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Abstract: This study determined whether antioxidant supplementation is a viable complement to
exercise regimens in improving cognitive and motor performance in a mouse model of Alzheimer’s
disease risk. Starting at 12 months of age, separate groups of male and female mice expressing
human Apolipoprotein E3 (GFAP-ApoE3) or E4 (GFAP-ApoE4) were fed either a control diet or a
diet supplemented with vitamins E and C. The mice were further separated into a sedentary group
or a group that followed a daily exercise regimen. After 8 weeks on the treatments, the mice were
administered a battery of functional tests including tests to measure reflex and motor, cognitive,
and affective function while remaining on their treatment. Subsequently, plasma inflammatory
markers and catalase activity in brain regions were measured. Overall, the GFAP-ApoE4 mice
exhibited poorer motor function and spatial learning and memory. The treatments improved balance,
learning, and cognitive flexibility in the GFAP-ApoE3 mice and overall the GFAP-ApoE4 mice were
not responsive. The addition of antioxidants to supplement a training regimen only provided further
benefits to the active avoidance task, and there was no antagonistic interaction between the two
interventions. These outcomes are indicative that there is a window of opportunity for treatment and
that genotype plays an important role in response to interventions.

Keywords: ApoE; exercise; antioxidants; oxidative stress; cognition; motor; vitamin E; vitamin C;
aging; Alzheimer’s disease

1. Introduction

Apolipoprotein E4 (ApoE4) is the most prevalent genetic risk factor for late-onset Alzheimer’s
disease (AD) [1]. In mice expressing human ApoE4, the cognitive deficits can be measured in terms of
impairments in spatial learning and memory [2] and working memory [3]. Apart from cognitive declines,
other behavioral effects are associated with AD and preclinical AD, such as increased anxiety [4],
motor function disability, and the inability to learn new motor skills [5,6]. Interestingly, the presence of
the ε4 allele was also associated with a two-fold increase in the rate of global motor function decline
when compared with non-carriers with comparable age, sex, and education [7].

Oxidative stress has been associated with cognitive and motor declines and has been suggested as
a major contributor to AD pathology. Oxidative stress has also been involved in vascular cognitive
impairment, a risk for dementia [8]. The brains of AD patients are more vulnerable to oxidative
stress, as evidenced in animal models and humans [9]. Furthermore, ApoE4 is associated with the
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aggravation of AD pathophysiology via increased oxidative stress [10]. Therefore, AD symptomology,
especially in the presence of the ApoE4 allele, should be responsive to therapies reducing oxidative
stress. Vitamin E is an example of such a therapeutic known to reduce oxidative stress and is able to
improve cognitive function in AD patients either alone or in combination [11].

Another well-marketed healthy lifestyle modification is exercise. Physical activity has been
associated with a reduced risk of AD [12], delayed AD onset [13], and improved AD symptoms [14],
as well as improved vascular cognitive impairments [8]. Furthermore, exercise was even more beneficial
in ApoE4 carriers than non-carriers [15,16]. Exercise lowered oxidative stress [17] and improved
cognition [18], but also reduced anxiety in the elderly [19] and in rats [20]. Furthermore, it improved
motor function in a cognitively impaired geriatric population [21,22], and motor training dramatically
reduced injurious falls among AD patients [23,24]. Oxidative stress has also been implicated in the
development of neuromuscular disorders (NMDs), and exercise in an intensity- and duration-dependent
manner can alter NMDs, as reviewed by Siciliano et al. [25].

Both lines of therapy improved behavioral outcomes associated with AD, and seemed to at
least partially involve oxidative stress as part of their mechanism of action. Therefore, it can be
hypothesized that combining antioxidants with exercise training will lead to an additive beneficial
effect, reducing impairments. While some reports have determined that there can be such a positive
interaction [26–28], other studies have found a negative relationship, in which the presence of
antioxidants negated the beneficial effects of exercise [29]. How such combinations affect behavioral
measures have not been fully explored, and the influence of genotype and sex remain to be evaluated.

