
Inhibition of 5a Reductase Impairs Cognitive Performance, Alters
Dendritic Morphology and Increases Tau Phosphorylation in the
Hippocampus of Male 3xTg-AD Mice

Ari Loren Mendell, a Samantha D. Creighton, b Hayley A. Wilson, a Kristen H. Jardine, b Lauren Isaacs, a

Boyer D. Winters b and Neil J. MacLusky a*
aDepartments of Biomedical Sciences, N1G 2W1, Canada
bPsychology, University of Guelph, Guelph, Ontario, N1G 2W1, Canada

Abstract—Recent work has suggested that 5a-reduced metabolites of testosterone may contribute to the neuro-
protection conferred by their parent androgen, as well as to sex differences in the incidence and progression of
Alzheimer’s disease (AD). This study investigated the effects of inhibiting 5a-reductase on object recognition
memory (ORM), hippocampal dendritic morphology and proteins involved in AD pathology, in male 3xTg-AD
mice. Male 6-month old wild-type or 3xTg-AD mice received daily injections of finasteride (50 mg/kg i.p.) or vehicle
(18% b-cyclodextrin, 1% v/b.w.) for 20 days. Female wild-type and 3xTg-AD mice received only the vehicle. Finas-
teride treatment differentially impaired ORM in males after short-term (3xTg-AD only) or long-term (3xTg-AD and
wild-type) retention delays. Dendritic spine density and dendritic branching of pyramidal neurons in the CA3 hip-
pocampal subfield were significantly lower in 3xTg-AD females than in males. Finasteride reduced CA3 dendritic
branching and spine density in 3xTg-AD males, to within the range observed in vehicle-treated females. In the CA1
hippocampal subfield, dendritic branching and spine density were reduced in both male and female 3xTg-AD
mice, compared to wild type controls. Hippocampal amyloid b levels were substantially higher in 3xTg-AD females
compared to both vehicle and finasteride-treated 3xTg-AD males. Site-specific Tau phosphorylation was higher in
3xTg-AD mice compared to sex-matched wild-type controls, increasing slightly after finasteride treatment. These
results suggest that 5a-reduced neurosteroids may play a role in testosterone-mediated neuroprotection and may
contribute to sex differences in the development and severity of AD. Crown Copyright! 2020 Published by Elsevier Ltd
on behalf of IBRO. All rights reserved.
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INTRODUCTION

Gonadal steroid hormone levels decline with age in both
sexes, a change that has been associated with age-
related increases in the risk for development of
Alzheimer’s disease (AD). AD is approximately twice as
likely to develop in women, a sex difference that has
been related to the abrupt decline in circulating ovarian
steroid hormone levels occurring at menopause
(Seshadri et al., 1997; Plassman et al., 2011; Hebert

et al., 2013; Alzheimer’s Association, 2014;
Hanamsagar and Bilbo, 2016). Although the decline in
testosterone levels in men is more gradual, it has also
been proposed to represent a risk factor for the develop-
ment of AD (Hogervorst et al., 2001, 2003, 2004; Yeap
et al., 2008; Hsu et al., 2015).

In mouse models of AD, several groups have
demonstrated that testosterone is neuroprotective, in
both sexes. In the triple transgenic mouse model of AD
(3xTg-AD), gonadectomy (GDX) has been reported to
increase accumulation of amyloid b (Ab), impair working
memory, increase anxiety, and slightly increase
hyperphosphorylation of Tau (Rosario et al., 2006,
2010; , 2012; George et al., 2013). Long-term replace-
ment with testosterone or its androgenic 5a-reduced
metabolite dihydrotestosterone (DHT) has been shown
to prevent these outcomes in males (Rosario et al.,
2006, 2010, 2012). In females, the effects of testosterone
are at least partially mediated via local aromatization to
estradiol (MacLusky et al., 2006), which exerts its effect
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by interacting with the estrogen receptors (ER) expressed
in the brain (Milner et al., 2001, 2005; Adams et al., 2002;
Kritzer, 2006; Duarte-Guterman et al., 2015; Mogi et al.,
2015). Estradiol has been shown to reduce Ab levels
and reverse memory deficits in female GDX 3xTg-AD
mice (Carroll et al., 2007; Zhao et al., 2011), as well as
reduce Ab load in GDX double transgenic (APPswe/
PS1) (Zheng et al., 2002) and APPswe transgenic mice
(Levin-Allerhand et al., 2002; Zheng et al., 2002). GDX
has been reported to increase Ab levels in the brains of
female guinea pigs (Petanceska et al., 2000), and both
female and male rats (Ramsden et al., 2003;
Jayaraman et al., 2012). These effects were reversed
by estradiol and DHT supplementation in females and
males, respectively (Petanceska et al., 2000; Ramsden
et al., 2003; Jayaraman et al., 2012).

In the male, the neuroprotective effects of
testosterone have mainly been attributed to androgen
receptor (AR)-mediated effects of testosterone and
DHT. However, other bioactive steroids are also
synthesized via DHT metabolism. These include the
weakly androgenic metabolites 5a-androstane-3a,17b-di
ol (3a-diol) and 5a-androstane-3b,17b-diol (3b-diol),
synthesized by 3a-hydroxysteroid dehydrogenase (3a-
HSD) and 3b-hydroxysteroid dehydrogenase (3b-HSD),
respectively. As a 3a-hydroxy, 5a-reduced neurosteroid,
3a-diol can act as a positive allosteric modulator of the
c-aminobutyric acid (GABA) A receptor (GABAAR), while
3b-diol is an agonist for ERb receptors (Handa et al.,
2008; Reddy and Jian, 2010).

Although it is one of the principal metabolites of
testosterone, in both the brain and in non-neural
androgen target organs, relatively few studies have
evaluated the behavioral and neuroprotective effects of
3a-diol. Long-term systemic administration or acute
intrahippocampal infusion of 3a-diol or its androgenic
precursors increased learning and reduced anxiety in
GDX male rats (Edinger and Frye, 2004). More recently,
the same group has reported that 3a-diol can increase
performance on tasks evaluating cognitive function and
affective behaviour in young GDX as well as older intact
male rats (Frye et al., 2010). Several studies have
recently demonstrated that 3a-diol can protect neurons
and neuroblastoma cells against neurotoxicity induced
by Ab in vitro, by attenuating the Ab-mediated dysregula-
tion of signaling pathways (Mendell et al., 2016, 2018) as
well as improving aspects of mitochondrial bioenergetics
(Grimm et al., 2014, 2016).

The present study was performed to test the
hypothesis that inhibition of 5a-reductase, the rate-
limiting enzyme in the synthesis of both DHT and 3a-
diol from testosterone, might result in impairments of
hippocampal-based memory, alter hippocampal
neuronal dendritic structure and affect markers of
pathology in male 3xTg-AD mice.

EXPERIMENTAL PROCEDURES

Animals

Colonies of wild-type (B6129SF2/J; The Jackson
Laboratory, Bar Harbor, ME, USA) and 3xTg-AD

(B6129APPswe, PS1M146V, TauP301L; The Jackson
Laboratory) mice were housed and bred at the
University of Guelph Central Animal Facility. All mice
used in this study were bred in-house and maintained
on a 12-hour light/dark cycle (0800 lights on; 2000 h
lights off) Mice were housed in polyethylene cages
(16 ! 12 ! 26 cm) with corncob bedding, crink-l’Nest
and cotton nest squares and food (Teklad Global 16%
Protein Rodent Maintenance Diet, Harlan Teklad, USA)
and water available ad libitum. All procedures involving
the use of animals were approved by the Animal Care
Committee of the University of Guelph and followed the
guidelines of the Canadian Council of Animal Care.

