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Testosterone exerts antioxidant stress by mediating specific androgen receptors,
thereby enhancing synaptic plasticity and improving AD-related learning and
cognitive impairment
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Abstract

Cognitive dysfunction in Alzheimer’s disease is strongly associated with a reduction in synaptic plasticity, which may be induced by oxida-
tive stress. Testosterone is beneficial in learning and memory, although the underlying protective mechanism of testosterone on cognitive
performance remains unclear. This study explored the protective mechanism of a subcutaneous injection of 0.75 mg testosterone on
cognitive dysfunction induced by bilateral injections of amyloid beta 1-42 oligomers into the lateral ventricles of male rats. Morris water
maze test results demonstrated that testosterone treatment remarkably reduced escape latency and path length in Alzheimer’s disease rat
models. During probe trials, testosterone administration significantly elevated the percentage of time spent in the target quadrant and
the number of platform crossings. However, flutamide, an androgen receptor antagonist, inhibited the protective effect of testosterone on
cognitive performance in Alzheimer’s disease rat models. Nissl staining, immunohistochemistry, western blot assay, and enzyme-linked
immunosorbent assay results showed that the number of intact hippocampal pyramidal cells, the dendritic spine density in the hippocam-
pal CAl region, the immune response and expression level of postsynaptic density protein 95 in the hippocampus, and the activities of
superoxide dismutase and glutathione peroxidase were increased with testosterone treatment. In contrast, testosterone treatment reduced
malondialdehyde levels. Flutamide inhibited the effects of testosterone on all of these indicators. Our data showed that the protective effect
of testosterone on cognitive dysfunction in Alzheimer’s disease is mediated via androgen receptors to scavenge free radicals, thereby en-
hancing synaptic plasticity.
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Introduction

Alzheimer’s disease (AD), the most common dementia in
the older adult population (Yang et al.,, 2016), is charac-
terized pathologically by extracellular senile plaques com-
posed of amyloid beta peptide (Ap), as well as intracellular
neurofibrillary tangles and synaptic loss (Selkoe, 2011; Jia
et al., 2013; Cherry et al., 2014). AD is a neurodegenerative
disorder that results in progressive cognitive dysfunction
and neuronal death. It places a large burden on families
of patients, and is an increasingly important public health
problem worldwide due to an aging population.

Ap oligomers are recognized as the primary neurotoxic
agents in AD and are associated with cognitive impairment
and neuronal loss, which, combined with impaired brain en-
ergy metabolism and oxidative stress, are implicated in cog-
nitive decline in AD (Rege et al., 2015; Wang et al., 2016).
Furthermore, the pathological accumulation of extracellular
AP and intracellular hyperphosphorylated tau in the brain
is hypothesized to promote inflammation, oxidative stress,
and neuronal loss in this disease (Asih et al., 2017; Song et
al., 2017). Synaptic impairment is an early event leading to
cognitive dysfunction in AD; most oxidative stress localizes
to the synapse, and synaptic loss is the basis of cognitive
decline in AD (Wang et al., 2016). It has been reported that
resveratrol is neuroprotective against AB-induced oxidative
stress and memory loss (Wang et al., 2016).

It is known that a decline in serum testosterone levels is a
risk factor for AD (Rosario et al., 2008), and that a reduction
in serum testosterone levels is associated with pathogenesis
in male patients with AD. Furthermore, Holland et al. (2011)
reported that serum testosterone levels of male patients
with AD were much lower than in healthy subjects, and that
cognitive dysfunction was ameliorated following testoster-
one replacement therapy. Moreover, several studies have
demonstrated a positive correlation between serum testos-
terone levels and cognitive performance (Jia et al., 2013,
2015). Studies have attested to the neuroprotective effects of
sex hormones in animal models of AD, but clinical trial data
remain controversial (Grimm et al., 2016).