The goals of the current study were to determine (1) cognitive, motor, and anxiety phenotypes of
middle-aged GFAP-ApoE3 and E4 male and female mice; (2) whether antioxidant intake or exercise
training leads to functional improvements; (3) whether the combination of antioxidant and exercise
yields an additive beneficial effect; (4) the involvement of oxidative stress and inflammation in
behavioral outcomes. Our hypothesis was that moderate exercise and antioxidants would lead to
additional beneficial effects when compared to each intervention alone, which would be exacerbated in
the ApoE4 genotype. The outcomes are important in deciding the need for antioxidant supplementation
in exercising individuals, and as a guiding parameter in genotype-based experiments.

2. Materials and Methods

2.1. Animals

All animal use protocols were approved by the Institutional Animal Care and Use Committee at
UNT HSC (Protocol #: 2009/10-50-A04, approved 09/1/2010). Groups of male and female GFAP-ApoE3
(B6.Cg-Tg(GFAP-APOE3)37Hol APOEtm1Unc/J) and GFAP-ApoE4 (B6.Cg-Tg(GFAP-APOE4)1Hol
APOEtm1Unc/J) mice were obtained from The Jackson Laboratory (Bar Harbor, ME, USA)
(catalog numbers 004633 and 004631; we started with a total of 187 mice, and recorded 14 and
10 deaths for the ApoE3 and ApoE4 respectively) at 2 months. These mice express the human
apolipoprotein E3 or E4 under the control of the glial fibrillary acidic protein (GFAP) promoter and
do not express endogenous ApoE. The mice were group housed in standard housing conditions and
received ad libitum access to food and water at an ambient temperature, under a 12-h light/dark cycle
starting at 06:00.

2.2. Treatment

When the mice were 12 months old, they were randomly allotted to: (1) sedentary + control diet
(Sed-Con), (2) sedentary + control diet supplemented with vitamins E and C (Sed-EC), (3) exercise
+ control diet (Ex-Con), (4) exercise + control diet supplemented with vitamins E and C (Ex-EC).
The diets were obtained from TestDiet (St Louis, MO, USA). The control diet (LabDiet® R&M 5LG6 4F,
#5S84) was modified by adding ascorbic acid (1.65 mg/g diet) and α-tocopheryl acetate (1.12 IU/g diet)
(#5SH0). Using treadmills, the mice were progressively introduced to a moderate exercise regimen
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(AccuPacer Treadmill, Omnitech Electronics, Inc., Columbus, OH, USA). The training was increased in
time and speed to reach a maximal exercise of 1 h over 12 days (6, 8, 10, and 12 m/min for 5 min each,
and then at 14 m/min for 40 min). Compliance was achieved by a transient 0.29 mA electric foot shock
to the feet. The number of shocks were tallied, and the paired control mice received the same number
of shocks/training day.

2.3. Food Intake and Body Weights

The mice were weighed weekly and food intake (average of five consecutive days) was recorded
the week before the start of behavioral testing.

2.4. Functional Testing

For 16 weeks, the mice were on their respective treatments, including 8 weeks prior to the
behavioral assessments. The behavioral tasks were described in details previously [30,31].

2.4.1. Elevated Plus Maze

The position of a mouse in the maze (two open arms and two closed arms, 3ft above the floor)
was determined by a tracking system (Any-maze, Stoelting Co., Wood Dale, IL, USA). Under dim
light (60 W) and for 5 min, each mouse was left to explore. Time in open arms was used to measure
anxiety levels.

2.4.2. Spontaneous Activity

Each mouse was left to explore an acrylic test chamber (40.5 cm × 40.5 cm × 30.5 cm) under dim
light and with background noise (80 dB) for 16 min. Their activity was recorded using a Digiscan
apparatus (Omnitech Electronics Inc., Columbus, OH, USA, model RXYZCM-16). Their horizontal,
vertical, and spatial movements were detected by the photocells and processed by a software program.

2.4.3. Coordinated Running

A motor-driven cylinder rotating at increasing speed was used to measure motor learning
and running performance (Rotorod, Omnitech Electronics Inc., Columbus, OH, USA, Model #
AIO411RRT525M). The mice were given two training sessions per day (four trials/session with a 10 min
inter-trial intervals (ITI)), which continued until improvements failed over three consecutive sessions.
The average of latency to fall for the four trials in each session was used for motor learning and for the
final session when stable performance was achieved.

