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Previous studies have suggested that changes in the white matter might play an

important role in the pathogenic processes of Alzheimer’s disease (AD). However, no

study has investigated sex differences in these changes. Previous studies found that

running exercise could delay both the decline in spatial learning and memory abilities

as well as the changes in the white matter during early AD in male mice. However,

whether exercise also has an effect on the changes in the white matter in female AD

mice remains unknown. To address these questions, 6- and 10-month-old male and

female APP/PS1 double transgenic AD mice were used. The 6-month-old male and

female APP/PS1 double transgenic AD mice underwent a 4-month running exercise

regime. The white matter volume and parameters of the myelinated fibers in the white

matter of the 10-month-old exercised and non-exercised male and female AD mice

were investigated using electron microscopy and stereological methods. There were no

significant differences in the mean escape latencies between the male and female AD

mice in the non-exercised groups, but after 4 months of treadmill exercise, the mean

escape latencies of the female exercised AD mice had significantly shortened compared

with those of the male exercised AD mice. The total white matter volume and most of

the parameters of the myelinated fibers of the white matter in the female AD mice were

significantly lower than those of the male AD mice. The total length of the myelinated

fibers with diameters ranging from 0.6 to 0.7µm, the axonal diameter of the myelinated

fibers and the g-ratio of the myelinated fibers in the white matter of the exercised female

AD mice were significantly increased compared with those of the non-exercised female

AD mice. There were sex-specific differences in the white matter and myelinated fibers

of white matter in the AD mice. Running exercise more effectively delayed the decline in

spatial learning and memory abilities and delayed the changes in the myelinated fibers of

the white matter in female transgenic mice with early AD than in male transgenic mice.
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INTRODUCTION

Alzheimer’s disease (AD) is a progressive neurodegenerative
disorder associated with cognitive decline. It has been reported
that approximately 13% of individuals over the age of 65
years and 45% of individuals aged move than 85 years are
diagnosed with AD (Liu et al., 2013; Alzheimer’s Association,
2016). The total number of AD patients worldwide is estimated
to equal 36 million, with the number of patients tripling by the
year 2050 (Wimo and Prince, 2010). It is worth noting that both
the prevalence and incidence of AD are greater among women
than among men, and the discrepancy increases with increasing
age (Andersen et al., 1999; Lobo et al., 2000). Taking Americans
as an example, research has reported that two-thirds of the more
than 5 million Americans living with dementia due to AD are
women, and women account for approximately 65% of the 15
million unpaid caregivers of individuals with AD (Bouldin and
Andresen, 2010). Barnes et al used postmortem samples from 141
older people to analyze the association between AD pathology
and the clinical symptoms of AD and found that the link was
significantly stronger in women than in men (Barnes et al., 2005).
Men and women exhibit differences in the development and
progression of AD. The prevalence and incidence of AD varied
by sex and gender. There were also clear sex and gender-specific
risk factors for AD. Ignoring these differences will impede
research and treatment (Mielke et al., 2014). The area of gender
differences in AD, although still largely unexplored, appeared to
offer great promise for the future development of better strategies
of intervention for patients (Musicco, 2009).

What might be the neural structural bases underlying the

sex-specific differences in AD? The multimodality brain imaging

results from Mosconi et al. indicated sex differences in the
development of the AD endophenotype, suggesting that the
preclinical AD phase was early in the female aging process

and coincided with the endocrine transition of perimonopause

(Mosconi et al., 2017). Women diagnosed with AD experiences
a faster progression of hippocampal atrophy than did men,

whereas men might be more likely to progress to AD in the
presence of severe periventricular white matter hyperintensities
(WMH) and reduced global cognitive performance (Mazure
and Swendsen, 2016). Burke et al reported that the changes in
hippocampal volumes affected the progression to or odds of
probable AD (andMCI) more so among women than men, while
changes in WMH affected the progression to MCI only among
men, and the changes in WMH did not affected progression to
probable AD among men or women (Burke et al., 2018).

Although many previous studies on AD have focused on

gray matter changes in AD, many studies have also reported
white matter changes in AD patients (Brun and Englund, 1986;

Scheltens et al., 1995; Smith et al., 2000; Bronge et al., 2002). A
previous imaging study revealed that the white matter volume
of AD patients was decreased compared with that of healthy
subjects (Bozzali et al., 2002). Previous studies have reported that
the integrity of white matter is destroyed in AD patients (Bozzali
et al., 2002; Huang et al., 2012). Kavcic et al. even found that white
matter integrity is linked to cognitive function in AD patients
(Kavcic et al., 2008). The pathological changes in the white matter