Furthermore, sex hormones are considered to be associ-
ated with the regulation of synaptic plasticity (Mukai et al.,
2010; Jia et al., 2015, 2016; Huo et al., 2016). Several studies
have indicated that androgen reverses the reduction in hip-
pocampal dendritic spine density and the enhancement of
abnormal ultrastructure in excitatory synapses, as well as
the expression of synaptic marker proteins following castra-
tion, suggesting that androgen exerts an improvement on
synaptic plasticity (Li et al., 2013; Pan et al. 2016). Jia et al.
(2015) reported that testosterone dramatically increases the
expression levels of synaptophysin, which is a known bio-
marker of synaptogenesis that indicates the amount, density,
and distribution of synapses. In addition, Jia et al. (2016)
demonstrated that testosterone improves cognitive perfor-
mance and synaptic plasticity in male AD mice by mediat-
ing specific androgen receptors, and that these protective
effects of testosterone were blocked by flutamide, a specific
androgen-receptor antagonist. Testosterone may improve
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cognitive dysfunction in AD patients, but the underlying
mechanisms of androgenic action on cognitive dysfunction
remain unclear.

Based on the previous observations, in this study we used
an AD rat model, induced by bilaterally injecting AP, _,,
oligomers into the lateral ventricles. Our aim was to deter-
mine whether the potential protective mechanisms attribut-
ed to testosterone’s effects on cognitive dysfunction are
associated with synaptic plasticity and oxidative stress, and
whether flutamide is effective in blocking these effects of tes-
tosterone.

Materials and Methods

Animals

Forty male 3-month-old Wistar rats (SCXK [Meng] 2016-
0001) weighing 280-300 g were provided by the Laboratory
Animal Center of Inner Mongolia University, China. The
experimental procedures followed the United States Nation-
al Institutes of Health Guide for the Care and Use of Labora-
tory Animals (NIH Publication No 85-23, revised 1985). All
animal protocols used were approved by the Institutional
Animal Care and Use Committee, Baotou Medical College,
China (approval No. 2018-009).

AD modeling

Rats were anesthetized by intraperitoneal injection of 2%
pentobarbital sodium (Yimin Pharmaceutical Co., Beijing,
China). Guide cannulae were implanted in the bilateral
ventricles and attached to the skull surface using jeweler’s
screws and dental cement. Based on the atlas of the rat brain
(Paxinos and Watson, 1986), stereotaxic coordinates were
as follows: anterior-posterior, 0.8 mm from bregma; medi-
al-lateral, + 1.5 mm from the midline; and dorsal-ventral,
3.7 mm from the skull surface. After 7 days, soluble AB,_,
oligomers (St. Louis, MO, USA; CAT#A4559) were injected
into the bilateral ventricles through the guide cannulae, us-
ing injection needles connected by polyethylene tubing to 5
pL Hamilton microsyringes. Five uL of Af,_, (2 pug/uL) was
stereotaxically injected into the bilateral ventricles at a rate
of 1 uL/min. After 7 days of once-daily AP,_,, injections, the
eight-arm maze test was conducted to evaluate the cognitive
performance of AD model rats.

Animal group assignment

Forty AD model rats were randomly divided into four
groups (n = 10): AD, testosterone (CAS#58-22-0; Pro-
teintech, Chicago, IL, USA), flutamide (CAT#13311-84-
7; Proteintech), and flutamide + testosterone. Rats in the
testosterone group were subcutaneously injected in the back
daily, 1 hour before the Morris water maze test, with 0.75
mg testosterone that had been dissolved in 0.1 mL of sesa-
me oil, for 2 days. Daily injections were also administered
during the 6 days of Morris water maze testing, thus a total
of eight injections were given. The administered dose of
testosterone was as previously described by Jia et al. (2013).
Rats in the flutamide group were injected once daily, 1 hour
before Morris water maze testing, with 5 ug of flutamide
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over 5 minutes (1 pg/min) into the bilateral ventricles, for a
total of six injections. In the flutamide + testosterone group,
testosterone was subcutaneously injected while flutamide
was administered into the bilateral ventricles to prevent any
interaction of testosterone and flutamide at the same dosing
site. Rats were pre-injected with 5 pg flutamide into each of
the bilateral ventricles over a 1-minute period, and the nee-
dles were left in place for an additional 60 seconds to allow
for diffusion of the solution away from the needle tip. All
flutamide injections were given daily, 1 hour before testing,
beginning 2 days prior to the Morris water maze test experi-
ments. Rats in the AD group were given daily subcutaneous
injections of 0.1 mL of sesame oil in the back, 1 hour before
testing, beginning 2 days prior to the Morris water maze test
experiments, for a total of eight injections.