2.4.4. Reflexive Musculoskeletal Responses

Walk initiation: record the latency to move one body length immediately after being placed on a
smooth surface. Alley turn: record the latency to make a full turn in a dead-end alley. Negative geotaxis:
record the latency to turn 180 ◦ in either direction when placed facing downward on a 45 ◦ tilted grid.
Wire suspension: record the latency to grasp wire with hindpaws after being suspended from wire by
front paws and the latency to fall (two trials/session). The mice received four sessions (one/day) and
latencies were averaged across the four sessions. A maximum of 60 s for each test was used.

2.4.5. Bridge Walking

Each mouse was placed on one of four bridges (large square, small square, large round, small round)
and latency to fall (maximum of 60 s) was recorded. Each bridge was presented three times and latency
to fall was averaged for each bridge and across bridges.
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2.4.6. Morris Water Maze (MWM)

Spatial learning and memory were measured using a modified Morris water maze test. Prior to
any testing, the mice received pre-training using a covered straight alley to teach the mice to swim and
climb onto a platform. Following this, the mice were given a maximum of 90 s to find a hidden platform
from different starting positions (one session/day, five trials/session with a 2 min ITI). Their performance
was tracked via Any-maze software (Stoelting Co., Wood Dale, IL, USA). Path length and swim speed
were used as measures of performance.

2.4.7. Discriminated Avoidance

Using a T-maze apparatus set on a grid floor set to deliver 0.69 mA scrambled shock, we tested the
mice for learning and cognitive flexibility using a discriminated avoidance task. During the information
trial (first one), a shock is administered when the mouse enters their preference arm (first one) and
allowed to escape the shock by running to the opposite arm (correct arm). Thereafter, the initiation of
shock was 5 s upon start door opening or upon entry into an incorrect arm until the mouse entered the
correct arm or a maximum of 60 s. After 10 s in the correct arm, the mouse was placed in a holding
cage for 1 min (ITI). Training continued until a criterion of correct avoidance was reached (choosing the
correct arm in under 5 s in four out of five trials, with the last two being correct avoidances). The reversal
sessions followed the same training and switching of the correct arm. Learning ability was considered
inversely proportional to the number of trials required to reach the avoidance criterion.

2.5. Biochemical Measurements

After behavioral testing, blood was collected via tail bleed prior to euthanization (by cervical
dislocation). Brains were harvested and dissected into brain regions that were saved at −80 ◦C
(cerebral cortex, striatum, cerebellum, and hippocampus).

2.5.1. Catalase Activity

The activity of the antioxidative enzyme, catalase, was evaluated using the Catalase Assay Kit from
Cayman Chemical (Ann Arbor, MI, USA, catalog number 707002). Methanol was reacted with catalase
in the presence of for the optimal concentration of H2O2. The production of the resulting formaldehyde
was measured colorimetrically with Purpald (4-amino-3-hydrazino- 5-mercapto-1,2,4-triazole) at
540 nm.

2.5.2. Inflammatory Markers

Plasma levels for IL-10, IL-6, and TNFαwere measured using an MSD Inflammatory Panel Kit
from Meso Scale Diagnostics, LLC, Rockville, MD, USA) (10-plex Proinflammatory Panel 1 (mouse) kit
(cat # C4048-1) and analyzed by MSD DISCOVERY WORKBENCH® analysis software (Meso Scale
Diagnostics, Rockville, MD, USA). While the panel measures more than these four markers, the others
were out of range based on the manual and literature searches. Therefore, we did not include them in
our analyses.