of AD include axon damage, decreased myelin density, decreased
myelin basic protein, the loss and breakdown of oligodendrocytes
and microglia activation (Benes et al., 1991; Roher et al., 2002;
Bartzokis, 2004; Wang et al., 2004; Sjöbeck et al., 2005, 2006).
Bartzokis et al. showed that changes in the myelinated fibers are
the most significant pathological change observed in the white
matter in AD patients (Bartzokis et al., 2003, 2007; Bartzokis,
2004). Kruggel et al. (2017) analyzed longitudinal diffusion-
weighted images in healthy and pathological aging and reported
that white matter areas could reliably discriminate between
patients with Althzimer’s disease and healthy controls (Kruggel
et al., 2017). Thus, a change in the myelinated fibers in white
matter might play an important role in the pathogenic processes
of AD. Gallart-Palau et al. reported that women with Alzheimer’s
disease and cerebrovascular disease exhibited greater severity
alterations in the white matter than men (Gallart-Palau et al.,
2016). However, Burke et al. reported that changes in WMH
did not affect progression to probable AD among either men or
women (Burke et al., 2018). Thus, it can be seen that studies on
sex differences in the white matter of AD are ambiguous, and
it is not clear whether sex differences exist in the myelinated
fibers within the white matter in AD. The striking quantity and
diversity of sex-related influences on brain function indicate that
the still widespread assumption that sex influences are negligible
cannot be justified and likely retards progress in the neuroscience
field (Cahill, 2006). Therefore, it is important to investigate
whether there are sex differences in the changes in white matter
and the myelinated fibers within the white matter during early
AD.

Many studies have suggested that physical exercise is a simple
and economic life-style factor that might delay the onset and
slow the progression of AD (Laurin et al., 2001; Hirsch, 2013)
and physical exercise improves memory and cognitive function
in transgenic AD mice (Nichol et al., 2009; Yuede et al., 2009).
Our team previously found that 4 months of running exercise
could delay the decline in spatial learning and memory ability,
delay the progress of the changes in the white matter and the
myelinated fibers in the white matter of early male APP/PS1
AD mice (Zhang et al., 2016). In female Tg CRND8 AD mice,
Adlard et al. reported that 5 months of voluntary exercise
enhanced the rate of learning (Adlard et al., 2005). Whether
exercise also has an effect on changes in the white matter and
the myelinated fibers within white matter in female AD mice
remains unknown. If exercise has positive effects on the white
matter and the myelinated fibers in white matter of early female
AD mice, as it does for the early male AD, the more beneficial
effect is unclear. Moreover, it is not clear whether exercise could
alleviate the sex differences in the white matter and myelinated
fibers in the white matter during early AD. To investigate all
of these issues, in the present study, 10-month-old male and
female APP/PS1 double transgenic AD mice were evaluated, and
the sex differences in the white matter and myelinated fibers in
the white matter of AD mice were investigated using electron
microscopy and stereological methods. Then, 6-month-old male
and female APP/PS1 double transgenic AD mice were subjected
to a 4-month running exercise intervention, and the effects of
running exercise on the sex differences in behaviors, white matter
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and myelinated fibers in the white matter of AD mice were
investigated through behavioral tests, electron microscopy, and
stereological methods.

MATERIALS AND METHODS

Animals
All APP/PS1 double transgenic mice [heterozygous species B6C3-
Tg (APPswe, PSEN1de9)85Dbo/J] were provided by the Animal
Model Institute of Nanjing University and reproduced in the
Experimental Animal Center at Chongqing Medical University,
P. R. China. At the end of the study, 2malemice inmale exercised
group died. Therefore, two more male mice were provided in
order to have seven mice per group at the end of the study.
Seven male and seven female 10-month-old APP/PS1 transgenic
mice were randomly selected and were regarded as the non-
exercised groups. Fourteen male and 14 female 6-month-old
APP/PS1 transgenic mice were also used. Seven male and seven
female 6-month-old APP/PS1 transgenic mice were randomly
selected and used as the exercised groups. The other seven male
and seven female 6-month-old APP/PS1 transgenic mice were
used as the non-exercised groups. The mice in the non-exercised
groups were housed in controlled condition for 4months without
running. The mice in the exercised groups underwent a running
exercise regime for 4months. Themice were housed in controlled
conditions (temperature 22 ± 2◦C, lights on from 7:00 to 19:00,
humidity 55%). Mouse chow and water were available ad libitum.
All animal care and experimental protocols were approved by the
Animal Care and Research Committee of Chongqing Medical
University andwere in accordance with the guidelines of the
National Institutes of Health Guide for the Care and Use of
Laboratory Animals (NIH PublicationNo. 85-23).

Running Exercise
Male and female 6-month-old APP/PS1 transgenic mice(the
exercised groups) were subjected to 4 months of running exercise
training on a six-lane leveled motorized treadmill (SLY-TML,
Beijing Sunny Instruments Co. Ltd., Beijing, P. R. China) at a
speed of 10 m/min for 20 min/day and 5 days/week (Yuede
et al., 2009). The first week corresponded to an adaptation period,
during which the mice in the running group ran at a speed of
5 m/min for 10 min/day. After the first week, the mice in the
running group continued to run at a speed of 10 m/min for 20
min/day.

Morris Water Maze Test
The Morris water maze (SLY-WMS, Beijing Sunny Instruments
Co. Ltd., Beijing, P. R. China) was used to test spatial learning
and memory abilities (Morris, 1984). The equipment included
a stainless-steel circular pool with a diameter of 90 cm. The
platform was made of transparent plastic with a diameter of
10 cm. The water of the pool was dyed white with milk. The
temperature of the water was controlled at 22–25◦C throughout
the experiment. The pool was divided into four quadrants, and
the mice were placed into the water at the points where the
dividing lines of the quadrants intersected the pool wall. The first
6 days corresponded to the hidden platform test. The platform
was hidden 1.0 cm below the water surface. The mice were first

placed on the platform for 15 s. The mice were then placed into
the water with their faces toward the wall and were allowed to
search for the platform. If the mouse did not find the platform
after 60 s, the mice were placed on the platform for 15 s and
were then returned to their cage. On the seventh day, the mice
performed the space exploration task. The hidden platform was
removed, and the mice were placed into the water at the two
intersections that were farthest away from the location where
the platform had been. The mice were allowed to search for the
platform in the pool for 60 s. The number of times the mouse
crossed the position where the platform had been located was
used as an indicator of the spatial cognition and memory abilities
of the mouse. During the experiment, the time and trails were
recorded by a camera system positioned above the pool (Chen
et al., 2000).