Eight-arm radial maze test

The test apparatus was as described by Tadatsugu et al.
(2008). The procedure was as follows: Rats were familiarized
with the eight-arm radial maze (arm width: 12 cm, height:
50 cm, length: 60 cm, diameter of platform: 30 cm; Neuro-
science, Inc., Osaka, Japan). Rats were acclimated daily for
2 days prior to training. On the first day, food pellets (Bio-
Serv: A Holton Industries, Frenchtown, NJ, USA) were scat-
tered over the maze surface. Four rats were simultaneously
placed on the eight-arm radial maze and freely permitted to
take pellets. The second day, one pellet was placed in each of
eight arms, and one rat explored freely until all pellets were
taken. All animals were trained with one trial per day after
acclimation. Four arms were baited in each trial, and the
test sequence was unchanged throughout the procedure.
One rat was put on the central platform, which was closed
off by a door, and after 30 seconds the door was opened.
The rat made arm choices to obtain pellets until all four
food pellets had been eaten or 10 minutes had elapsed. The
number of entries into unbaited arms was scored as the to-
tal error, and rats were trained continually until reaching a
level of, at most, one error/trial for five successive trials. The
first entry into a never-baited arm was recorded as a refer-
ence memory error, while re-entry into an arm where the
food pellet had already been eaten was recorded as a work-
ing memory error.

Morris water maze test

Morris water maze testing began on the third day of tes-
tosterone administration, as described previously (Jia et
al,, 2013). The water maze (WinFast PVR, Jiliang, Nanjing,
China) consisted of a circular pool (60 cm in height, 180 cm
in diameter) filled with opaque water (24 + 1°C) to a depth
of 35 cm. The circular pool was divided into four quadrants
with four equidistant release points around the edge. A
round escape platform (10 cm in diameter) was placed 1 cm
under the water surface, in the center of the fourth quad-
rant. For the positioning navigation of the Morris water
maze test, each rat received four trials per day for 5 consec-
utive days (maximal swimming time 60 seconds; 10 seconds
on platform; inter-trial interval 30 minutes). The maze tests

began at 13:00 each day. For each trial, the rat was placed in
the water facing the pool wall at one of four start quadrant
points. The time taken for the rat to find the hidden plat-
form, defined as the escape latency, was recorded and used
as a measure of spatial learning. The initial position was
varied in a quasi-random fashion so that the animal started
from each location once, and never started from the same
place on any two consecutive trials. Once the platform was
found, the rat was allowed to stay on the platform for 10 sec-
onds. If the rat did not find the platform within 60 seconds,
it was placed on the platform for 10 seconds, and the escape
latency was recorded as 60 seconds. The escape latency, path
length, and mean swim speed were measured in the naviga-
tion test. For the probe trials of the Morris water maze test,
on day 6, the platform was removed, and the rat was allowed
to swim freely for 120 seconds. The time spent in the target
quadrant and the number of platform crossings was mea-
sured. When the maze test was finished, rats were taken out
of the pool and dried with a towel to prevent hypothermia.
The experimental protocol is provided in detail in Jia et al.
(2013).

Preparation of tissue and histological staining

After the final day of the Morris water maze test, all rats were
anesthetized with 2% pentobarbital sodium. The whole brain
was removed from half of the rats in each group and stored
for western blot assay and enzyme linked immunosorbent
assay (ELISA). The remaining rats were perfused with sa-
line before the whole brain was extracted. One side of the
brain was fixed with 4% paraformaldehyde, dehydrated in
alcohol, cleared in xylene, embedded in wax, and sectioned
in the coronal plane into 5 um slices for Nissl staining, as
described by Huo et al. (2016). Five sections were selected at
random from the hippocampal CA1 regions in each group
to calculate the number of intact pyramidal cells within a 1
mm length of hippocampus.