A total of 55 mice (10 wild type females, 17 wild type
males, 9 3xTg-AD females and 19 3xTg males) were
used in this study. At six months of age, mice began
receiving daily intraperitoneal (i.p.) injections of either
vehicle [18% w/v 2-hydroxypropyl-b-cyclodextrin (Sigma-
Aldrich, Oakville, ON, Canada) in 0.9% saline solution;
b-CD solution] or finasteride [50 mg/kg in b-CD solution;
a dose that substantially reduces peripheral and CNS
5a reduced steroid concentrations with both acute and
chronic use (Finn et al., 2006)]. Mice were weighed imme-
diately prior to each daily injection and injection volumes
were adjusted to 1% of the body weight (v/b.w.). Male
wild-type and 3xTg-AD mice received either vehicle (de-
noted wtm-V and 3xm-V, respectively) or finasteride (de-
noted wtm-F and 3xm-F, respectively) injections (n= 8–
10 mice/group); female wild-type and 3xTg-AD mice
received vehicle injections only (n= 9–10 mice/group;
denoted wtf-V and 3xf-V, respectively).

Habituation for behavioural testing occurred on days
15 and 16 of injections, behavioural testing was
performed on days 17 and 19, and animals were
sacrificed 2 hours following the final finasteride or
vehicle injection on day 20. Approximately half the mice
in each treatment group were sacrificed by deep
anesthetization with carbon dioxide (CO2) followed by
decapitation (the numbers in each group are indicted
below, in the Results section). The remainder were
sacrificed by Euthansol (Schering Canada Inc., Quebec)
injection followed by transcardial perfusion with 4%
paraformaldehyde (PFA), for immunohistochemical
analysis.

For all animals that were sacrificed by CO2 and
decapitation, brains were extracted, placed on ice, and
cut in half down the longitudinal fissure using a sterile
razor blade. One half of each brain was placed directly
into fresh Golgi-Cox solution for neuromorphological
analysis. The hippocampus was dissected out of the
other half of each brain, and these tissue samples were
placed on dry ice prior to immediate storage at "80 "C.
The samples from each treatment group included
approximately equal numbers from the left and right
sides of the brain, to minimize the effects of
lateralization as a factor in the final analysis.

Object recognition memory task

The object recognition memory (ORM) task was
performed in an open field made of white corrugated
plastic with dimensions of 45 cm (length) ! 45 cm
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(width) ! 30 cm (height). Spatial cues throughout the
testing room were readily available and additional cues
were placed on the walls around the open field
apparatus. Animals were habituated to the open field for
10-minute periods on each of the two days prior to
commencing behavioural testing. During these
habituation periods, all conditions of the room were set
up in an identical way as testing days with the exception
that no objects were placed in the open field. For
testing, mice were placed into the centre of the open
field with two identical objects in adjacent corners of the
apparatus and allowed to explore for 10 minutes
(sample phase). Objects were chosen based on
preliminary trials with wild type mice, demonstrating that
the animals had no inherent preference for the objects
chosen. At the end of the sample phase, mice were
removed from the open field and placed back into their
home cages for either 5 minutes or 3 hours (retention
delay) to assess short- and long-term memory,
respectively. After the retention delay, mice were placed
back into the centre of the open field apparatus with one
object that the animal had previously been exposed to
during the sample phase (familiar) and one new object
(novel), and provided 5 minutes to explore the two
objects (choice phase) (task design illustrated in Fig. 1
A). The two objects were located in the same positions
as in the sample phase. Which object was novel and
which familiar was counterbalanced in each set of

analyses, so that it is not always one particular type of
object that was novel. The side of the test cage (left or
right) on which the novel object was placed was also
counterbalanced in the choice phase of the test, to
prevent preference for one side or the other from
influencing the results. All mice were run for each of the
two retention delays on separate days, with one day of
rest between testing days. All objects were thoroughly
wiped with 70% ethanol between trials to reduce the
influence of olfactory cues.

Due to the natural novelty preference of mice, they
explore familiar objects less than novel objects
(Ennaceur and Delacour, 1988). If the animals have
memory impairments, they are less able to discriminate
between the familiar and novel objects. A discrimination
ratio (DR) was used to calculate novelty preference for
each subject [DR = (exploration time of novel object –
exploration time of familiar object)/(exploration time of
both objects combined)].

Locomotor behavior

Locomotion of each mouse was tracked in the first sample
phase of the open-field object recognition task in order to
examine anxiety-like behaviours. EthoVision XT video
tracking software was employed to collect the locomotor
data. A square centre zone (22.5 cm ! 22.5 cm) and a
periphery zone were outlined in the arena on the video
tracking software. The distance moved (cm) and time
spent (s) within each zone was recorded. We assessed
two measures of anxiety-like behaviour based on the
locomotor activity; (1) percentage of time spent in the
centre zone compared to total time in the arena (10-
min), and (2) total distance moved.

Tissue preparation for neuromorphological analysis

Golgi-Cox solution was prepared as previously described
(Louth et al., 2017). Half brains from a subset of the mice
used in this study (n= 5–6 mice/group) were stored in
Golgi-Cox solution in the dark at room temperature for
25 days. After the incubation period, samples were placed
in 30% sucrose solution in 0.1 M phosphate buffer (PB)
for 48 hours at 4 "C. Samples were then blocked in 3%
agar (Fisher), vibratome-sectioned in the coronal plane
(300 lm thickness) using a Leica VT1000S vibrating
blade microtome (Leica Biosystems, Concord, ON,
Canada) in 30% sucrose solution, and placed in 6%
sucrose solution at 4 "C for 24 hours. Sections were pro-
cessed, mounted onto gelatin-coated microscope slides,
dehydrated in ethanol, cleared in xylene, and cover-
slipped as previously described (Louth et al., 2017).
Slides were left horizontally to dry overnight and sealed
by painting the edges with clear nail polish the following
day.

Analysis of dendritic structure

Dendritic branching analysis. Image stacks were
taken for the CA1 and CA3 hippocampal subfields
throughout the entire thickness of the vibratome

Fig. 1. Object recognition memory (ORM) in wild-type and 3xTg-AD
mice. (A) Schematic for the ORM paradigm in the open field. (B)
Finasteride treatment impairs short-term (5 minute delay) ORM in
male 3xTg-AD mice, while long-term (3 hour delay) ORM is impaired
in all 3xTg-AD mice and in finasteride-treated male wild-type mice
(B). Bars on the graph represent mean ± SEM (n= 7–10
mice/group). Group acronyms: wtf-V = wild-type females treated
with vehicle; 3xf-V = 3xTg-AD females treated with vehicle; wtm-
V = wild-type males treated with vehicle; wtm-F = wild-type males
treated with finasteride; 3xm-V = 3xTg-AD males treated with vehi-
cle; 3xm-F = 3xTg-AD males treated with finasteride. * = p< 0.05
vs. a DR of zero (Student’s t test).

A. L. Mendell et al. / Neuroscience 429 (2020) 185–202 187



sections (images captured every 2 lm) of Golgi-stained
sections containing the dorsal hippocampus for each
animal, using a Nikon Eclipse 90i microscope and
motorized stage (Nikon Instruments Inc., Melville, NY,
USA) with affixed MBF Bioscience Q-imaging camera
(MBF Bioscience, Williston, VT, USA) and Neurolucida
software (Version 11, MBF Bioscience). Pyramidal
neurons were selected from CA1 and CA3 (3–4
neurons/animal from each subfield, n= 5–6
animals/group) and were three-dimensionally traced in
Neurolucida. To be included for tracing and analysis,
neurons had to be completely contained within the
300 lm-thick section with no broken segments from the
cell body out to the end of the dendritic trees (Mendell
et al., 2017). Sholl analysis (Sholl, 1953) was performed
using Neurolucida Explorer software (MBF Bioscience),
with measurements for intersections between dendritic
branches and concentric circles taken every 20 lm, start-
ing at the cell body. Apical and basal dendritic arbours
were analyzed separately.