Tissue Processing
After the Morris water maze, each mouse was anesthetized
via intraperitoneal injection of 1% pentobarbital sodium (0.4
ml/100 g). The mouse’s heart was exposed, a perfusion needle
was inserted into the left ventricle, and the right atrial appendage
was cut. The mouse was first perfused with saline solution
and then perfusion-fixed with 2% paraformaldehyde (GuangFu
Chemical Engineering Institute, TianJin, P. R. China) and
2.5% glutaraldehyde (Sinopharm Chemical Reagent Co., Ltd.,
Shanghai, P. R. China) in 0.1M phosphate-buffered saline (PBS,
pH 7.4). After perfusion, the brain was removed, and the
olfactory bulb and cerebellum were dissected. The remainder of
the brain was divided into two hemispheres. One of the two
hemispheres from each mouse was randomly selected for the
following experiment. Each hemisphere was cut into 1-mm-
thick slices along the coronal direction. An average of 8–10
slices was obtained from each hemisphere. A point grid was
randomly placed over the brain slices. From each hemisphere,
three to four white matter blocks with a volume of 1 mm3

were sampled at the locations where the points of the grid
corresponded to white matter. The sampled tissues were fixed
in 4% glutaraldehyde solution for 2 h at 4◦C andrinsed three
times with 0.1M PBS (pH 7.2). The tissue samples were then
osmicated in 1% 0.1M phosphate-buffered osmium tetroxide
(Sinopharm Chemical Reagent Co., Ltd., Shanghai, P. R. China)
at 4◦C for 2 h. The blocks were gradually dehydrated though a
50, 70, and 90% ethanol (Chuandong Chemical Reagent Co. Ltd.,
ChongQing, P. R. China) series, a mixture of 90% ethanol and
90% acetone (Shanghai Chemical Reagent Main plant, Shanghai,
P. R. China) and then 100% acetone. The tissue blocks, which
were infiltrated with epoxy resin 618 (ChenGuang Chemical
Industry, Sichuan, China), were first embedded in 5-mm spheres
with epon. The spheres were subsequently rotated randomly on
the table before being re-embedded. This method is known as
isector (Nyengaard and Gundersen, 1992), which ensures that
the distributions of nerve fibers in all directions have the same
probability of being selected. One section with a thickness of
60 nm was cut from each epon block using an ultramicrotome
(EMUC6, Leica, Germany) and was viewed under a transmission
electron microscope (Hitachi-7500, Hitachi, Ltd., Japan). For
each section, 10 fields of vision were randomly selected and
photographed at amagnification of 8,000x. Twelve fields of vision
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were randomly chosen and photographed at a magnification of
20,000x.

Estimation of White Matter Volume
Each brain slice was photographed, and the point grid
with equidistant points was randomly superimposed on each
photograph of the brain slice. The total number of points that
overlaid white matter was counted. The total volume of the
white matter, V(w) (Figure 1A), was calculated using Cavalieri’s
principle (Tang and Nyengaard, 1997; Tang et al., 1997):

V(w) = t× a(p)×
∑

P(w) (1)

where V(w) is the total volume of the white matter, t is the slice
thickness (1mm) and

∑
P(w) is the total number of points that

hit white matter for each mouse.

Estimation of the Total Length of the
Myelinated Fibers in White Matter
An unbiased counting frame (Gundersen, 1977) was randomly
superimposed on the captured photographs at a magnification of
8,000x. The myelinated nerve fiber profiles inside the counting
frame and touching the top and right borders were counted. The
myelinated nerve fiber profiles touching the left line, the bottom
line and the extensions of the right and left lines were not counted
(Figure 1B). The total length of the myelinated fibers, L(mf, w),
was calculated as follows (Gundersen et al., 1988; Tang et al., 1997,
2003):

L(mf ,w) = 2×

∑
Q(mf /w)∑

A
(2)

where L(mf/w) is the total length of the myelinated fibers in the
white matter,

∑
Q(mf) is the total number of myelinated fiber

profiles counted in the white matter per mouse,
∑

A is the total
area of the unbiased counting frames used per mouse, and V(w)
is the total volume of the white matterper mouse.