The other half of the brain was processed for Golgi stain-
ing and immunohistochemistry, as described by Li et al.
(2013), and was rapidly frozen and sliced into 100 um cor-
onal sections on a cryostat. Tissue was processed for Golgi-
Cox staining using a Rapid Golgi Stain Kit (FD Neuro-Tech-
nologies, Inc., Ellicott City, MD, USA), as described by Li et
al. (2013). Briefly, sections were mounted onto gelatin-coat-
ed slides, infiltrated in the solution mixture for 10 minutes,
dehydrated in ethanol, cleared in xylene, and coverslipped
using a resinous mounting medium. Representative neurons
from three sections were selected at random and analyzed
for each animal. Secondary and tertiary apical dendrites
were selected for quantitative analysis, in which 10 pm seg-
ments were magnified at 1000x in digitized images using an
optical microscope (Olympus, Tokyo, Japan). The density
values of dendritic spines were expressed as the number of
thorns per 10 um of dendrite, as previously described (Jia et
al., 2016).

Immunohistochemistry was performed as described by
Sonmez et al. (2015). Sections were deparaftinized at 65°C
overnight and treated with xylene for 30 minutes. Sections
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were rehydrated in a series of decreasing amounts of etha-
nol. After washing with distilled water and phosphate-buft-
ered saline (PBS) for 10 minutes, sections were treated with
3% H,0, solution for 10 minutes to inhibit endogenous
peroxidase activity. Sections were incubated overnight at 4°C
in primary rabbit polyclonal antibody against postsynaptic
density protein 95 (PSD-95) (1:100; CAT#60291-1-1g; Pro-
teintech). After washing three times with PBS, the secondary
goat anti-rabbit antibody biotinylated IgG (CAT#AR1022;
Boster, Wuhan, China) and streptavidin-peroxidase con-
jugate were added and incubated for 30 minutes at room
temperature. Then the 3, 3'-diaminobenzidine tetrahydro-
chloride substrate was added to each section and observed
after 2 minutes. Sections were washed with distilled water
and covered with mounting media.

Western blot assay

Western blot assays were conducted as previously described
by Jia et al. (2016). Proteins were transferred from gels to
polyvinylidene difluoride membranes by electroblotting.
The membranes were reacted with PSD-95 rabbit polyclonal
antibody (1:2000; CAT#60291-1-1g; Proteintech) at room
temperature for 12 hours, then incubated with secondary
goat anti-rabbit polyclonal antibody at room temperature
for 1 hour (1:2000; CAT#60291-1-1g; Proteintech). The in-
tensities of the immunoreactive bands were quantified by
Quantity One software (Bio-Rad, Hercules, CA, USA). The
grayscale densitometric scanning ratio of PSD-95 to GAP-
DH (1:1000; CAT#23660-1-AP; Boster, Wuhan, China) was
calculated. Half of the rats in each group were used for west-
ern blot assays, and hippocampal protein from each rat was
used in three different experiments (n = 15).

ELISA

Brain tissues were homogenized and centrifuged, and serum
samples were thawed to room temperature. An ELISA kit
(CAT#10269-1-AP; Lianshuo, Shanghai, China) was used
according to the manufacturer’s instructions to measure se-
rum activity of superoxide dismutase (SOD) (CAT#10269-
1-AP; Lianshuo) and glutathione peroxidase (GSH-Px)
(CAT#10274-1-AP; Lianshuo), and malondialdehyde
(MDA) (CAT#11306-1-AP; Lianshuo) content.

Statistical analysis

All data were analyzed using SPSS 17.0 software (SPSS, Chi-
cago, IL, USA), and presented as the mean + SD. Multiple
comparisons were conducted to determine significant differ-
ences using a one-way analysis of variance followed by the
least significant difference post hoc test. P < 0.05 was consid-
ered statistically significant.

Results

Effects of testosterone on cognitive dysfunction in AD
ratmodels in the Morris water maze test

In the positioning navigation test, there were significant dif-
ferences in cognitive performance in the Morris water maze
test between AD and testosterone groups (P < 0.05). Admin-
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istration of testosterone significantly decreased the escape
latency and path length (all P < 0.05; Figure 1), while there
were no significant differences between the AD, flutamide,
and flutamide + testosterone groups. In addition, there were
no significant differences between any groups in the mean
swim speed (data not shown).