2.6. Statistical Analysis

The functional performance of the mice on the behavioral tests, as well as the biochemical
measurements, were assessed using three-way analyses of variance (ANOVA) with sex, genotype,
and treatment as between-group factors (or genotype and treatment for catalase measurements due
to low n). Planned individual comparisons between different sexes, genotypes, and treatments were
performed using single degree-of-freedom F-tests involving the error term from the overall ANOVA.
Some behavioral performances and catalase activity were also considered in four-way analyses with
session or brain region as the repeated measure. The software used for the analyses was Systat 13
(San Jose, CA, USA) and p was set< 0.05.
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3. Results

3.1. Body Weight and Food Intake

Percent changes in body weight from the week before behavioral testing started and at the
end of the study are presented in Figure 1. Overall, male mice weighed more than female mice,
and within the female groups, GFAP-ApoE4 mice weighed less than the GFAP-ApoE3 mice (not shown).
These observations were supported by main effects of strain, sex, and an interaction between sex and
strain (all p < 0.02). By week 7, most mice lost 3–7% of their body weight, and the only significant
differences were between E3 and E4 Sed-Con females, and between Sed-Con and Sed-Aox in the
GFAP-ApoE4 females (all p < 0.05). By week 12, the loss was more pronounced (up to 13%), and the only
significant differences were Ex-Aox GFAP-ApoE4 females losing less weight than Sed-Con (p < 0.05),
while in males, the Ex-Aox groups lost the most weight (p < 0.05 only for GFAP-ApoE3). Food intake
was not significantly affected by sex, strain or treatment (all p > 0.2) (not shown).
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Figure 1. Minimal effects of exercise and/or antioxidant regimen over time on body weights of
middle-aged GFAP-APOE3 and GFAP-APOE4 male and female mice (mice expressing the human
apolipoprotein (Apo) E3 or E4 under glial fibrillary acidic protein (GFAP) promoter control). Each value
represents mean ± SEM, n = 5–16 for body weights, and n = 3–7 for food intake. * p < 0.05 vs. sex-
and strain-matched Sedentary-Control (Sed-Con) groups; # p < 0.05 comparing sex-matched Sed-Con
GFAP-ApoE3 and GFAP-ApoE4.

3.2. Behavioral Measurements

3.2.1. Elevated Plus Maze

The performance of the mice in this test measuring affective function was analyzed and is presented
in Figure S1. The GFAP-ApoE3 and GFAP-ApoE4 mice spent the same amount of time in the open
arms, however, males spent more time in the open arm than females, supported by a main effect of sex
(p < 0.001) and no effect of strain (p = 0.366). Treatments did not affect performance (all p > 0.185),
with the exception of Sed-Aox group spending more time than the Sed-Con group in the open arms
(p = 0.046). Overall, the GFAP-ApoE3 mice were more active than the GFAP-ApoE4 mice, and some
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treatments affected the activity of females (all p < 0.003). These observations were supported by the
significant main effects of strain and treatment and a sex × strain × treatment interaction. (all p < 0.01).

3.2.2. Spontaneous Activity

Horizontal distance and rearing activity were analyzed (Figure S2). GFAP-ApoE4 mice travelled
40% shorter distances than the GFAP-ApoE3 mice, and GFAP-ApoE3 females traveled 18% more than
their male counterparts. Treatment had no effect on distance traveled. An ANOVA yielded a main
effect of strain (p < 0.001) and no effect for treatment, sex or any interactions between the factors
(all p > 0.300). GFAP-ApoE4 mice also spent 20% less time rearing than the GFAP-ApoE3, supported by
a main effect of strain (p = 0.001). Most treatments had no effect on the rearing activity of the mice with
the exception of Sed-Aox, which increased it (p = 0.046).

3.2.3. Coordinated Running Performance

The data were averaged as learning (sessions 1–4) and plateau (sessions 5–7) performance
(Figure 2). During the learning phase, GFAP-ApoE4 mice fell faster from the rod than the GFAP-ApoE3
mice, especially males, supported by the main effects of sex, strain and a sex x strain interaction
(all p < 0.003). A main effect of treatment (p = 0.014) was due to Ex-Con and Ex-Aox GFAP-ApoE3 mice
exhibiting better performance in males (all p < 0.04). The Ex-Con GFAP-ApoE4 group also seemed to
have a better performance (p = 0.051) which was not seen in the Ex-Aox group. During the plateau
phase, there was only an effect of strain, in which GFAP-ApoE4 mice had a poorer performance than
the GFAP-ApoE3 mice (p < 0.001).
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Figure 2. Exercise improved learning performance in male GFAP-ApoE3 and GFAP-ApoE4 mice,
but not plateau performance. Each value represents mean ± SEM, n = 8–16. * p < 0.05 vs. sex-
and strain-matched Sed-Con groups; # p < 0.05 comparing sex-matched Sed-Con GFAP-ApoE3 and
GFAP-ApoE4 mice; † p < 0.05 comparing strain-matched Sed-Con males and females.