Estimation of the Total Volumes of the
Myelinated Fibers, the Myelin Sheaths, and
the Axons in the White Matter
A transparent counting grid was randomly placed over the
photographs. The number of points that hit the white matter,∑

P(w), the myelinated fibers,
∑

P(mf), the myelin sheaths,∑
P(ms), and the axons,

∑
P(axon), in the white matter was

counted (Figure 1C). The volume density of myelinated fibers,
Vv(mf/w), the volume density of the myelin sheath, Vv(ms/w),
and the volume density of axons, Vv(axon/w), in white matter
were then calculated with the following formulas (Gundersen
et al., 1988; Tang et al., 1997, 2003):

Vv(mf/w) =

∑
P(mf )∑
P(w)

(3)

Vv(ms/w) =

∑
P(ms)∑
P(w)

(4)

Vv(axon/w) =

∑
P(axon)∑
P(w)

(5)

The total volumes of the myelinated fibers, V(mf, w), the myelin
sheaths, V(ms, w), and the axons, V(axon, w), in the white matter
were subsequently estimated as follows:

V(mf, w) = Vv(mf /w)× V(w) (6)

V(ms, w) = Vv(ms/w)× V(w) (7)

V(axon, w) = Vv(axon/w)× V(w) (8)

Estimation of the Inner and Outer
Diameters of the Myelinated Fibers in the
White Matter
Transmission electron microscopy images were randomly
captured with a magnification of 20,000x. The unbiased counting
frame (Tang et al., 1997) was randomly superimposed on
the randomly captured images. All of the myelinated fibers
sampled with the unbiased counting frame were used for the
diameter measurements. First, the longest axis of the axons of
the myelinated fibers and the longest axis of the myelinated
fibers were drawn. The inner and outer diameters of the
myelinated fibers were then obtained from the longest distance
perpendicular to the longest axis of the axons and the longest
distance perpendicular to the longest axis of the myelinated fibers
(Gundersen, 1977) (Figure 1D).

Statistical Analyses
All statistical analyses were performed with SPSS19.0 (ver.
19.0, SPSS Inc., Chicago, IL, USA). The Morris water maze
data between the male and female non-exercised groups and
between the male and female exercised groups from day 1 to
day 6 were analyzed by repeated-measures analysis of variance
(ANOVA). The Morris water maze data between the male
and female no-exercised groups and between the male and
female exercised groups on day 7 were analyzed using one-way
ANOVA. The Shapiro-Wilk test was used to evaluate whether the
group means of the stereological data were normally distributed.
When normality assumptions were satisfied, the stereological
data between the male and female no-exercised groups, the
stereological data between the male and female exercised groups,
the stereological data between the male no-exercised group
and exercised group, and the stereological data between the
female no-exercised group and exercised group were analyzed
using an unpaired, two-tailed Student’s t-test. When normality
assumptions were not satisfied, the stereological data between
the male and female no-exercised groups, the stereological data
between the male and female exercised groups, the stereological
data between the male no-exercised group and exercised group,
and the stereological data between the female no-exercised group
and exercised group were analyzed using non-parametric tests.
The mean difference was considered significant if p < 0.05. The
data between the male non-exercised group and the exercised
group were published to show the effects of running exercise on
the white matter and the myelinated fibers in the white matter of
early AD mice (Zhang et al., 2016).
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FIGURE 1 | (A) A sample brain slice traced under a microscope at a magnification of 35x. All points that overlaid the white matter were counted, as indicated by the

arrows. Bar = 1µm. (B) A transparent counting grid was randomly overlaid on the photographs (8,000x magnification). The number of points that touched the white

matter, the myelinated fibers, the myelin sheaths, and the axons in the white matter were counted. Bar = 2µm. (C) An unbiased counting frame was randomly

superimposed on the captured photographs at a magnification of 8,000x. The myelinated nerve fiber profiles inside the counting frame or touching the top and right

borders were counted. The myelinated nerve fiber profiles touching the left line, the bottom line and the extensions of the right and left lines were not counted.

Bar = 2µm. (D) Left: The outer diameter [d(external)] of the myelinated fibers sampled with the unbiased counting frame was estimated by measuring the

myelinatedfiber profile diameter perpendicular to the longest axis of the myelinated fiber (L). Right: The inner diameter [d(internal)] of the myelinated fibers sampled with

the unbiased counting frame was estimated by measuring the axonal profile diameter perpendicular to the longest axis of the axon (L).

RESULTS

Morris Water Maze Test
In the non-exercised groups, there were no significant differences
in the mean escape latencies between the male and female AD
mice (p= 0.49, Figure 2A). After 4 months of treadmill exercise,
the mean escape latencies of the female exercised AD mice
were significantly shortened compared with those of the male
exercised AD mice (p= 0.02, Figure 2B).

In the non-exercised groups, there were no significant
differences in the percentage of target quadrant swimming
distance and in the number of platform location crosses between
the male and female AD mice (p = 0.2 and p = 0.47,
Figures 2C,D). After 4 months of treadmill exercise, there were
no significant differences in the percentage of target quadrant

swimming distance and in the number of platform location
crosses between themale and female exercised ADmice (p= 0.97
and p= 0.89, Figures 2C,D).