In probe trials, testosterone administration significantly
increased the number of platform crossings and the per-
centage of time spent in the target quadrant (all P < 0.05;
Figure 2). Flutamide administration alone did not notably
influence the probe trial parameters, and when flutamide
and testosterone were administered concurrently, the effects
of testosterone on the probe trial parameters were inhibited.
Thus, flutamide itself did not play a role in cognitive perfor-
mance in AD model rats, but it could inhibit the effects of
testosterone on these abilities in the Morris water maze test.

Effects of testosterone on the number of intact pyramidal
cells in the hippocampal CA1 region in AD rat models
There was a significant difference between the AD and tes-
tosterone groups in the number of intact pyramidal cells in
the hippocampal CA1 region (P < 0.05). A significant ele-
vation in the number of intact hippocampal pyramidal cells
was observed in the testosterone group using Nissl staining
(Table 1 and Figure 3). Administration of flutamide com-
bined with testosterone (Figure 3D) resulted in a marked
decrease in the number of intact hippocampal pyramidal
cells compared with testosterone alone (Figure 3B), while
no significant differences were found between the AD (Fig-
ure 3A) and flutamide groups (Figure 3C).

Effects of testosterone on dendritic spine density in the
hippocampal CA1 region in AD rat models

Coronal sections in all groups were stained with Golgi-Cox
solution. Neurons impregnated with Golgi-Cox solution
clearly displayed dendritic spines (Figure 4). The secondary
and tertiary apical dendrites in the hippocampal CA1 region
were counted in digitized images (Table 1). The dendritic
spine density in the AD group was 1.35 + 0.18 thorns/pum.
Treatment with testosterone produced a significant increase
in dendritic spine density in the hippocampal CA1 region
(2.04 + 0.26 thorns/um) compared with the AD group.
Administration of flutamide alone did not markedly affect
dendritic spine density (1.41 + 0.21 thorns/pm). Concur-
rent treatment with testosterone and flutamide resulted in
a significant decrease in dendritic spine density (1.62 + 0.22
thorns/pm) compared with testosterone alone, and was not
markedly different from spine density in the AD group.

Effects of testosterone on PSD-95 expression levels in AD

rat models

Immunohistochemistry results demonstrated that testos-
terone significantly increased the number of PSD-95-pos-
itive cells compared with the AD group (P < 0.05; Figure
5). There were no obvious differences in immunostaining
between the AD, flutamide, and flutamide + testosterone
groups.
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Western blot assay results showed that testosterone signifi-
cantly increased PSD-95 expression levels compared with
the AD group (P < 0.05; Figure 6). No significant differences
in PSD-95 expression levels were detected between the AD,
flutamide, and flutamide + testosterone groups. Thus, flut-
amide administration alone did not notably influence the
expression levels of PSD-95. Moreover, when flutamide and
testosterone were administered concurrently, the effect of
testosterone on PSD-95 expression was inhibited.

Effects of testosterone on SOD and GSH-Px activities and
MDA content in AD rat serum

ELISA results showed that testosterone administration pro-
duced significant differences in SOD and GSH-Px activities,
as well as MDA content (P < 0.05; Table 1). Testosterone
treatment significantly reduced MDA content and increased
SOD and GSH-Px activities compared with the AD group.
There were no significant differences in MDA content and
SOD and GSH-Px activity between the other three groups,
indicating that flutamide alone did not obviously affect
MDA content or SOD and GSH-Px activity. When flut-
amide and testosterone were administered concurrently, the
effects of testosterone on the MDA content and SOD and
GSH-Px activities were inhibited (Table 1).