3.2.4. Reflexive Musculoskeletal Responses

Performance was averaged over four sessions and is presented in Figure S3. GFAP-ApoE4 mice
took longer latencies than the GFAP-ApoE3 mice to initiate walking, supported by a main effect of strain
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(p = 0.019). There was no effect of treatment, sex, or interactions between any of the factors (all p > 0.086).
Alley-turning was affected differentially by the treatments depending on sex and genotype (sex × strain
× treatment interaction, p = 0.004). GFAP-ApoE4 females took longer latencies than the GFAP-ApoE3
females, while there was no difference in males. In GFAP-ApoE4 females, Sed-Aox took longer to turn,
while in GFAP-ApoE3, the Ex-Aox males had the shortest latency. For negative geotaxis, males took
longer latencies to turn, as well as GFAP-ApoE4 mice. The Sed-Aox mice had shorter latencies in the
GFAP-ApoE3 groups (strain × treatment, p = 0.058). Latency to tread was affected by strain (p = 0.01),
due mainly to treatments affecting each genotype differently (higher in GFAP-APoE4 males vs. lower
latencies in GFAP-ApoE3 mice). There was no effect of treatment or interactions between any of the
factors (all p > 0.10).

3.2.5. Bridge Walking

The latency to fall was analyzed for each bridge and is presented in Figure 3. On the easiest bridge
(session 1), there was no effect of strain, sex, or treatment on the latency to fall (all p > 0.13). In session 2,
females performed better than males leading to a main effect of strain. While there was no main effect
of treatment, exercised groups had higher latencies in males regardless of strain but it only reached
significance for the Ex-Aox GFAP-ApoE3 mice (p = 0.029). In session 3, a main effect of treatment
was obtained (p = 0.03) due to all treatments in male GFAP-ApoE3 mice. In session 4, treatments,
especially exercise, were associated with increased latencies in the GFAP-ApoE3 but not GFAP-ApoE4
groups. GFAP-ApoE4 females performed better than their male counterparts, driving the main effects
of sex and strain (all p < 0.03).
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Figure 3. Exercise and antioxidants improved balance in male and female GFAP-ApoE3 mice but not in
GFAP-ApoE4 mice. Each value represents mean ± SEM, n = 8–16. * p < 0.05 vs. sex- and strain-matched
Sed-Con groups; † p < 0.05 comparing strain-matched Sed-Con males and females.
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3.2.6. Morris Water Maze

The performance of the mice was separated into initial, learning phase, and maximum
performances (Figure 4). During the initial session, there was no effect of strain or treatment
for females, however, in the males, all treatment improved performance but it only reached significance
for Ex-Con (p = 0.044). During the learning phase, female mice had higher path lengths than the males
(main effect of sex; p < 0.001). Treated GFAP-ApoE4 females had lower latencies than the sex- and
strain-matched Sed-Con group (p = 0.064), however, it only reached significance with the Ex-Aox mice.
Maximum performance was impaired in the GFAP-ApoE4 males, and was reversed by all treatments.
However, an ANOVA did not reach significance for strain (p = 0.098) or strain x treatment (p = 0.096).
Females swam slower than males, GFAP-ApoE4 mice seemed slightly faster than GFAP-ApoE3 mice,
and none of the treatments affected the swimming speed (not shown). ANOVA yielded a main effect
of sex (all p < 0.007), but the effect of strain did not reach significance (p = 0.057).
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Figure 4. Exercise and antioxidants were associated with mild improvement in swim maze performance
in male GFAP-ApoE4 mice but not in GFAP-ApoE3 mice. Each value represents mean ± SEM, n = 5–16.
* p < 0.05 vs. sex- and strain-matched Sed-Con groups; # p < 0.05 comparing sex-matched Sed-Con
GFAP-ApoE3 and GFAP-ApoE4 mice; † p < 0.05 comparing strain-matched Sed-Con males and females.