Dendritic spine analysis. Images were obtained for
dendritic spine density as previously described (Mendell
et al., 2017). Sections containing the dorsal hippocampus
were examined under brightfield microscopy at high mag-
nification (630X) using an Axio Imager D1 microscope
(Carl Zeiss, Toronto, ON, Canada). Pyramidal neurons
from the CA1 and CA3 subfields were chosen for dendritic
spine imaging and analysis as previously described
(Mendell et al., 2017). Images containing secondary den-
drites within each of three segments of the apical dendritic
tree were captured [proximal (10–30% out from the cell
body), medial (40–60%), and distal (70–90%)]. Five to
ten images were taken within each apical CA1 and CA3
dendritic segment, for each animal. Images were ana-
lyzed using ImageJ (NIH), and dendritic spine density
was calculated as the average number of spines per
10 lm length of dendrite. Results were averaged to give
a mean spine density per dendrite segment, in each ani-
mal. Results were compiled from 4-6 animals/treatment
group, to give the final estimates of spine density.

Western blot analysis. Hippocampal tissue samples
were homogenized in Triton-X protein lysis buffer
[50 mM Tris-HCL (pH 7.5), 150 mM NaCl, 1% Triton-X
100] with added protease inhibitors [(1 mM 4-(2-
aminoethyl)-benzenesulfonyl fluoride (AEBSF), 10 lM
leupeptin, 10 lM pepstatin A, 25 lM aprotinin)], 700 U/
ml DNase, and the phosphatase inhibitor sodium
orthovanadate (5 lM). Homogenates were briefly
sonicated on a low setting, placed on ice for 20 minutes,
and centrifuged twice at 17,530!g for 15 minutes at
4 "C with the supernatants removed and placed in fresh
tubes between each centrifuge step. The final pellets
were discarded, and protein concentrations were
determined for the resulting lysates using Bradford
assays (Bradford, 1976). All samples were separated into
small aliquots and stored at "20 "C without undergoing
any freeze–thaw cycles until the time of analysis.

Western blot analysis was completed as previously
described (Mendell et al., 2018). Briefly, hippocampal

lysates (25–75 lg of total protein, depending on the tar-
get) were loaded onto 10% polyacrylamide gels and sub-
jected to SDS-PAGE using the Mini-PROTEAN system
(Bio-Rad, Mississauga, ON, Canada). Proteins were
transferred onto nitrocellulose membranes by semi-dry
transfer with a Trans-SD Turbo transfer apparatus (Bio-
Rad). Transfer conditions included 10–30 minute trans-
fers (depending on target size – small proteins required
shorter transfer times) at 25 V with constant current. After
transfer, membranes were briefly rinsed with tris-buffered
saline (TBS) with 0.1% Tween-20 (TBS-T), and blocked
for 1.5–2 hours in 5% non-fat milk, 5% bovine serum albu-
min fraction V (BSA), or a combination of both at room
temperature on a rocker. Membranes were rinsed twice
for 5 minutes in TBS-T, and then placed in primary anti-

Table 1. Primary and secondary antibodies used in this study. The
table lists the target antigen, the species and type of antibody (mon- or
poly-clonal) the dilution used in the Western blot analyses reported in
this paper, along with the manufacturer and product number, if further
information on the properties and target specificity of the antibodies is
required

Target Species

and Type

Dilution Used

for Western

Blotting

Manufacturer,

Product

Number

b-Amyloid Rabbit

monoclonal

1:1000 Cell Signaling

Technology,

9888

Phospho-Tau

Ser202

Rabbit

polyclonal

1:1000 Cell Signaling

Technology,

11,834

Phospho-Tau

Ser396

Mouse

monoclonal

1:1000 Cell Signaling

Technology,

9632

Tau5 (Total

Tau)

Mouse

polyclonal

1:1000 BioLegend,

39,413

ERK1/2 Rabbit

polyclonal

1:2000 Cell Signaling

Technology,

9102

Phospho-

ERK1/2

Rabbit

polyclonal

1:2000 Cell Signaling

Technology,

9101

PSD-95 Mouse

monoclonal

1:400 Santa Cruz

Biotechnology,

Inc., sc32290

NeuN Rabbit

monoclonal

1:1000 Cell Signaling

Technology,

24,307

GFAP Mouse

monoclonal

1:5000 Cell Signaling

Technology,

3670

17b-HSD type

10 (ERAB)

Rabbit

monoclonal

1:500 Abcam,

ab167410

3a-HSD type 3

(AKR1C2)

Rabbit

polyclonal

1:500 Abcam,

ab199608

a-tubulin Mouse

monoclonal

1:200,000 Sigma-Aldrich,

T5168

Anti-rabbit IgG,

HRP linked

antibody

Goat 1:2500 Cell Signaling

Technology,

7074

Anti-mouse

IgG, HRP

linked

antibody

Horse 1:2500 Cell Signaling

Technology,

7076
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body overnight in either 5% non-fat milk or 5% BSA at
4 "C on an orbital shaker (see Table 1 for a list of primary
antibodies). The next day, membranes were rinsed twice
for 5 minutes in TBS-T and incubated in goat anti-rabbit or
goat anti-mouse secondary antibody (1:2500, Cell Signal-
ing Technologies, New England BioLabs, Whitby, ON,
Canada) made in 5% non-fat milk or 5% BSA for one hour
at room temperature on a rocker. Membranes were then
rinsed 4 times for a total of 30 minutes in TBS-T, and
bands were visualized using Luminata Forte Western
HRP substrate (Millipore Canada Ltd, Etobicoke, ON,
Canada) and a ChemiDoc MP imaging system (Bio-
Rad). Blots requiring re-probing for house-keeping pro-
teins were rinsed for 4 hours at room temperature in
0.5% TBS-T prior to probing with the primary antibody.
Densitometric analysis was performed using Image Lab
version 4.1 software (Bio-Rad), with all values for target
proteins normalized to a house-keeping protein (a-
tubulin) from the same blot.

Immunohistochemistry. A subset of the animals in
each treatment group (n= 4–6 per group) was used for
immunohistochemistry (IHC). Mice were transcardially
perfused with phosphate-buffered saline (PBS) to clear
the blood, followed by 4% paraformaldehyde (PFA) for
fixation. Brains were dissected out from the skull and
post-fixed by immersion in 4% PFA for 36 hours at 4 "C.
Brains were then rinsed 3 times with PBS and stored in
PBS with 0.1% sodium azide at 4 "C until the time of
processing. Brains were blocked in 3% agar, vibratome-
sectioned (40 lm thickness) in the coronal plane and
the sections placed at 4 "C in PBS with 0.1% sodium
azide until IHC analysis.