Stereological Results
White Matter Volume
In the non-exercised groups, the total volume of white matter
in the female AD mice was significantly smaller by 26.86%than
that in the male AD mice (p = 0.01, Figure 3A). After 4 months
of treadmill exercise, the total volume of white matter in the
exercised AD mice was significantly increased compared with
that in the non-exercised AD mice, and this finding was found
for both the male (increased by 17.08%) and female groups
(increased by 24.99%) (p= 0.01 and p= 0.04, Figure 3A). After 4
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FIGURE 2 | (A) Mean escape latencies of the male and femalenon-exercisedAPP/PS1 transgenic mice from days 1 to 6. Each point represents the mean ± standard

error of the mean (SEM) of each group for trials 1-4 conducted on the corresponding day. (B) Mean escape latencies of the male and female exercised APP/PS1

transgenic mice from days 1 to 6. Each point represents the mean ± standard error of the mean (SEM) of each group for trials 1–4 conducted on the corresponding

day. *p < 0.05. (C) Percentages of target quadrant swimming distances on day 7 obtained for the male and female non-exercised or exercised APP/PS1 transgenic

mice (mean ± SD). (D) Numbers of platform location crosses on day 7 obtained for the male and female non-exercised or exercised APP/PS1 transgenic mice (mean

± SD).

months of treadmill exercise, the total volume of white matter in
the female exercised AD mice was significantly smaller (21.99%
smaller)than that in the male exercised AD mice (p = 0.00,
Figure 3A).

Total Volume of Myelinated Fibers
In the non-exercised groups, the total volume of the myelinated
fibers within the white matter in the female AD mice was
significantly smaller (45.06% smaller) than that in the male AD
mice (p< 0.001, Figure 3B). After 4months of treadmill exercise,
the total volume of the myelinated fibers within the white matter
in the exercised AD mice was significantly increased compared
with that in the non-exercised AD mice, and this finding was
obtained for both the male groups (increased by 23.4%) and the
female groups (increased by 25.77%) (p = 0.01 and p = 0.04,
Figure 3B). After 4 months of treadmill exercise, the total volume
of the myelinated fibers within the white matter in the female
exercised ADmice was significantly smaller (43.96%smaller) than
that in the male exercised AD mice (p= 0.00, Figure 3B).

Axonal Volume of the Myelinated Fibers
In the non-exercised groups, the axonal volume of themyelinated
fibers within the white matter in the female AD mice was
significantly smaller (30.66% smaller) than that in the male AD

mice (p= 0.00, Figure 3C). After 4 months of treadmill exercise,
the axonal volume of the myelinated fibers within the white
matter in the exercised AD mice was significantly increased
compared with that in the non-exercised AD mice, and this
finding was obtained for both the male groups (increased by
22.11%) and the female groups (increased by 33.26%) (p = 0.02
and p = 0.03, Figure 3C). In addition, the axonal volume of the
myelinated fibers within the white matter in the female exercised
AD mice was significantly smaller (24.11% smaller) than that in
the male exercised AD mice (p= 0.01, Figure 3C).

Total Volume of the Myelin Sheaths
In the non-exercised groups, the total volume of the myelin
sheaths of the white matter in the female AD mice was
significantly smaller (49.05% smaller) than that in the male
AD mice (p < 0.001, Figure 3D). After 4 months of treadmill
exercise, there were no significant differences in the total volume
of the myelin sheaths of the white matter between the non-
exercised and exercised AD mice, and this finding was observed
with both the male and the female groups(p= 0.11 and p= 0.90,
Figure 3D). However, the total volume of the myelin sheaths
of the white matter in the female exercised AD mice was
significantly smaller (56.51% smaller) than that in the male
exercised AD mice (p < 0.001, Figure 3D).
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FIGURE 3 | (A) Total white matter volumes of the male and female

non-exercised or exercised APP/PS1 transgenic mice. *p < 0.05, **p < 0.01.

(B) Total volumes of myelinated fibers of the male and female non-exercised or

exercisedAPP/PS1 transgenic mice. *p < 0.05, **p < 0.01. (C) Axonal

volumes of the myelinated fibers of the male and female non-exercised or

exercised APP/PS1 transgenic mice. *p < 0.05, **p < 0.01. (D) Total volumes

of the myelin sheaths of the male and female non-exercised or exercised

APP/PS1 transgenic mice. **p < 0.01.

Total Length of Myelinated Fibers
In the non-exercised groups, the total length of the myelinated
fibers within the white matter in the female AD mice was

significantly shortened (35.44% shorter) compared with that in
the male AD mice (p = 0.05, Figure 4A).The total lengths of the
myelinated fibers with diameters ranging from 0.6 to 0.7, 0.8 to
0.9, and 1.2 to 1.3µm in the female AD mice were significantly
shorter than those of the male AD mice (p = 0.00, p = 0.00, and
p= 0.00, Figure 4B).

After 4 months of treadmill exercise, there were no significant
differences in the total lengths of the myelinated fibers within the
white matter between the non-exercised and exercised AD mice
in either the male or the female groups (p = 0.15 and p = 0.19,
Figure 4A).In the male groups, there were no differences in the
absolute size distributions of themyelinated fiber diameters in the
white matter between the non-exercised and exercised AD mice
(Figure 4C). However, in the female groups, the total length of
the myelinated fibers with diameters ranging from 0.6 to 0.7µm
in the exercised ADmice was significantly longer than that of the
non-exercised AD mice (p= 0.02, Figure 4D).

In addition, the total length of the myelinated fibers within the
white matter in the female exercised AD mice was significantly
smaller (40.20% smaller) than that in the male exercised ADmice
(p = 0.04, Figure 4A). The total lengths of the myelinated fibers
with diameters ranging from 0.4 to 0.5, 0.8 to 0.9, and 1.2 to
1.3µm in the female AD mice were significantly shorter than
those of the male AD mice (p = 0.02, p = 0.00, and p = 0.00,
Figure 4E).