3.2.7. Discriminated Avoidance Test

Performance during acquisition and reversal is presented in Figure 5. During acquisition,
most treatments improved performance (main effect of treatment; p = 0.005). Sed-Aox (p = 0.035) and
Ex-Con (p = 0.052) groups took fewer trials to reach criterion in the GFAP-ApoE3 males and there was
no significant effect in the GFAP-ApoE4 mice. In females, Ex-Con (p = 0.058) and Ex-Aox (p = 0.019)
performed better than the Sed-Con group in the GFAP-ApoE3 group, while only Ex-Aox (p = 0.018)
took fewer trials than the controls in the GFAP-ApoE4 group.

During reversal, treatments improved performance (main effect of treatment; p = 0.007), mainly in
the GFAP-ApoE3 mice, but this observation was not supported by an interaction between strain and
treatment (p = 0.23). There was no significant effect of any of the treatments in the GFAP-ApoE4 mice.
In the GFAP-ApoE3 group, all treated mice took fewer trials compared to Sed-Con in females and
Ex-Aox was the only significantly different group in males (p = 0.029).
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Figure 5. Exercise and antioxidants improved learning and cognitive flexibility in male and female
GFAP-ApoE3 mice but not in GFAP-ApoE4 mice. Each value represents mean ± SEM, n = 8–16.
* p < 0.05 vs. sex- and strain-matched Sed-Con groups; † p < 0.05 comparing strain-matched Sed-Con
males and females.

3.3. Biochemical Measurements

3.3.1. Catalase

Catalase activity was measured in the cerebral cortex, hippocampus, cerebellum, and midbrain
and is presented in Figure S4 (due to low n, sexes were combined). Overall, the activity was ranked
as follows: hippocampus > cerebellum, midbrain > cortex, supported by a main effect of region
(p < 0.001). There was an overall effect of treatment (p = 0.003) which was not region-dependent
(all p > 0.96), but no effect of genotype (all p > 0.35). The effect of treatment was due mostly to effects
of Ex-Aox in all regions (not significant for cerebellum).

3.3.2. Inflammatory Markers

Levels of IL6, TNFα, and IL10 were measured in the plasma and are reported in Figure 6. For IL6,
the effects of treatments were seen in the GFAP-ApoE3 females, with a sex by treatment interaction
approaching significance (p = 0.055). The female groups that exercised had lower levels of IL6 than the
control groups. There was no effect of sex, strain, or treatment on TNFα levels (all p > 0.09), though the
Ex-Aox GFAP-ApoE4 females had higher levels than the controls (p < 0.05).
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Figure 6. Effect of exercise and antioxidants on markers of inflammation in male and female GFAP-ApoE3
and GFAP-ApoE4 mice. Each value represents mean± SEM, n = 5–9. * p < 0.05 vs. sex- and strain-matched
Sed-Con groups; † p < 0.05 comparing strain-matched Sed-Con males and females.

4. Discussion

The main findings of this study were: (1) there were strain differences for most motor functions,
but no major differences for strength, balance, or cognition; (2) there were strain and test-dependent
differences in response to the treatments: GFAP-ApoE3 mice were responsive on bridge and
active avoidance, while GFAP-ApoE3 mice were on spatial learning and memory; (4) the most
effective treatment was exercise, and no major additive or antagonistic effects were observed with
antioxidant intake.

The current study provided a comprehensive phenotype of this mouse model, and its
response to non-conventional therapeutic interventions. Anxiety, the most common non-cognitive
symptom of AD [32] and associated with impaired daily activities [33], is often managed
with benzodiazepines, which can lead to further cognitive and motor function declines [34,35].
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Therefore, identifying non-pharmacotherapeutic agents to reduce anxiety could be an overall positive
approach towards managing anxiety symptoms in AD without the added risk of furthering the
functional declines. Previously, we determined that at 4 months of age, GFAP-ApoE4 mice were less
anxious than GFAP-ApoE3 mice [30]; however, in the current study of 14-month-old mice, that difference
subsided. This may indicate a pleiotropic effect of the ApoE genotype on anxiety levels, as has been
described with cognitive function [30,36]. These data contrast with a previous study reporting higher
anxiety among adult GFAP-ApoE4 mice [37]. Neither antioxidant nor exercise treatment affected the
anxiety levels of the mice. In young mice, antioxidants increased the anxiety of the GFAP-ApoE4
mice, suggesting an age-dependent response to interventions [30]. Overall, the GFAP-ApoE3 mice
were more active than the GFAP-ApoE4 mice, which is consistent with a previous report [38], and the
treatments had no to minimal effects. Other complementary and alternative medicines have also been
studied as non-traditional therapies alone or in combination with exercise. More specifically, in a pilot
study, depression in AD patients was reduced when they combined Shiatsu with physical activity for
10 months [39].