All processing steps were performed at room
temperature with incubations on an orbital shaker. The
solvent for all solutions was 0.1 M potassium PBS
(KPBS), unless otherwise noted. Sections were rinsed
three times with KPBS for 5 minutes each, placed in
0.5% hydrogen peroxide (H2O2) for 15 minutes to
quench endogenous peroxidase activity and rinsed three
times in KPBS. Sections were then placed in 86%
formic acid for 5 minutes for antigen unmasking, rinsed
three times in KPBS, and incubated in primary antibody
solution (0.3% Triton X-100, 10% normal goat serum in
KPBS) containing an antibody against Ab (b-Amyloid
[D12B2] Rabbit mAb #9888; 1:1000; Cell Signaling
Technology) for 2 hours at room temperature, then
overnight at 4 "C. The next day, sections were rinsed
three times in KPBS and incubated in secondary
antibody solution (0.3% Triton X-100 in KPBS) with
biotinylated goat anti-rabbit antibody (1:1000; Cell
Signaling Technology) for 1 hour. Sections were then
rinsed three times in KPBS and incubated for 1 hour in
ABC solution (0.3% Triton X-100, 0.125% avidin,
0.125% biotin in KPBS), rinsed three more times in
KPBS, and placed in filtered 3,30-Diaminobenzidine
(DAB) solution (10% DAB, 0.001% H2O2 in KPBS) for 7
minutes. Finally, sections were rinsed three times in
KPBS, mounted onto gelatin-coated microscope slides,
dehydrated in ethanol (50% for 1 minute, 75% for 1
minute, 95% for 1 minute, and 2 steps of 100% ethanol

for 5 minutes), cleared in xylene (2 steps for 5 minutes
each), and coverslipped using Permount mounting
medium (Fisher). Slides were left horizontally to dry
overnight and sealed by painting the edges with clear
nail polish the following day. All sections used for
quantitative comparison were processed at the same
time, in the same reagent solutions, in order to minimize
between-section variability in background and staining
intensity. Controls for immunohistochemistry included
primary antibody, secondary antibody and labeling
controls (Burry, 2011). Specificity of the primary antibody
was demonstrated by coincubation of sections through
the same regions of the hippocampus from wild type ani-
mals, in the same reagents. Staining was only ever
observed in sections from 3xTg mice. Specificity of the
secondary antibody was demonstrated by complete loss
of staining when the primary antibody incubation was
omitted, after formic acid pretreatment. Finally, labeling
specificity was demonstrated by a complete absence of
staining when the diaminobenzidine incubation was
omitted.

Brightfield microscopy images were acquired for
subfields of interest at anterior, middle, and posterior
levels of the hippocampus (equivalent to dorsal, rostral-
ventral, and caudal-ventral hippocampus, respectively)
in the anterior-posterior plane of the brain. Quantitative
analysis was performed using the NIH ImageJ program,
essentially as described by Girish and Vijayalakshmi
(2004). Briefly, images were captured for each region of
interest, with sections matched as closely as possible in
the anterior-posterior plane. Three to four randomly
placed, non-overlapping sample fields were taken for
analysis of staining intensity, using a constant sized ‘‘re-
gion of interest” sampling window in all sections, from all
animals. A background threshold was set using the Ima-
geJ thresholding tool. Labeling was then assessed as
the number of positively stained pixels above the back-
ground threshold in each sample window (Girish and
Vijayalakshmi, 2004). Results for all sections were aver-
aged to give a mean labeling index per field, for each ani-
mal. Results are presented below as means (±SEM) of
the average labeling indices in each treatment group.

Statistical analysis. The majority of statistical
analyses, with the exception of the analysis of
locomotor behavior, were performed using either
GraphPad Prism version 7.0 (GraphPad Software Inc.,
La Jolla, California, USA) or Statview 5.0.1 (SAS
Institute, Cary, North Carolina, U.S.). Komolgorov-
Smirnov and Bartlett’s tests were used to evaluate
normality and homogeneity of variance, respectively.
Where necessary, data were log(x + 1) transformed
prior to statistical analysis to correct for inhomogeneity
of variance. Data for the ORM task were analyzed by
three-way ANOVA, with unpaired t-tests used to
compare individual group means to zero (i.e., ‘chance’
discrimination ratio). Data for dendritic morphology,
western blotting densitometry, and quantitative IHC
were analyzed using either ANOVA followed by Tukey-
Kramer post-hoc, or Student’s t test, as appropriate.
Dendritic branching data were analyzed in males using
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3-way factorial ANOVA, to test for finasteride treatment-
dependent effects. Comparisons between males and
females in the dendritic branching results were
performed on the data from vehicle treated animals
using 3-way ANOVA, followed where significant
genotype ! sex interactions were observed by separate
2-way ANOVAs in the wild type and 3xTg-AD data sets,
to test for genotype specific sex differences. Statistical
significance was defined as p # 0.05.

Differences in locomotor activity between genotype
(wildtype, 3xTg-AD) and drug (vehicle, finasteride)
conditions were investigated using 2 ! 2 factorial.
Independent samples t-tests were used to examine
differences in locomotion between genotype in the
female mice. All analyses of locomotor data used
a= 0.05 and was analyzed using SPSS 26 Software
(IBM, Armonk, NY USA).

RESULTS

Finasteride impaired short-term object recognition
memory in male 3xTg-AD mice, while long-term
memory was impaired in all 3xTg-AD mice

Short-term (5-minute delay) and long-term (3-hour delay)
ORM were evaluated in the open field, as described
above, in all 55 mice. Total exploration times were not
significantly different between groups in either the
sample or choice phases (data not shown). Results are
shown in Fig. 1B. Data for the males at each of the two
delay times were evaluated by 3-way factorial ANOVA.
Significant effects of genotype [F(1,60) = 4.01,
p= 0.0498) and treatment [F(1,60) = 4.70, p= 0.0341)
were observed. Individual t-tests were performed to
determine whether the animals recognized the change
in objects (DR significantly different from zero) or
impaired (DR not significantly different from zero) for
each treatment group. Short-term ORM was intact, as
indicated by significantly greater DRs compared to zero,
for all treatment groups (Unpaired Student’s t-tests; wtf-
V, p< 0.0001; 3xf-V, p= 0.0052; wtm-V, p< 0.0001;
wtm-F, p= 0.0011; 3xm-V, p= 0.0112) except for the
finasteride-treated male 3xTg-AD group, which had
impaired short-term memory (t-test; 3xm-F,
p= 0.7964). For long-term ORM, only the vehicle-
treated wild-type female (t-test; wtf-V, p= 0.0364) and
male (t-test; wtm-V, p= 0.0021) mice had significantly
greater DRs compared to 0. All other groups had
impaired long-term memory (t-tests; 3xf-V, p= 0.0733;
wtm-F, p= 0.3892; 3xm-V, p= 7880; 3xm-F,
p= 9158) (Fig. 1B).

Locomotor behavior

There was no significant interaction between genotype
and drug treatment with respect to the time spent in the
central zone of the open field arena in the male mice [F
(1,36) = 0.873, p= 0.356], nor for total distance moved
in the arena [F(1,36) = 0.148, p= 0.703]. In females,
there was no statistical effect of genotype on time spent
in central zone of the open-field arena, t(18) = –1.890,
p= 0.075. However, 3xTG female mice (M= 5584.50,

SE = 476.05) moved a greater total distance in the
arena compared to wildtype female mice (M= 2150.89,
SE = 238.52), t(18) = –6.449, p< 0.001).

Dendritic branching

Finasteride reduces dendritic branching in the apical
dendrites of CA3 pyramidal neurons in 3xTg-AD
mice. Dendritic branching was analyzed separately in
the apical and basal dendritic trees of hippocampal
pyramidal neurons, in 5–6 animals per treatment group.
In males, in the CA3 apical dendritic tree, significant
overall treatment [three-way ANOVA; F(1,464) = 15.68,
p< 0.0001], genotype [F(1,464) = 13.34; p= 0.0003]
and distance from cell body-dependent [F(28,464)
= 143.8, p< 0.0001] effects were observed, with a
significant genotype ! treatment interaction [F(1,464)
= 21.54, p< 0.0001] (Fig. 2 A). Analysis of the data
from vehicle treated males and females revealed
significant overall effects of sex [F(1,464) = 10.12,
p= 0.0016], genotype [F(1,464) = 22.27; p< 0.0001]
and distance from cell body- [F(28,464) = 155.9,
p< 0.0001], with a significant sex ! genotype
interaction [F(1,464) = 32.60, p< 0.0001]. This
interaction effect resulted from the reduced dendritic
branching observed only in 3xTg-AD females [FB; 2-
way ANOVA for the female data only: genotype F
(1,232) = 49.27, p< 0.0001; distance from cell body- F
(1,232) = 68.15, p< 0.0001); for males: genotype F
(1,232) = 0.574, p= 0.460; distance from cell body- F
(1,232) = 90.38, p< 0.0001].

