blood was collected before and two months after introduction of
the homocysteine-inducing or control diets. Blood was also collected
immediately prior to the start of maze training via the submandibular
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vein using a Goldenrod Lancet. A maximum volume of 200 μl was
collected. Cholesterol was determined using the Cobas 6000 by the
Department of Pathology at the Texas Tech University Health Sciences
Center.

2.5. Statistical analysis

2.5.1. Behavioral data analysis
Daily data for “total number of entries” and “entries without error

(span)” were collapsed into a mean of 5-day blocks for each animal.
Then the mean for each “block”was averaged across animals. Data are
graphed as mean “block”with standard error (SE). Performance at the
start of training (i.e., block 1) was compared across groups by two-
factor (mouse and diet) ANOVA. Acquisition and final performance
were compared by fitting a continuous Weibull function (Gallistel et
al., 2004) to the data with Prism 5.02 (GraphPad Software, San Diego
California USA, www.graphpad.com). As applied to our entries versus
block data, the function can be written as

Entries = Asymptote × 1–2− Blocks
Latencyð ÞS

� �� �
;

where Asymptote is an estimate of the final level of performance at
infinite time, Latency is an estimate of how long it took for asymptotic
performance to appear, and S is an estimate of the abruptness of
change in performance. The Weibull function fits were used to
estimate the predicted entries at block 15, and a common fit for all
groups was compared to a separate fit for each group (control/normal
diet, control/HC, apoE−/−/normal diet, and apoE−/−/HC) by F test.
Significant differences between groups were reflected in non-overlap
of 95% confidence limits.

2.5.2. Lipid analysis
The mean and SE for each group (Strain/Diet) were calculated at

the two time points that blood was collected. A two-factor ANOVA for
repeated measures was used to assess significant differences between
groups and across time (Baseline and 2 month).

Bonferroni corrections for pairwise comparisons was used to test
for significant differences among control mice, control mice on
homocysteine diet, apoE−/−, apoE−/− on homocysteine diet.

3. Results

Analysis of blood lipids in control and apoE−/− mice showed that
baseline total cholesterol was significantly elevated in apoE−/− mice
compared to levels in control mice (Fig. 1). Placement of animals on the
homocysteine diet for 2 months did not affect total cholesterol levels in
either group (Fig. 1). At the start of experiments (block1), groups did not
differwith regard to accuracyofmazeperformance (p=0.14). However,
Fig. 1. Comparison of cholesterol levels for Control (C57Bl/6J) and apoE−/− mice fed
normal (N) or homocysteine (HC) diet for two weeks. ApoE−/− mice have significantly
(pb0.001) higher cholesterol than control mice. Cholesterol levels remain consistent after
being fed their respective diets for two months. ***pb0.001 vs. control mice.
as training progressed, the level of performance dissociated across
groups. Control C57Bl/6J mice progressively improved their perfor-
mance on the radial armmaze during the first five blocks of assessment.
At block 15, control mice efficiently completed the maze such that the
total number of entries was 9.9 with 6.7 arms entered without error
(Fig. 2A, B). In controlmice, thehomocysteinediet didnot affect accuracy
(Fig. 2A, B) as asymptote for total entries was 9.4 with 6.6 arms entered
before error. In contrast, although apoE−/− mice also showed
improvement during the first 5 blocks of training, their performance
stabilized at only 11.9 total entries with 5.5 arms entered without error;
significantly (pb0.001) worse than control mice as demonstrated by
non-overlap of confidence intervals (Table 1). Furthermore, apoE−/−
mice that were maintained on homocysteine diet displayed even lower
accuracy than knockout mice on normal rodent chow (Fig. 2A, B). The
former mice showed no improvement during the first five blocks of
training, and their performance stabilized at 14.3 total arm entries with
only 4.5 arms enteredwithout error; significantly (pb0.001)worse than
apoE−/− mice on normal diet (Table 1).

At the conclusion of behavioral experiments, brains were
processed for immunohistochemical examination. Sections from
control and apoE−/− mice were examined for the presence of
inflammatory cytokines, IL-6 and IL-8, in brain vessels. There was no
expression of inflammatory proteins IL-6 and IL-8 in the vasculature of
control mice on normal or homocysteine diet (Figs. 3A, B; 4A, B) and
little in apoE−/−mice on normal diet (Figs. 3C and 4C). In contrast, the
Fig. 2. A and B. Two measures of RAM performance. Y-axis for panel A shows RAM
performance as measured by the total number of arm entries before all eight arms were
entered (“working memory”). Y-axis for panel B shows RAM performance as measured
by the total number of correct entries before a re-entry error (“spatial span”). Note:
Perfect performance for both measures of performance is 8 entries, however “worse”
performance is demonstrated as greater than 8 entries in panel A and lesser than 8 in
panel B. Diet does not alter accuracy of C57Bl/6J mice on either measure of maze
performance. ApoE−/− on normal diet are consistently less accurate than control mice
on both measures of performance. ApoE−/−mice on HC diet perform significantly and
consistently worse than ApoE−/− mice on normal diet and C57Bl/6J mice on both
measures of RAM performance.

http://www.graphpad.com


Table 1
RAM performance.