During its early phase, AD is often associated with motor function impairments.
Pathological changes in the motor cortex, striatum, cerebellum, or substantia nigra might be responsible
for motor decline in AD [40,41]. The presence of ApoE4 doubles the rate of motor decline associated
with aging [7]. Motor declines were observed in our mouse model with GFAP-ApoE4 mice exhibiting
decreased activity, reflexes, and coordination. Similar effects on coordinated running were reported,
in which the APOE4 mice performed poorly [42]. Repetitive transcranial magnetic stimulation suggested
that ApoE4 is a critical determinant of the response to conditioning insults, especially for motor and
cognitive brain networks [43]. Exercise and/or antioxidants improved the motor learning of the
GFAP-ApoE3 males but not of the females or GFAP-ApoE4 mice. At younger ages, exercise training
was associated with a reversal of the ApoE4-associated deficits in coordinated running [31]. The lack
of response to treatment at an older age again suggests an age-dependent response to treatment.
Interestingly, treatments improved the balance of the GFAP-ApoE3 mice, but not of the GFAP-ApoE4
mice. This strain-dependent effect was previously observed in younger mice [31], though the effects
were not as large, most likely due to better performance of the young mice. Furthermore, exercise was
more successful at improving motor function than antioxidants alone, indicative of a more promising
therapeutic. Combining exercise and antioxidants did not lead to additive or antagonistic effects, as seen
at younger ages on motor function [31].

Different mouse models expressing human ApoE4 exhibited poor spatial learning and
memory [36,38,42]. Our data also suggest a significant decline in spatial learning and memory
in GFAP-ApoE4 mice compared to GFAP-ApoE3 mice, a difference that was not observed in younger
mice [30]. Interestingly, the majority of that effect comes from the males, as females did not show
any differences. This may reflect sex differences in performance or that perhaps a water maze is not
useful to detect cognitive differences in females. The treatments did not improve the performance
of the GFAP-ApoE3 mice but did improve that of the GFAP-ApoE4 mice. Exercise improved more
aspects of water maze performance than antioxidants alone, again supporting the fact that exercise is
a better therapy. Improvements in cognition with exercise associated with the ApoE4 genotype have
been shown previously [44]. Recent studies have implicated a potential cross-talk between the brain
and muscles, with exercise-induced mediators being released, leading to the neuroprotection and brain
function improvements associated with exercise. FNDC5/irisin is a myokine released upon exercising
that has been associated with improvements in synaptic activity and memory in the APP/PS1 AD mouse
model [45]. While our exercise paradigm differed from that study, it would be of interest to determine in
future studies using our training paradigm if the FNDC5/irisin pathway is also activated in our regimen.

AD symptoms start with the loss of non-spatial short-term/working memory [46]. While we found
strain differences in the spatial task, both GFAP-ApoE3 and ApoE4 mice performed similarly in the
non-spatial task used. This is in contrast to previous studies that have identified genotype differences
in working memory, which deteriorated in an ε4 allele dose-dependent manner in humans [47].
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The GFAP-ApoE3 mice were more responsive to the treatments than the GFAP-ApoE4 mice, and additive
effects were observed in the reversal phase for males. Other studies have also determined that exercise
can improve short-term/working memory task performance [48,49]. These treatment effects were also
observed previously with young GFAP-ApoE3 mice [30], however, while the treatments improved the
performance of the young GFAP-ApoE4 mice [30], they did not have any effect on the older mice in the
current study. These outcomes on cognitive function suggest that the type of memory, along with the
age and genotype, can affect the outcome of interventions.