In the basal dendritic tree, the only differences
observed in males were dependent on the distance from
the cell body [F(13,224) = 260.8, p< 0.0001]. No
significant overall treatment [F(1,224) = 1.01,
p= 0.315] or genotype dependent [F(1,224) = 0.027,
p= 0.871] effects were observed. Comparison of males
and females in the vehicle treated animals revealed
highly significant effects of both distance from the cell
body [F(13,224) = 253.78, p< 0.0001] and sex [F
(1,224) = 15.12, p= 0.0001], but no genotype
dependent [F(1,224) = 2.61, p= 0.1074] or interaction
effects (p> 0.1 for all interactions).

Total dendritic length was also analyzed in the apical
and basal dendritic trees of CA3 pyramidal neurons. In
males, a significant interaction effect in the apical
dendritic tree was observed between genotype and
treatment (F(1,16) = 10.15, p= 0.0057), associated
with an effect of finasteride treatment in the 3xTg but
not the wild type males (Tukey-Kramer test: 3xm-V vs.
3xm-F, p= 0.0183) (Fig. 2 E). In females, significantly
lower total apical dendritic length was observed in the
3xTg-AD animals (Unpaired two-tailed t-test; t= 3.583,
p= 0.0072). No statistically significant effects of either
genotype or sex were observed in the basal dendritic
tree [Males: two-way ANOVA genotype; F(1,16)
= 0.0016, p= 0.9690; treatment; F(1,16) = 0.0061,
p= 0.9388. Females wild type vs 3xTg-AD: unpaired
two-tailed t-test; t= 0.8983, p= 0.3953] (Fig. 2 F).
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Male 3xTg-AD mice exhibit reduced dendritic branch-
ing in CA1, compared to wild-type animals. In males,
significant overall treatment [three-way ANOVA; F
(1,408) = 4.04, p= 0.045], genotype [F(1,408)
= 44.61, p< 0.0001] and distance from cell body-
dependent [F(23,408) = 125.9, p< 0.0001] effects
were observed, with a significant genotype ! treatment
interaction [F(1,408) = 5.30, p0.0219] (Fig. 3 A).
Analysis of the data from vehicle treated males and
females revealed significant genotype [F(1,408)
= 33.30, p< 0.0001] and distance from cell body- [F
(23,408) = 99.33, p< 0.0001] dependent differences,
but no significant sex [F(1,408) = 1.206, p= 0.2729]
difference, or sex ! genotype [F(1,408) = 3.558,
p= 0.06] interactions.

In the basal CA1 dendritic tree, the only differences
observed in males were dependent on the distance from
the cell body [F(9,170) = 134.46, p< 0.0001]. No
significant overall treatment [F(1,170) = 0.478,
p= 0.490] or genotype dependent [F(1,170) = 0.808,
p= 0.370] effects were observed. Comparison of males
and females in the vehicle treated animals also showed
significant effects of distance from the cell body [F
(9,170) = 129.27, p< 0.0001] but no sex [F(1,224)
= 15.12, p= 0.0001] or genotype dependent [F(1,224)
= 2.61, p= 0.1074] effects.

There was a significant reduction in total apical CA1
dendrite length in the 3xTg-AD males (F(1,17) = 12.25,
p= 0.0027) but no overall treatment effect [F(1,17)
= 1.162, p= 0.2962] (Fig. 3 E). Differences between
the wild type and 3xTg-AD animals in females were not
statistically significant [Unpaired two-tailed t-test;
t= 1.209, p= 0.2612]. No significant treatment or
genotype dependent effects were observed in the basal
CA1 dendrites (Fig. 3 F).

Dendritic spines

Finasteride treatment in males differentially decreased
spine density in the CA3 apical dendritic tree. Afferent
inputs to the hippocampus terminate on dendritic spines
in different parts of the apical dendritic trees of
pyramidal neurons, depending on the origin of the
projections. Therefore, dendritic spine density was

determined separately for secondary dendrites of the
apical dendritic tree in proximal, medial, and distal
segments relative to the cell body in both the CA3 and
CA1 hippocampal subfields, from all animals studied for
hippocampal dendritic branching.

In CA3 (Fig. 4), no significant overall treatment or
genotype-dependent effects were detected in the
proximal segment. [Two-way ANOVA treatment; F(1,16)
= 7.887, p= 0.0126; genotype F(1,17) = 0.3504,
p= 0.5617]. In the medial segment, differences
between wild type and 3xTg-AD mice did not reach the
limit of statistical significance [F(1,16) = 4.392,
p= 0.0524], but spine density was significantly higher
in the vehicle treated males than after finasteride
treatment [F(1,16) = 16.83, p= 0.0008]. In females, by
contrast, spine density was significantly higher in the
wild type than in 3xTg-AD mice (t-test; t= 4.036,
p= 0.0050). In the distal CA3 dendrites, significant
genotype-dependent differences were observed in both
males [F(1,16) = 16.67, p= 0.0009] and females [t-
test; t= 4.993, p= 0.0016]. However, in the males, the
effects of finasteride were not statistically significant [F
(1,16) = 3.545, p= 0.0780] (Fig. 4 D).

Dendritic spine density of CA1 pyramidal neurons was
differentially reduced across the apical dendritic tree of
3xTg-AD mice. In CA1, as in CA3, no significant overall
treatment or genotype-dependent effects were detected
in the proximal segment of the apical dendrites [Two-
way ANOVA treatment; F(1,17) = 1.562, p= 0.2283;
genotype F(1,17) = 0.894, p= 0.3576]. However, in
females spine density in the proximal segment was
significantly higher in wild type than in 3xTg-AD animals
[t-test; t= 3.004, p= 0.0148] (Fig. 5B). In the medial
segment, significant differences were observed between
male wild type and 3xTg-AD mice F(1,17) = 18.08,
p= 0.0005, and between vehicle-treated and finasteride
treated animals [F(1,17) = 10.79, p= 0.0044], but
genotype dependent differences were not observed in
females [t-test; t= 0.8868, p= 0.3983] (Fig. 5C). In the
distal CA1 dendrites, significant genotype-dependent
differences were observed in males [F(1,16) = 16.67,
p= 0.0009] but not females [t-test; t= 1.875,
p= 0.0936]. The effects of finasteride on distal spine