Discussion

The mechanisms for the pathogenesis of AD are still unclear.
Oxidative stress, either because of an overproduction of
free radicals or a decrease in free radical scavenging ability,
is recognized as a critical component of AD pathogenesis
(Aliev et al., 2014). Mitochondrial damage induced by oxi-
dative stress has been implicated as the primary cause of AD
(Miwa and Saretzki, 2017). The oxidation or dysfunction of
enzymes involved in energy metabolism can decrease glu-
cose metabolism and cause a loss of adenosine triphosphate,
which are key events that trigger the progressive neurode-
generation of AD (Tramutola et al., 2017). It has been re-
ported that ammonia has toxic effects on brain metabolism,
and there is confirmed ammonia accumulation in the brains
of AD patients (Norenberg et al., 2009). Oxidative stress
may be a crucial factor in the pathogenesis of ammonia neu-
rotoxicity. The activation of N-methyl-D-aspartate receptors
results in an activation of neuronal reactive oxygen species
and nitric oxide formation, which disseminates oxidative
stress in AD brains (Smith et al., 1997; Yang et al., 2011; Ele-
na et al., 2014).

Furthermore, many researchers believe that AP aggrega-
tion is the initial cause of oxidative stress. In our study, the
bilateral injection of AP,_,, oligomers into the ventricles in-
creased the expression levels of oxidative stress biomarkers
and induced cognitive dysfunction. A oligomers, the early
aggregates of AP peptides, have been suggested to cause
synaptic plasticity dysfunction in the brains of early AD
patients, and an increase in Ap oligomers induces oxidative
stress. Hence, to prevent and treat AD, it may be useful to
decrease AP accumulation, thereby lowering oxidative stress
levels (Ganjei, 2010). Our past results showed that testoster-

one notably reduces Ap accumulation (Huo et al., 2016), but
whether testosterone decreases AB accumulation by inhibit-
ing oxidative stress remains unclear.

There is increasing evidence to suggest that the patho-
physiology of AD is associated with inflammatory responses
and oxidative stress mediated by microglia, which produce
neurotoxic factors such as proinflammatory cytokines and
nitric oxide, leading to neuronal degeneration (Chung et
al., 2015). Oxidative stress, inflammation, disturbance of
intracellular Ca** homeostasis, free radical generation in the
brain, and excitotoxicity can all lead to neuronal cell death.
It can be inferred from several studies that excitotoxicity,
free radical generation, and altered synaptic function caused
by oxidative stress are associated with AD pathology (Jing et
al., 2016; Pradip et al., 2016).

Oxidative stress plays a key role in the pathogenesis of AD.
Oxidative damage of macromolecules, involving protein
carbonyl content formation, lipid peroxidation, and DNA
oxidation, has been reported in AD patients (Rodrigo et al.,
2017). Oxygen free radicals can cause cell injury not only
through the peroxidation of polyunsaturated fatty acids in
biofilms, but also through the metabolites of lipid peroxide
(such as MDA); therefore, MDA content reflects the severity
of cell injury by free radicals. As an important scavenger of
oxygen free radicals, SOD disproportionates the superoxide
anion radicals of metabolism and generates hydrogen per-
oxide, which is catalyzed into water by catalase and GSH-Px,
thus protecting organs from free radical attack. The level of
GSH-PX activity therefore indirectly reflects the scavenging
ability of oxygen free radicals. If the superoxide anion con-
centration is too high, SOD in the body will be reduced due
to excessive consumption, which damages neurons, causing
neuronal metabolic disorders, degeneration, and necrosis,
leading to cognitive deficits. Moreover, free radicals and
unsaturated fatty acids are oxidized and decomposed into
various metabolites by lipid peroxidation reactions (Yin et
al, 2011). Thus, lipid peroxidation products such as MDA,
4-hydroxynonenal, and acrolein levels are considered to be
biological indicators of oxidative stress (Liu et al., 2015).

A previous study (Aybek et al., 2007) showed that, in pa-
tients with late onset AD, serum MDA levels are markedly
higher than in healthy controls. High MDA levels were
proposed to be an essential factor in the pathogenesis and
neuronal damage of AD. Our data showed that testosterone
significantly reduced MDA content, and increased SOD and
GSH-Px activities. Flutamide inhibited all testosterone-me-
diated effects, indicating that the protective effect of testos-
terone on cognitive dysfunction was mediated via androgen
receptors to scavenge free radicals.