Diameters of Myelinated Fibers
External Diameter of Myelinated Fibers
Themean external diameter of the myelinated fibers indicates the
myelinated fiber diameter, including the diameters of the axon
and the myelin sheath. In the non-exercised groups, there was no
significant difference in the external diameter of the myelinated
fibers within the white matter between the female and male AD
mice (p= 0.06, Figure 5A). After 4 months of treadmill exercise,
there were no significant differences in the external diameters of
the myelinated fibers within the white matter between the non-
exercised and exercised AD mice, and this finding was found for
both the male and the female groups (p = 0.32 and p = 0.29,
Figure 5A). In addition, there was no significant difference in the
external diameter of themyelinated fibers within the whitematter
between the male exercised AD mice and the female exercised
AD mice (p = 0.96, Figure 5A). The external diameter of the
myelinated fibers might be, in part, affected by the regularity
of the myelinated fibers. The current results showing that the
axonal volume of the myelinated fibers and the total volume of
themyelin sheaths within the white matter in the female ADmice
were significantly smaller than those in the male AD mice, but
the fact that there was no significant difference in the external
diameters between the female and male AD mice suggests that
total volume is a more precise parameter than diameter.

Internal Diameter of Myelinated Fibers
The internal diameter of the myelinated fibers indicates the
axonal diameter of the myelinated fibers. In the non-exercised
groups, the internal diameter of the myelinated fibers within the
white matter in the female AD mice was significantly smaller
(15.25%smaller) than that in the male AD mice (p = 0.00,
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FIGURE 4 | (A) Total lengths of myelinated fibers of the male and female

non-exercised or exercised APP/PS1 transgenic AD mice. *p < 0.05.

(B) Log-scale absolute size distributions of the myelinated fiber diameters in

the white matter of the male non-exercised AD mice (◦) and female

non-exercised mice (•). **p < 0.01. The class width is 0.1µm. The error bars

indicate the SD. (C) Log-scale absolute size distributions of the myelinated

fiber diameters in the white matter of the male non-exercised AD mice (◦) and

male exercised mice (⋄). The class width is 0.1µm. The error bars indicate the

SD. (D) Log-scale absolute size distributions of the myelinated fiber diameters

in the white matter of the female non-exercised AD mice (•) and female

exercised mice (�). *p < 0.05. The class width is 0.1µm. The error bars

indicate the SD. (E) Log-scale absolute size distributions of the myelinated

fiber diameters in the white matter of the male exercised AD mice (⋄) and

female exercised mice (�). **p < 0.01. The class width is 0.1µm. The error

bars indicate the SD.

FIGURE 5 | (A) External diameters of the myelinated fibers within the white

matter in male and female non-exercised or exercised AD mice. (B) Internal

diameters of myelinated fibers within the white matter in male and female

non-exercised or exercised AD mice. *p < 0.05, **p < 0.01.

(C) Half-differences between the inside and outside myelinated fiber diameters

within the white matter in male and female non-exercised or exercised AD

mice. (D) G-ratios of myelinated fibers in the white matter of male and female

non-exercised or exercised AD mice. **p < 0.01.

Figure 5B). After 4 months of treadmill exercise, there was no
significant difference in the internal diameter of the myelinated
fibers within the white matter between the non-exercised and
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exercised AD mice in the male groups (p = 0.32, Figure 5B);
however, in the female groups, the internal diameter of the
myelinated fibers within the white matter in the exercised AD
mice was significantly increased (10% increased) compared with
that in the non-exercised AD mice (p = 0.04, Figure 5B). In
addition, there was no significant difference in the internal
diameter of the myelinated fibers within the white matter
between the male exercised AD mice and the female exercised
AD mice (p= 0.66, Figure 5B).

Half-Difference Between the Inside and Outside

Myelinated Fiber Diameters
The half-difference between the inside and outside myelinated
fiber diameters reflects the thickness of the myelin sheaths. In
the non-exercised groups, there was no significant difference in
the half-difference between the inside and outside myelinated
fiber diameters between the male and female AD mice (p= 0.05,
Figure 5C). After 4 months of treadmill exercise, there were
no significant differences in the half-differences between the
inside and outside myelinated fiber diameters between the non-
exercised and exercised AD mice, and this finding was obtained
for both the male and the female groups (p= 0.64 and p= 0.139,
Figure 5C). In addition, there was no significant difference in the
half-differences between the inside and outside myelinated fiber
diameters between the male exercised AD mice and the female
exercised AD mice (p= 0.53, Figure 5C).

G-Ratio of Myelinated Fibers
The g-ratio of the myelinated fibers is equal to the ratio of the
external to the internal diameters of the myelinated fibers. In
the non-exercised groups, the g-ratio of the myelinated fibers
within the white matter in the female AD mice was significantly
smaller (7.89% smaller) than that in the male AD mice (p= 0.00,
Figure 5D). After 4 months of treadmill exercise, there was no
significant difference in the g-ratio of themyelinated fibers within
the white matter between the non-exercised and exercised AD
mice in the male groups(p = 0.82, Figure 5D); however, in the
female groups, the g-ratio of the myelinated fibers within the
white matter in the exercised ADmice was significantly increased
(7.14% increased) compared with that in the non-exercised AD
mice (p = 0.01, Figure 5D). In addition, there was no significant
difference in the g-ratio of the myelinated fibers within the white
matter between the male exercised AD mice and the female
exercised AD mice (p= 0.4, Figure 5D).