Fig. 2. Dendritic branching and length in the CA3 hippocampal subfield. (A) Dendritic branching of CA3 pyramidal neurons was examined using
Sholl (1953) analysis, in all treatment groups. Panel A shows the means ± SEM of the number of intersections at different distances from the cell
body in each of the six treatment groups. Each point represents the mean of data from independent observations in 5 animals. Panels B and C show
subsets of the data, separated to allow differences between the treatment groups to be seen more clearly. Panel B shows data from wild type and
3xTg-AD females and males, without finasteride treatment: 3xTg-AD females had reduced dendritic branching compared to wild type males or
females. Panel C compares 3xTg-AD males and females to 3xTg males treated with finasteride. Finasteride treatment of 3xTg-AD males reduced
dendritic branching to levels indistinguishable from those in 3xTg-AD females (C). Basal dendritic branching in CA3 was slightly but significantly
reduced in 3xTg-AD females compared to males (D). Total apical dendritic length was reduced in 3xTg-AD females compared to wild-type females,
and finasteride reduced apical dendritic length in 3xTg-AD males (E). No overall changes were observed in basal dendritic length (F). All points or
bars on graphs represent mean ± SEM (n= 5 each from an individual mouse, in in each treatment group). In panels B-D, * indicates p< 0.05 for
3xf-V vs. 3xm-V. In panel B, y and D indicate p< 0.05 for 3xf-V vs. wtf-V and wtm-V, respectively. In panel C, y and D indicate p< 0.05 for 3xm-V
vs. 3xF-V and 3xm-F respectively (Tukey-Kramer multiple range test). In panels E and F, * indicates p< 0.05 for the comparisons indicated by
brackets (non-paired t test).
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Fig. 3. Dendritic branching and length in the CA1 hippocampal subfield. Dendritic branching of CA1 pyramidal neurons is displayed for all treatment
groups (A). As with Fig. 1, subsets of the data are reproduced for clarity in panels B and C. (B) 3xTg-AD mice had reduced apical dendritic
branching in CA1 compared to wild-types of either sex (* and y represent p< 0.05 for 3xf-V vs. wtf-V and 3xm-V vs. wtm-V, respectively; Tukey-
Kramer multiple range test p< 0.05) (C). Finasteride treatment of 3xTg-AD males did not further reduce branching. No significant differences in
basal dendritic branching (D), total apical dendritic length (E), or total basal dendritic length (F) were observed between groups. All points or bars on
graphs represent mean ± SEM (n= 5–6 mice/group).
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density in males were not statistically significant [F(1,17)
= 2.915, p= 0.1059] (Fig. 5 D).

Proteins involved in signaling and pathology in AD

3xTg-AD females displayed significantly higher hip-
pocampal Ab levels than 3xTg-AD males. Levels of Ab
were evaluated in whole hippocampal lysate by western
blot in the other halves of the brains studied for dendritic
morphology, and in various hippocampal subfields by
IHC in the remaining animals from each treatment
group. In whole hippocampal lysates, Ab was detectable
by Western blot only in 3xTg-AD mice, of both sexes
(Fig. 6A). Ab levels in males were unaffected by
finasteride treatment [two-way ANOVA; F(1,17)
= 0.0059, p= 0.9398].

Regional Ab immunoreactivity was evaluated by IHC
at anterior, middle, and posterior levels of the
hippocampus (equivalent to dorsal, rostral-ventral, and
caudal-ventral hippocampus, respectively). In all
subfields, stronger labeling was observed in female than
in male 3xTg-AD mice. (Fig. 6B-H). Although there was
considerable regional heterogeneity in staining in males,

in all regions examined there was
no significant effects of finasteride
treatment on Ab immunoreactivity
(p> 0.05 for all comparisons).

Effects of finasteride on hip-
pocampal ERK phosphorylation
and site-specific phosphorylation
of Tau in male 3xTg-AD mice. We
have previously reported that 3a-
diol protects neurons and
neuronal cells in culture from
neurotoxicity induced by Ab and
oxidative stressors, and this
protection was associated with
inhibition of ERK phosphorylation
(Mendell et al., 2016, 2018). We
therefore investigated whether
any differences in hippocampal
ERK phosphorylation resulted from
inhibition of 5a reductase. Three
way factorial ANOVA (genotype,
ERK isoform and finasteride treat-
ment) revealed a highly significant
difference between wild type and
3xTg-AD males [F(1,34) = 23.73,
p< 0.0001]. However, no signifi-
cant effect of finasteride treatment
was observed [F(1,34) = 0.579,
p= 0.4521]. Comparing the sexes
by ANOVA for the results in vehicle
treated animals likewise revealed
differences between the wild type
and 3xTg-AD animals [3-way
ANOVA F(1,36) = 8.021,
p= 0.0075] but no sex-
dependent difference in ERK phos-
phorylation [F(1,36) = 2.229,
p= 0.1442] (Fig. 7A).

Hyperphosphorylation of Tau results in destabilization
of this structural protein, eventually resulting in the
formation of neurofibrillary tangles (Grundke-Iqbal et al.,
1987; Del et al., 1996; Gotz, 2001). In 3xTg-AD mice, tan-
gle pathology has been shown to occur around 12 months
of age (Oddo et al., 2003), with hyperphosphorylation of
Tau beginning earlier. We therefore evaluated levels of
Tau phosphorylated at Serine 202 (P-Tau Ser202) and
Serine 396 (P-Tau Ser396) – two sites that are associated
with AD (Lee et al., 1991; Bramblett et al., 1993; Maccioni
et al., 2006; De Felice et al., 2008) – as well as total Tau
protein. Although P-Tau Ser202 levels tended to be
higher in 3xTg-AD males than in the wild type controls,
this difference was not statistically significant [F(1,17)
= 1.887, p= 0.1874]. In females, however, P-Tau
Ser202 levels were significantly higher in 3xTg-AD than
in wild type animals [t-test; t= 3.768, p= 0.0044]
(Fig. 7 B). For P-Tau Ser396, the pattern was reversed:
for P-Tau Ser396 was significantly elevated in male
3xTg-AD mice, [F(1,17) = 6.261, p= 0.0228] but not in
females [t-test; t= 0.5636, p= 0.5868] (Fig. 7 C). The
effects of finasteride treatment were less pronounced

Fig. 4. Dendritic spine density in the CA3 hippocampal subfield. Representative micrographs from the
medial segment of CA3 apical dendrites are shown in (A). The horizontal black scale bar at the foot of
the left-hand panel correspond to 10 lm. (B) No significant differences were observed in the proximal
dendritic segment between treatment groups. (C) 3xTg-AD females had reduced dendritic spine
density in the medial segment, compared to wild type controls (unpaired t test p= 0.005). This
genotype difference was not seen in males; but finasteride treatment of 3xTg-AD males significantly
reduced spine density * p< 0.05 Tukey-Kramer multiple range test. (D) In the distal dendritic
segment, 3xTg-AD mice had reduced dendritic spine density, compared to wild-type animals of the
same sex. Finasteride treatment of males had no significant effect. Bars on graphs represent the
means ± SEM of average spine densities determined from 4-5 mice/group.
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than those of either sex or the 3xTg-AD genotype.
Although there was an overall trend towards increased
Tau phosphorylation in the finasteride treated animals
[3-way ANOVA performed on the results in males for both
Tau phosphorylation sites: genotype F(1,34) = 19.73,
p< 0.0001; Treatment effect: F(1,34) = 5.354,
p= 0.0269; phosphorylation site: F(1,34) = 0.034,
p= 0.881] this effect was not statistically significant when
the results for P-Tau Ser202 or P-Tau Ser396 were ana-
lyzed separately [Two way ANOVA, finasteride treatment
effect P-Tau Ser202 F(1,17) = 2.788, p= 0.1133; P-Tau
Ser396 F(1,17) = 2.82, p= 0.1114]. Total Tau did not
differ significantly between vehicle and 3xTg-AD mice,
or between vehicle and finasteride treated animals
(Fig. 7 D).