Several studies have indicated a positive correlation be-
tween improved cognitive performance and elevated serum
testosterone levels (Driscoll et al., 2005; Jia et al., 2013,
2015). It is also been shown that a reduction in serum tes-
tosterone levels is a risk factor for AD, while cognitive per-
formance improves after testosterone replacement therapy
(Holland et al., 2011; Rosario et al., 2011).

As the neurobiological basis of cognitive function, synaps-
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Figure 1 Effects of testosterone on cognitive functions of AD rat models in positioning navigation of the Morris water maze test.

(A) Escape latency is given in seconds and (B) path length in meters. Data are expressed as the mean (n = 10; one-way analysis of variance followed
by the least significant difference post hoc test). *P < 0.05, vs. AD group. AD: AD group; T: testosterone group; F: flutamide group; F + T: flutamide
+ testosterone group. AD: Alzheimer’s disease.
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Figure 2 Effects of testosterone on cognitive functions of AD rat models in probe trials of the Morris water maze test.
(A, B) Data are presented as (A) percentage time spent in the target quadrant and (B) number of platform crossings in the probe trials. Data are
expressed as the mean + SD (n = 10; one-way analysis of variance followed by the least significant difference post hoc test). *P < 0.05, vs. AD group.
AD: AD group; T: testosterone group; F: flutamide group; F + T: flutamide + testosterone group. AD: Alzheimer’s disease.

Table 1 Number of intact pyramidal cells and dendritic spines from secondary and tertiary apical dendrites in the hippocampal CA1 region,
and levels of MDA, SOD, and GSH-Px in different groups

AD T F F+T
Number of intact pyramidal cells (Nissl) ~ 38.3+5.75 74.6+9.30" 41.43+6.10 53.248.15
Number of dendritic spines (Golgi) 1.35+0.18 2.04+0.26" 1.41+0.21 1.62+0.22
SOD (IU/mL) 175.36+13.45 230.22+20.06" 181.70+16.43 194.06+15.28
MDA (nM) 3.10+£0.39 1.92+0.32" 3.09£0.41 2.89+0.30
GSH-Px (nM) 35.06+3.95 53.64+5.28" 38.85+3.82 40.16+4.05

Data are expressed as the mean + SD (n = 10; one-way analysis of variance followed by the least significant difference post hoc test). *P < 0.05,
vs. AD group. AD: AD group; T: testosterone group; F: flutamide group; F + T: flutamide + testosterone group. AD: Alzheimer’s disease; SOD:
superoxide dismutase; MDA: malondialdehyde; GSH-Px: glutathione peroxidase.

es are involved in cognitive performance (Liu et al. 2008),  which is considered a molecular biomarker of synapto-
and morphological and functional abnormalities in synapses ~ genesis. In addition, Phan et al. (2015) found that elevated
can cause cognitive dysfunction. Sex hormones are known  estrogen levels induce new synapses and dendrites in brain
to be associated with synaptic plasticity (Mukai et al. 2010).  regions associated with cognitive function.

Several researchers have reported that androgen reverses The postsynaptic structural protein PSD-95 can serve as
the reduction in hippocampal dendritic spine density that a marker of cognitive performance, as it is strongly associ-
occurs in castrated rats, demonstrating that androgens have  ated with synaptic plasticity and mediates protein-protein
a beneficial effect on synaptic plasticity (Leranth et al., 2003;  interactions in the synaptic membrane that are critical for
Li et al,, 2013). Moreover, Jia et al. (2015) reported that tes-  synaptic transmission (Kim and Sheng, 2004). In our study,
tosterone increases the expression levels of synaptophysin, testosterone restored cognitive dysfunction and increased
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Figure 3 Nissl staining to investigate the number of intact pyramidal
cells in different groups.

(A-D) Alzheimer’s disease, testosterone, flutamide, and flutamide +
testosterone groups, respectively. Administration of testosterone elevat-
ed the number of intact hippocampal pyramidal cells. Administration
of flutamide combined with testosterone resulted in a marked decrease
in the number of intact hippocampal pyramidal cells compared with
testosterone alone. The number of intact pyramidal cells (arrows; per 1
mm linear length of the same section of the hippocampal CA1 region)
was counted under an optical microscope (original magnification,
100x; scale bar: 40 pum).

a

Figure 4 Golgi staining of dendritic spines from secondary and
tertiary apical dendrites of the hippocampal CA1 region in different
groups.