DISCUSSION

Previous studies have shown that men and women exhibit
differences in the development and progression of AD due to
sex differences in the half-differences between the inside and
outside myelinated fiber diameters (Andersen et al., 1999; Lobo
et al., 2000; Barnes et al., 2005; Bouldin and Andresen, 2010).
However, the mechanism underlying the sex-specific differences
in AD is not well understood. A large number of previous studies
have reported white matter changes in AD patients (Brun and
Englund, 1986; Scheltens et al., 1995; Smith et al., 2000; Bronge
et al., 2002), which might be closely related to the decline of

cognitive function in AD patients (Bozzali et al., 2002; Kavcic
et al., 2008; Huang et al., 2012). In our previous study, we found
that the learning andmemory abilities in 10-month-old APP/PS1
transgenic AD mice were significantly decreased compared with
those of 10-month-old wild-type mice. In this study, we used
male and female 10-month-old APP/PS1 transgenic AD mice to
quantify the total volumes of white matter using stereological
methods. Our results showed that the total volume of white
matter in female AD mice was significantly smaller than that
in the male AD mice, indicating the existence of a sex-specific
difference in the white matter volume of AD mice. It is known
that the main component of white matter is myelinated fibers.
Previous studies have shown that changes in themyelinated fibers
are the most significant pathological changes observed in the
white matter of AD patients (Bartzokis et al., 2003; Bartzokis,
2004), but whether sex differences are present in the myelinated
fibers in white matter during AD is unclear. In the current
study, we investigated the relevant parameters of the myelinated
fibers in the white matter of male and female AD mice and
found that the values of most parameters in the female AD
mice were significantly smaller than those in the male AD mice.
First, although there was no significant difference in the mean
diameter of the myelinated fibers (i.e., the external diameter of
the myelinated fibers) of the white matter between male and
female AD mice, the total volume of the myelinated fibers and
the total length of themyelinated fibers within the whitematter in
the female AD mice were significantly lower than those obtained
for the male AD mice. These results indicated that the existence
of a sex-specific difference in the myelinated fibers in the white
matter in AD mice. In addition, the substantial differences in
the absolute distributions of the fiber diameters clearly illustrated
sex-specific differences in the myelinated fibers with diameters
ranging from 0.6 to 0.7, 0.8 to 0.9, and 1.2 to 1.3µm in AD
mice. Second, the axon volume of the myelinated fibers and
the axonal diameter of the myelinated fibers (i.e., the internal
diameter of the myelinated fibers) in the female AD mice were
significantly lower than those in the male AD mice, indicating
a sex-specific difference in the axons of the myelinated fibers
in the white matter in AD mice. Third, the total volume of the
myelin sheaths of the white matter in the female AD mice was
significantly smaller than that in the male ADmice, but there was
no significant difference in the half-difference between the inside
and outside myelinated fiber diameters (reflecting the thickness
of the myelin sheaths) of the white matter between the male and
female AD mice. These results indicated the existence of a sex-
specific difference in the total volume of the myelin sheaths but
not in the thickness of the myelin sheaths within the white matter
of ADmice. Finally, the g-ratio of themyelinated fibers within the
white matter in the female ADmice (0.70) was significantly lower
than that in male AD mice (0.76). Myelin provides insulation to
axons and makes saltatory conduction possible; therefore, to a
certain extent, the g-ratio reflects the rate of conduction along
nerve fibers (Peters, 2009). Our results suggested a sex-specific
difference in the rate of conduction along myelinated fibers in the
white matter in AD mice. All of the above results suggested sex-
specific differences in the white matter and myelinated fibers in
the white matter in AD mice, which might provide an important
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scientific basis for understanding the gender differences in AD.
The low values of the white matter volume and the relevant
parameters of the myelinated fibers in the white matter in female
AD mice might be an important structural basis for the high
prevalence and incidence of AD among females.

Exercise has received widespread attention as a simple and
affordable behavioral intervention. A large number of studies
have shown that running exercise can improve cognitive ability
and the primary functions of AD patients and AD mice (Cho
et al., 2003; Adlard et al., 2005; Marx, 2005; Yu et al., 2006;
Cotman and Berchtold, 2007; Pérez and Cancela Carral, 2008).
Overwhelming evidence has revealed that running exercise can
delay declines in spatial learning and memory ability in both
female and male transgenic mouse models of AD (Adlard
et al., 2005; Cotman and Berchtold, 2007). Our team previously
found that a 4-month running exercise protocol could delay the
cognitive decline of male APP/PS1 AD mice (Zhang et al., 2016).
Our current study further investigated the effects of running
exercise on female AD mice. In our current study, we found no
significant differences in the mean escape latencies between male
and female AD mice in the non-exercised groups, but after 4
months of treadmill exercise, the mean escape latencies of the
female exercised ADmice were significantly shortened compared
with those of the male exercised AD mice. Our current results
suggested that running exercise delays the decline in spatial
learning andmemory abilities in early female transgenic ADmice
more effectively than in early male transgenic AD mice.