Hippocampal GFAP, NeuN and steroidogenic enzyme
levels. Glial cell infiltration and neuronal cell death are
prominent aspects of AD pathophysiology (Smale et al.,
1995; Mattson, 2004), potentially altering the expression
of glial fibrillary acidic protein (GFAP) and NeuN. The for-
ward and backward interconversion reactions between
DHT and 3a-diol are mediated by 3a-hydroxysteroid
dehydrogenase type 3 (3a-HSD3) and 17b-
hydroxysteroid dehydrogenase type 10 (17b-HSD10),

respectively (Porcu et al., 2016).
17b-HSD10 has been reported to
be elevated in the brains of
patients with AD. It therefore
seemed possible that the expres-
sion of these markers could have
been altered in 3xTg mice, or by
finasteride treatment. Western blot
analysis, however, revealed no
statistically significant differences
between treatment groups in the
levels of GFAP, NeuN, 3a-HSD3
or 17b-HSD10 (data not shown).

DISCUSSION

The results presented in this study
are consistent with the hypothesis
that 5a-reduced neurosteroids
may play a role in protecting
3xTg-AD male mice against some
aspects of the neuropathology
observed in these animals.
Several studies have
demonstrated that exogenously
administered testosterone and
DHT can protect against various
aspects of pathology and
cognitive impairments in GDX
3xTg-AD animals (Rosario et al.,
2006, 2010, 2012; George et al.,
2013), and there is substantial evi-
dence that AR-mediated neuropro-
tection contributes to sex
differences in the development
and severity of AD. However, to
the best of our knowledge, this is

the first study demonstrating that inhibition of 5a-
reduction affects the maintenance of normal short-term
memory and hippocampal structure in this model of AD.

Previous studies have demonstrated that the
progesterone-derived neurosteroid allopregnanolone
protects 3xTg-AD mice against various aspects of
pathology, including reduction of Ab accumulation,
improvement of learning and memory, and stimulation of
neurogenesis by inducing proliferation of neural
precursor cells (Wang et al., 2010; Chen et al., 2011a,
2011b; Singh et al., 2012). Allopregnanolone and 3a-diol
are synthesized from progesterone and testosterone,
respectively, through identical sequential reduction steps
by 5a-reductase and 3a-HSD. They share the 3a-
hydroxy, 5a-reduced structure that is typical of inhibitory
GABAAR-modulating neurosteroids, though allopreg-
nanolone is more potent in this regard (Reddy and Jian,
2010). However, both neurosteroids have also been
reported to improve various aspects of cellular function
through GABAAR-independent mechanisms in vitro
(Grimm et al., 2014; Mendell et al., 2016, 2018; Taleb
et al., 2018), where 3a-diol appears to be effective at
lower concentrations. Allopregnanolone and 3a-diol are
both present in the brain of male 3xTg-AD mice at

Fig. 5. Dendritic spine density in the CA1 hippocampal subfield. Representative micrographs from the
medial segment of CA1 apical dendrites are shown in (A). The horizontal black scale bar at the foot of
the left-hand panel correspond to 10 lm. (B) 3xTg-AD females, but not males, had reduced dendritic
spine density in the proximal segment of CA1 apical dendrites, compared to wild type controls. 3xTg-
AD males, but not females, had reduced dendritic spine density in the medial (C) and distal (D)
segments. Finasteride treatment of males did not have a significant effect. Bars on graphs represent
mean ± SEM (n= 5–6 mice/group). * indicates significant differences for the comparisons indicated
by brackets (t test p= 0.0016 for females; p< 0.05, Tukey-Kramer multiple range test, for males).
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Fig. 6. Amyloid b levels in the hippocampus. (A) Representative western blots and densitometric analysis for amyloid b (Ab) levels in whole
hippocampal lysate, demonstrating elevated Ab in 3xTg-AD mice. (B) Representative micrographs of sections from anterior CA1, middle dorsal
subiculum, and posterior ventral subiculum from 3xTg-AD mice stained with an antibody against Ab. Horizontal black scale bars on each panel
correspond to 100 lm. 3xTg-AD mice had detectable staining in all areas of the hippocampus examined, while wild-type animals did not. Ab
immunostaining intensity, assessed as the number of immunostained pixels over background using NIH Image J software (Girish and
Vijayalakshmi, 2004) was significantly higher in 3xTg-AD females compared to males treated with either vehicle or finasteride in the anterior CA1,
middle CA1, and middle dorsal subiculum areas (C-E). No significant differences in Ab staining were present between 3xTg-AD females and males
in posterior CA1 or posterior dorsal subiculum (F-G). 3xTg-AD females had significantly elevated Ab staining in posterior ventral subiculum
compared to 3xTg-AD males treated with vehicle, but not those treated with finasteride (H). All bars on graphs represent mean ± SEM of data from
4-6 mice/group). * and y represent p< 0.05 for 3xf-V vs. 3xm-V and 3xm-F, respectively.
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Fig. 7. ERK and tau phosphorylation in the hippocampus. (A) Representative western blots and densitometric analysis of whole hippocampal lysate
for ERK, demonstrating elevated ERK phosphorylation in 3xTg-AD mice, compared to wild type animals. * 3-way ANOVA revealed significant
effects of genotype [F(1,34) 23.7, p< 0.0001] but not finasteride treatment [F(1,34) 0.579, p= 0.4521] in males. Significant differences between
wild type and 3xTg mice were not observed in females (t test p> 0.05). (B-D) Representative western blots and quantitative densitometric analysis
for tau phosphorylated at Serine 202 (B) or Serine 396 (C) compared to total Tau (D), demonstrating increased P-Tau in 3xTg-AD mice. Bars on
graphs represent mean ± SEM (n= 5–6 mice/group). * represents p< 0.05 for the comparisons indicated by horizontal brackets. Although
finasteride treatment increased mean Serine 202 and Serine 396 phosphorylated Tau levels, this effect was not statistically significant compared to
the vehicle treated male controls by 2-way ANOVA, for either site-specific tau isoform (p= 0.113 and 0.0111, respectively).
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concentrations that have been shown to be relatively
unchanged during aging and advancing stages of pathol-
ogy (Caruso et al., 2013). Allopregnanolone, but not 3a-
diol, has been reported to decrease in the brains of both
men and women with AD (Bernardi et al., 2000; Yang
and He, 2001; Marx et al., 2006; Smith et al., 2006;
Naylor et al., 2010). Both steroids may act to oppose
the neurotoxic effects of AD-related pathology.

Sex differences in dysregulation of dendritic
morphology in 6–7 month old 3xTg-AD mice were found
to be hippocampal subfield-specific, with females having
reduced dendritic branching in both the CA1 and CA3
subfields, while males only had reduced branching in
CA1. The CA3 subfield is essential for early acquisition
and encoding of contextual and spatial representations,
as well as spatial pattern separation and completion
related to short-term memories, but has minimal role in
memory retrieval after a longer delay (Lee and Kesner,
2004; Kesner, 2013; Rolls, 2013; Cherubini and Miles,
2015). The CA1 subfield, however, plays a role in the rapid
acquisition as well as the long-term retrieval of contextual
memory, including spatial information, which relates to its
role as the major output subfield within the hippocampal
formation (McClelland and Goddard, 1996; Lee and
Kesner, 2004). Interestingly, some studies have suggested
that theCA3 subfield is relatively less affected in AD (Braak
and Braak, 1991; Price et al., 1991; West et al., 1994;
reviewed in Small et al., 2011), while other studies suggest
that synaptic dysfunction, morphological dysregulation,
pathophysiological markers, and apoptotic cells are pre-
sent in both CA1 and CA3 in rodent models (Nava-Mesa
et al., 2013) and humans (Smale et al., 1995; Yassa
et al., 2010; reviewed in Llorens-Martin et al., 2014). The
present findings suggest that subfield-specific effects on
dendritic morphology are present in male 3xTg-AD mice,
but that females have impairments in both subfields.