Contrary to expectation, catalase activity was reduced in brain regions in mice that were exercised,
especially the ones combined with antioxidants. Reports on the effects of exercise on catalase activity in
the brain are conflicting: from no effect [50] to up-regulation as a result of the oxidative bursts associated
with acute exercise [51]. Catalase may be activated upon acute but not chronic exercise. Furthermore,
supplementation with antioxidants may have led to a sparing of catalase or a feedback down-regulation
of catalase. Plasma-based inflammatory biomarkers are often suggested to be future biomarkers for
AD progression and treatment response. The effects of exercise on inflammation are ambiguous, and
depend on the focus of inflammation (peripheral (plasma) vs. central (brain)). Studies focused on
long-term exercise observed higher IL6 in the brain [52] compared to plasma, while no such change
was noticed in TNFα. Some studies demonstrated lower IL6 in the brain after prolonged exercise
without affecting plasma IL6 levels [53]. IL6 was positively related to IL10 in the exercise training
context [54]. We also observed similar a relation of lowered IL6 in the presence of chronic exercise
and associated lowered IL10 levels in GFAP-ApoE3 female mice. On the contrary, treadmill training
previously reported higher IL10 and lower TNFα in plasma [55]. Differences between the sexes may
be due to hormone influences, as females see a decrease in circulating hormones, which can have
repercussion on the inflammatory response [56], and/or may be due to differences in oxidative stress
levels and homeostasis [57].

The presence of ApoE4 is associated with an increased risk of developing late-onset AD,
however, clinically, it does not seem to always be true with AD patients not carrying the ε4
and vice versa, suggesting a more complicated picture and gene involvement in AD etiology [58].
Furthermore, the presence of one ε4 allele may be insufficient to increase the risk in individuals 65
and younger [59]. Lastly, ApoE4 and other mutations of the known AD genes, such as APP, PSEN1,
and PSEN2, only account for 5% of early-onset AD cases [58]. Therefore, the outcomes of this study
would need to be further studied in other models of AD, especially relating to early-onset dementia in
order to generalize them to all AD patients.

While it remains under debate that these non-pharmacological therapies are effective in reducing
neurodegeneration, it is possible that they affect the vascular contribution to these diseases. By managing
and controlling the vascular risk factor via a healthy lifestyle, such as exercising and improving one’s
diet, it is likely to reduce vascular cognitive impairments and reduce the advance to neurodegenerative
diseases and dementias [60]. These non-pharmacological therapies may be working via the control
and management of vascular risk, leading to improved cognition and diminished neurodegenerative
disorders, such as AD.

Our study has several limitations: (1) the model used may not be generalizable to all AD
patients, as it focused on the ApoE genotype and on a glial model of ApoE expression; (2) the limited
oxidative stress measurements, as such glutathione levels or protein damage measurements would
have strengthened the role of oxidative stress in the study [61]; (3) the involvement of other pathways,
such as the irisin-dependent pathway involving muscle–brain cross-talks, were not studied and may
be of importance to determine the mechanism of action of our exercise paradigm; (4) a dose–response
component of our exercise paradigm would be of interest to determine the translational impact of our
training regimen [62].
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5. Conclusions

Exercise was the most consistent treatment effective at improving motor and cognitive function,
and the addition of antioxidants did not lead to major additive or antagonistic effects. ApoE4 mice were
less responsive to the treatments than the ApoE3 mice, suggesting a genotype-dependent response
to interventions. Therefore, factors such as sex, age, genotype, and chosen tests need to be carefully
incorporated into preclinical studies of interventions to improve brain function during aging or
neurodegenerative diseases.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3921/9/6/553/s1,
Figure S1: Effect of exercise and antioxidant on performance on the elevated plus maze in male and female
GFAP-ApoE3 and GFAP-ApoE4 mice, Figure S2: Effect of exercise and antioxidant on spontaneous activity in
male and female GFAP-ApoE3 and GFAP-ApoE4 mice, Figure S3: Effect of exercise and antioxidant on reflexes in
male and female GFAP-ApoE3 and GFAP-ApoE4 mice, Figure S4: Effect of exercise and antioxidant on catalase
activity from different brain regions from GFAP-ApoE3 and GFAP-ApoE4 mice.
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