Total arm entries
Mean 95% CI

Arm entries without error
Mean 95% CI

C57Bl/6J—Normal 9.9 (9.3–10.4) 6.7 (6.5–6.9)
C57Bl/6J—HC 9.4 (8.7–10.0) 6.6 (6.3–6.8)
apoE−/− Normal 11.9 (11.3–12.6) 5.5 (5.2–5.7)
apoE−/− HC 14.3 (13.6–14.9) 4.5 (4.3–4.8)

Differences in RAM performance as measured by the mean asymptote and 95%
confidence limits for total number of arm entries (pb0.001) and arm entries without
error (pb0.001). Lack of overlap of confidence limits reveals that RAM performance is
impaired in apoE−/− mice compared to C57Bl/6J mice and HC diet exacerbates
impairment only in apoE−/− mice.
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cerebromicrovasculature of apoE−/−mice on homocysteine diet shows
pronounced reactivity to IL-6 and IL-8 antibodies (Figs. 3D and 4D).

4. Discussion

ApoE knockout mice are a widely used model of hypercholesterol-
emia. These animals, on standard chow diet, spontaneously develop
atherosclerosis and have total cholesterol levels in excess of 500 mg/dL
(Meir and Leitersdorf, 2004). In the current study, these animals
demonstrate high cholesterol levels and show modest impairment of
cognitive function. These data are consistent with a body of literature
that demonstrates a link between hypercholesterolemia and brain
function. In a cholesterol-fed rabbit model of human coronary heart
disease there is production and accumulation of amyloid beta (Aβ) in
the brain (Sparks et al., 2000). Similarly, a high-fat/high cholesterol diet
increasesAβdeposition in a transgenicmousemodel of AD (Refolo et al.,
2000). In humans increased prevalence of AD-like Aβ deposits in the
neuropil and within neurons occurs in the brains of non-demented
individuals with heart disease and a decreased prevalence has
been observed in the patients on cholesterol-lowering statins (Wolozin
et al., 2000). It should be noted that in the current study, placement of
apoE−/− mice on homocysteine diet does not further increase
Fig. 3. Control (A, B) and apoE−/− (C, D) mice brain sections were examined by immunohis
control mice on normal diet (A) or control mice on homocysteine diet (B). In contrast, reactiv
on control diet (C) and strongly expressed around blood vessels in apoE−/− mice on hom
cholesterol levels. Results of the current study add to a growing
literature suggesting that life-style factors can influence cognition. A
systematic review of 18 prospective studies shows consistent associa-
tions between highmidlife total cholesterol levels and the development
of ADdementia in later life (Anstey et al., 2008;Hirsch-Reinshagen et al.,
2009). Interestingly, there is no evidence supporting an association
between late-life cholesterol levels and dementia. Combined, these data
suggest that in humans chronic or long-term lipid stress may be
necessary to induce cognitive impairments. In the current study,wefind
that the apoE−/− mice, an animal model characterized by hyperlip-
idemia, demonstrate a modest impairment of cognitive function. In
contrast, our results show that apoE−/−mice on the homocysteinediet
demonstrate a highly significant impairment (pb0.001) in maze
performance compared to control mice on the homocysteine diet.
These data support the idea that changes in cognition likely result from
the interaction of multiple cardiovascular risk factors. In this regard, a
recent review of all studies in Pubmed from 2000 to 2007 (Purnell et al.,
2009) that analyzed the association of cardiovascular risk factors and
the development of AD shows that no single clinically defined
cardiovascular risk factor is significantly associated with AD but rather
the strength of the association of cardiovascular risk factors and AD is
greatly enhanced by interactions between factors.

Another variable that is likely to influence the effect of cardiovas-
cular risk factors on cognition is the duration of behavioral
observation. In the current study, homocysteine-induced oxidative
stress alone was unable to alter cognitive function in C57Bl/6J mice
examined during the 15 block period (Fig. 2A, B). It was only in the
already impaired apoE−/− mice that homocysteine exacerbated the
cognitive impairment. Similarly, patients with mild cognitive impair-
ment (MCI) express vascular risk factors, including homocysteine,
significantly more often than controls. However, only age and
hypertension, but not hyperhomocysteinemia, influence progression
to dementia in the MCI group when assessed within a one year time
period (Siuda et al., 2009; Reitz et al., 2009). The ability to dem-
onstrate homocysteine-induced cognitive deficits may also depend on
study design. A study examining the effects of homocysteinemia on
tochemistry for the presence of IL-6 (20×). Staining for IL-6 was not detectable in either
ity to the IL-6 antibody (brown HRP staining) was faint in sections from apoE−/−mice
ocysteine diet (D). Bar=20 μm.