(A-D) Alzheimer’s disease, testosterone, flutamide, and flutamide +
testosterone groups, respectively. Treatment with testosterone increased
the dendritic spine density in the hippocampal CA1 region compared
with the AD group. Concurrent treatment with testosterone and flut-
amide decreased dendritic spine density. Dendritic spines (arrows) in
different groups were observed under an optical microscope (original
magnification, 100x; scale bars: 40 um).

Figure 5 Immunohistochemical staining of postsynaptic density
protein 95 (PSD-95) in the rat hippocampus of different groups.
(A-D) Alzheimer’s disease, testosterone, flutamide, and flutamide +
testosterone groups, respectively. Testosterone increased the number
of PSD-95-positive cells compared with the AD group. Flutamide
inhibited the effect of testosterone on PSD-95-stained cells. PSD-95
expression (arrows) was observed using an optical microscope (original
magnification, 100x; scale bar: 40 pm).
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Figure 6 Western blot assay of relative PSD-95 protein expression
levels in the rat hippocampus of different groups.

Compared with the AD group, testosterone significantly increased
PSD-95 expression levels. When flutamide and testosterone were
administered concurrently, the effect of testosterone on PSD-95 ex-
pression was inhibited. Expression levels are given as the ratio of PSD-
95/GAPDH. Data are expressed as the mean + SD (n = 15; one-way
analysis of variance followed by the least significant difference post hoc
test). The experiment was performed in triplicate. *P < 0.05, vs. AD
group. AD: AD group; T: testosterone group; F: flutamide group; F +
T: flutamide + testosterone group; AD: Alzheimer’s disease; GAPDH:
glyceraldehyde phosphate dehydrogenase; PSD-95: postsynaptic densi-
ty protein 95.
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dendritic spine density in the hippocampal CA1 region in
AD model rats, as well as increasing expression levels of
PSD-95. These results demonstrate that testosterone im-
proves synaptic plasticity and ameliorates cognitive dysfunc-
tion in AD model rats, which is consistent with previous
studies (Candemir et al., 2013; Jia et al., 2013, 2015, 2016;
Huo et al., 2016).

Androgens are beneficial in improving neuronal differen-
tiation and maintaining morphology (Leranth et al., 2004;
Marron et al., 2005). Furthermore, androgens have been re-
ported to elevate the viability of neurons when the brain un-
dergoes toxic invasion or in the presence of apoptosis (Nunez
et al. 2000). These observations are consistent with previous
results by Spritzer and Galea (2007), which demonstrated
enhanced survival of hippocampal neurons following the
administration of testosterone or dihydrotestosterone, but
not estrogen, indicating a specific androgenic action.

Testosterone metabolizes dihydrotestosterone and estra-
diol in vivo, which bind to androgen receptors and estrogen
receptors in hippocampal and cortical regions, playing sep-
arate roles (Edinger and Frye, 2004; Spritzer et al., 2011).
These results suggest that androgens and estrogens may
have direct effects on these brain regions that are related to
cognitive function (Kerr et al., 1995; Li et al., 1997; Kritzer,
2004). Additionally, dihydrotestosterone, but not estradiol,
could restore memory retention in a water maze test in male
mice (Benice and Raber, 2009), and Osborne et al. (2009) re-
ported that male rats implanted with 3a-diol, a metabolite of
dihydrotestosterone that binds to estrogen receptors, have
reduced escape latency in the Morris water maze test.

Our data indicated that testosterone-mediated effects on
cognitive function involve interactions between specific an-
drogen receptors and androgens. In this study, the specific
androgen-receptor antagonist, flutamide, inhibited testos-
terone-mediated improvement in cognitive dysfunction in
AD model rats, reaffirming the involvement of androgen
receptors in the observed responses. These findings indicate
that the effects of testosterone on cognitive performance and
PSD-95 expression levels are mediated via specific androgen
receptors. Taken together, testosterone improved cognitive
dysfunction in AD model rats by increasing the number of
hippocampal neurons and enhancing synaptic plasticity.
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