As discussed above, sex-specific differences were identified in
the white matter andmyelinated fibers in ADmice. Therefore, we
further investigated the effects of running exercise on the white
matter and myelinated fibers within the white matter in male and
female AD mice. We found that running exercise could prevent
white matter atrophy and protect the myelinated fibers of white
matter in both female and male transgenic mouse models of AD.
Based on our results, running exercise had a greater beneficial
effect on the white matter and the myelinated fibers of white
matter in female AD mice than in male AD mice. Particularly
in the female groups, the total length of the myelinated fibers
with diameters ranging from 0.6 to 0.7µm in the white matter of
the exercised ADmice was significantly increased compared with
the non-exercised AD mice, whereas there were no significant
differences in the absolute size distributions of the myelinated
fiber diameters in the white matter between the non-exercised
and exercised AD mice in the male groups. These results
indicated that running exercise could delay the loss of myelinated
fibers with diameters ranging from 0.6 to 0.7µm in the white
matter only in female AD mice. Furthermore, in the female
groups, the axonal diameter of the myelinated fibers and the
g-ratio of the myelinated fibers in the white matter of the
exercised AD mice were significantly increased compared with
those of the non-exercised AD mice, whereas there were no
differences in the axonal diameter of the myelinated fibers and
the g-ratio of the myelinated fibers in the white matter between
the non-exercised and exercised male AD mice. These results
indicated that the running exercise had a greater beneficial effect
on the axonal diameter of the myelinated fibers and the g-ratio of
the myelinated fibers in the white matter of the female AD mice

than in the male AD mice. After 4 months of treadmill exercise,
the sex-specific differences still existed in the whitematter and the
myelinated fibers of ADmice. However, the sex differences in the
total volume of white matter and most of the parameters of the
myelinated fibers in the white matter (such as the total volume of
the myelinated fibers, the axonal volume of the myelinated fibers,
the mean diameter of the myelinated fibers, the axonal diameter
of the myelinated fibers, the thickness of the myelin sheaths, and
the g-ratio of the myelinated fibers) were decreased by running
exercise in AD mice. In contrast, the sex differences in the total
volume of myelin sheaths and the total length of the myelinated
fibers in the white matter were increased by running exercise in
AD mice. Although the sex difference in the total length of the
myelinated fibers in the white matter was increased by running
exercise in AD mice, the running exercise could delay the loss
of myelinated fibers with diameters ranging from 0.6 to 0.7µm
in the white matter in female AD mice and could reduce the
sex difference in the total length of the myelinated fibers with
diameters ranging from 0.6 to 0.7µm in the white matter of AD
mice. Taken together, the results indicate that running exercise
could more effectively protect the myelinated fibers of white
matter in female transgenic mice with early AD than in male
transgenic mice and could decrease the sex-specific differences
in the white matter and the myelinated fibers of white matter in
AD mice.

In the current study, we found that running exercise delayed
the spatial learning and memory ability decline in the early
transgenic mouse model of AD mice more effectively in females
than in males. Moreover, we found that the effects of the
running exercise on the white matter and the myelinated
fiber in the white matter of female AD mice were more
beneficial than those observed in male AD mice. What might
be the reasons for the different effects of exercise on the
female and male AD mice? We speculate that one possible
explanation for these sex differences might be related to
estrogen. The relationship between low estrogen and AD risk
is also supported by the findings on the interactions between
dementia risk and surgical menopause by oophorectomy and/or
hysterectomy; specifically, dementia risk is significantly increased
by surgically induced menopause (Rocca et al., 2007; Phung
et al., 2010; Bove et al., 2014).Women with AD exhibited
significantly reduced the brain levels of the estrogens 17beta-
estradiol and/or estrone, and these findings indicate a correlative
relationship between low estrogen and AD, perhaps suggesting
that reductions in estrogens can increase AD vulnerability,
specifically in women. Several retrospective and prospective
studies have seemed to indicate a protective role of estrogen;
hormone therapy (HT) users exhibited significantly reduced
risk of dementia compared with non-users (Paganini-Hill and
Henderson, 1994, 1996; Tang et al., 1996; Kawas et al., 1997;
Zandi et al., 2002), with increased benefits associated with
prolonged use (Zandi et al., 2002). Our team used middle-
aged(9- to 12-month-old)female Sprague-Dawley (SD) rats to
study the effect of estrogen replacement therapy (ERT) on
white matter and found that ERT improved the spatial learning
capacity and increased the myelin sheath volume of the white
matter in middle-aged ovariectomized (OVX) rats (Luo et al.,
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2016). Although estrogen might be one important factor for
the different effects observed in the current study, the exact
reasons for the differences are unknown and need to be further
investigated.

In conclusion, there are sex-specific differences in the white
matter and myelinated fibers in the white matter in AD mice.
The low values for the white matter volume and the relevant
parameters of the myelinated fibers in the white matter in
female AD mice might be important structural bases for the
high prevalence and incidence of female AD. Running exercise
could more effectively delay the decline in spatial learning and
memory abilities and delay the changes of the myelinated fibers
in the white matter in female transgenic mice with early AD
than in male transgenic mice. In addition, running exercise
could decrease the sex-specific differences in the white matter
and the myelinated fibers in the white matter in AD mice.
Taken together, our results might provide an important scientific
basis for understanding the gender differences in AD and could

provide a more appropriate starting point for the future search
for preventative measures and treatments for AD.
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