Fig. 4. Control (A, B) and apoE−/− (C, D) mice brain sections were examined by immunohistochemistry for the presence of IL-8 (20×). Staining for IL-8 was not detectable in either
control mice on normal diet (A) or control mice on homocysteine diet (B). In contrast, reactivity to the IL-8 antibody (brown HRP staining) was faint in sections from apoE−/−mice
on control diet (C) and strongly expressed around blood vessels in apoE−/− mice on homocysteine diet (D). Bar=20 μm.
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spatial learning in young apoE−/−mice using the Morris water maze
finds that although diet stress has no impact on watermaze
acquisition in apoE−/− mice compared to controls, it does produce
marked deficits in reversal learning, when the escape platform is
moved to a new location (Troen et al., 2006). In contrast, Zhou et al.
(1998) demonstrate that young apoE−/− mice require more trials to
learn watermaze than do controls, and that restraint stress exacer-
bates cognitive deficits so that apoE−/− mice do not find the escape
platform in three days of training. Zhou's data are similar to the
pattern revealed in the current study (Fig. 2A, B). ApoE−/− mice
exhibit only limited improvement in the RAM compared to control
mice, and performance stabilized at markedly lower levels, suggesting
learning impairment. In contrast, our apoE−/−mice on HC diet show
no sign of learning over 15 blocks of training.

The type and duration of stress may also impact cognition. In this
regard, exposure of 4–5 month old apoE−/−mice to chronic rat stress
(7 days, 1–2 h/day) improves watermaze acquisition, compared to
wild-type mice (Grootendorst et al., 2005). These results are in sharp
contrast to the impaired performance of apoE−/−mice when exposed
to restraint stress (2 days, 20 min/day) (Zhou et al., 1998). However, as
both the type of stress and the duration of exposure to stress differed in
these studies, as did exposure to diet stress in our study (15+ blocks),
any of these differences could account for the differing results. It should
also be noted that compared to our studies, the above studies utilized
younger apoE−/− mice to demonstrate stress-induced cognitive
changes. Our results extend this work by demonstrating that the stress
of the HC diet manipulation was not overcome by multiple weeks of
additional practice. Equally notable is the impaired “spatial working
memory” of apoE−/−/HC mice compared to controls (Fig. 2A, B). The
range of entries prior tomaking afirst errorwasmarkedly lower in apoE
−/−/HC mice (4.5) as compared to the control/HC mice (6.6). What is
equally interesting is the stability of this measure of spatial memory.
Duringblock1 themean “spatial span” of apoE−/− /HCmicewas4.4 (S.
E. 0.47) and after 15 blocks of training “memory span” did not change.
Therefore, a diminished capacity for visuospatial information may be a
major contributing factor to the significant and persistent overall
impairment of working memory (Fig. 2A, B).

Age may be an important modulator of apoE effects. A study in
apoE−/− mice shows that aged but not young animals exhibit
significantly higher nitric oxide synthase (NOS) activity levels (Law
et al., 2003). This is important because nitric oxide (NO) is a
neurosignaling molecule with significant roles in cognition and NO
has also been implicated in neurodegenerative diseases due to its
oxidative properties. These findings suggest that increased NOS
activity may contribute to cognitive impairments in aged wild-type
and apoE−/− mice due to excess accumulation of oxidative damage
in areas involved in learning and memory. Our previous work
showing elevated levels of NO in the cerebral microcirculation in AD
(Dorheim et al., 1994) further suggests that vascular oxidative stress
is associated with impaired cognition.

Oxidative stress appears to be a common denominator underlying
endothelial dysfunction. In AD, homocysteine is thought to promote
endothelial dysfunction and oxidative stress and has also been
implicated in the pathogenesis of AD by data showing that serum
HC levels are significantly higher in AD patients that controls (McIlroy
et al., 2002; Reutens and Sachdev, 2002). The results of this study are
the first to document an association between increased vascular ex-
pression of inflammatory cytokines (IL-6, IL-8) and cognition.
Although analysis of inflammatory expression by immunohistochem-
istry is not quantitative, our results clearly show a pronounced
increase in vascular IL-6 and IL-8 in apoE−/− mice on homocysteine
diet. Our data demonstrate a correlation among systemic oxidative
stress, expression of inflammatory proteins in the cerebral vascula-
ture, and cognitive dysfunction. These results, along with previous
work showing that the cerebral vasculature is a source for inflamma-
tory proteins and reactive oxygen species, suggest that a noxious
oxidative-inflammatory cycle in the vasculature could have deleteri-
ous consequences for brain function and cognition.
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