We observed elevated hippocampal Ab levels in all
3xTg-AD mice, while wild-type mice did not have
detectable levels of Ab. Female 3xTg-AD mice had
significantly greater immunoreactivity than males in
several areas of the dorsal and ventral hippocampus,
consistent with other reports in both the hippocampus
and other areas of the brain in this mouse model
(Hirata-Fukae et al., 2008; Carroll et al., 2010; Perez
et al., 2011). Ab immunoreactivity was more widely dis-
persed throughout the ventral hippocampus (middle and
posterior levels of the brain in this study); the dorsal hip-
pocampus (anterior level) had considerably lower
immunoreactivity, which was primarily localized to the
CA1 subfield. These findings are consistent with a study
evaluating the spatial and temporal pattern of Ab deposi-
tion in 3xTg-AD mice, which reported that pathology was
more prominent at an earlier age in the caudal/posterior
parts of the hippocampus (Mastrangelo and Bowers,
2008). Finasteride treatment in male 3xTg-AD mice did
not appear to significantly alter Ab. The subiculum is an
important output structure of the hippocampal formation,
receiving inputs from multiple levels of CA1 pyramidal
neurons (O’Mara, 2005). As high Ab levels were detected
in the subiculum and CA1 subfield at all levels of the
hippocampus, it is possible that a spatial progression of

Ab deposition throughout the hippocampus occurs, origi-
nating in the CA1 subfield. Interestingly, minimal Ab
immunoreactivity was detected in the CA3 subfield, even
though this area displayed significant sex differences in
dendritic morphology and a reduction in dendritic branch-
ing after finasteride treatment. The limited Ab deposition
at early-mid disease stages in CA3 is consistent with ear-
lier reports of the progression of pathophysiology in AD
(Braak and Braak, 1991; Price et al., 1991; West et al.,
1994; reviewed in Small et al., 2011). Dysregulation of
dendritic morphology of CA3 pyramidal neurons induced
by finasteride may occur through mechanisms not directly
related to Ab deposition.

Dysregulated phosphorylation of intracellular signaling
kinases have been shown to contribute to Tau
hyperphosphorylation and neuronal death (Drewes
et al., 1992; Pei et al., 2002; Chu et al., 2004; Harris
et al., 2004; Young et al., 2006; Zhuang and
Schnellmann, 2006; Feld et al., 2014; Arora et al., 2015;
Li and Qian, 2016; Kirouac et al., 2017). In this study,
an overall difference in ERK phosphorylation was
observed between wild-type and 3xTg-AD mice, regard-
less of finasteride treatment (Fig. 7A). A previous study
demonstrated that elevated ERK phosphorylation in the
prefrontal cortex was correlated with ORM deficits in 6-
month old 3xTg-AD mice, and that inhibition of ERK phos-
phorylation reversed the memory impairments (Feld et al.,
2014). As finasteride-treated male 3xTg-AD mice were
the only group with both elevated ERK phosphorylation
and impaired short-term ORM in the present study, it is
possible that these two findings are related. There are
two important caveats to this interpretation of the data,
however. First, we only examined ERK phosphorylation
in the hippocampus. It is possible that ERK phosphoryla-
tion may be differentially affected by inhibition of 5a reduc-
tase, in other regions of the brain that contribute to
cognitive behavior. Second, although phospho-ERK
levels were elevated in the 3xTg-AD males, compared
to wild type animals, finasteride treatment did not signifi-
cantly affect ERK phosphorylation (Fig. 7A). Additional
experiments will be required to establish the relationship
between ERK phosphorylation in different areas of the
brain and memory impairment in 3xTg-AD mice, at differ-
ent time points after finasteride treatment.

We also detected slight overall increases in Tau
phosphorylation in 3xTg-AD mice (Fig. 7B, C). No
changes in total Tau were observed. Hyperphospho-
rylation of the Ser202 and Ser396 residues has been
widely associated with Tau pathology in AD (Lee et al.,
1991; Bramblett et al., 1993; Maccioni et al., 2006; De
Felice et al., 2008), and has previously been reported in
3xTg-AD mice (Oddo et al., 2003; Caccamo et al., 2007;
Carroll et al., 2007). Ser202 has been shown to be a direct
phosphorylation target of activated ERK (Harris et al.,
2004; Lambourne et al., 2005; Qi et al., 2016).
Up-regulation of ERK1/2 has been associated with the
progression of neurofibrillary degeneration in AD brains
(Pei et al., 2002), suggesting that elevated ERK phospho-
rylation may contribute to the increase in Tau phosphoryla-
tion observed in 3xTg-AD males. However, as noted in
Results, a significant effect of finasteride treatment was
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observed only when the Ser202 and Ser396 phosphoryla-
tion data were considered together, not when the Ser202
data were analyzed separately. Several other intracellular
signaling proteins have also been proposed as modulators
of Tau phosphorylation (Grimes and Jope, 2001; Jope and
Johnson, 2004; Li and Qian, 2016; Kirouac et al., 2017), so
the extent to which the observed increase in Tau phospho-
rylation is due to ERK activation remains to be established.

That ERK phosphorylation is not directly corelated
with the behavioral outcome of finasteride treatment can
also be seen in the data for wild-type males. Wild-type
male mice treated with finasteride had phospho-ERK
levels in their hippocampus that were not significantly
different from vehicle-injected controls (Fig. 7A).
However, they exhibited impaired long-term ORM
(Fig. 1) and reduced hippocampal dendritic spine
density (Figs. 4 and 5). Recent studies in men that have
taken finasteride as a treatment for androgenic alopecia
have reported cognitive and psychological symptoms
following the termination of finasteride use, including
memory impairments, depression, and anxiety (Ganzer
et al., 2015; Melcangi et al., 2017). It is tempting to spec-
ulate that reduced hippocampal dendritic spine density
may contribute to the development of cognitive and psy-
chological symptoms (reviewed in Qiao et al., 2016)
observed in patients with post-finasteride syndrome.

In summary, these data are consistent with the
hypothesis that at least some of the neuroprotective
effects conferred by testosterone in 3xTg-AD mice may
be associated with the formation of 5a-reduced
metabolites. What these metabolites are remains to be
determined, since testosterone is not the only substrate
for 5a-reductase in the brain. Inhibition of 5a-reductase
in males would be expected to reduce tissue
concentrations of a number of different bioactive
steroids, including DHT and 3a-diol, as well as
allopregnanolone (Caruso et al., 2013) and 5a-reduced
metabolites of corticosterone, which is also (Sarkar et al
2011). Thus, the effects of finasteride treatment could
potentially include contributions from reductions in the
biosynthesis of multiple different 5a-reduced neuros-
teroids. It is also only a presumption that the effects are
due to alterations in 5a-reductase activity in the brain.
Since finasteride treatment reduces 5a-reduced steroid
levels throughout the body (Finn et al 2006), it is conceiv-
able that the effects could be secondary to change in
peripheral steroid metabolism.

Regardless of the identity of the metabolites
responsible, these data add further weight to the
hypothesis that 5a-reductase may play an important role
in regulating the neuroprotective effects of circulating
steroids on the brain. Previous work has suggested that
the administration of allopregnanolone (Wang et al.,
2010; Chen et al., 2011a, 2011b; Singh et al., 2012) or
synthetic analogs of this neurosteroid (Karout et al.,
2016; Taleb et al., 2018) may enhance neuroprotection
and neurogenesis in AD. The present results, together
with previous in vitro observations on the effects of 3a-
diol (Mendell et al., 2016,2018) suggest that 5a-reduced
metabolites of testosterone could also potentially repre-
sent therapeutic alternatives for treatment of this disease.
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Drewes G, Lichtenberg-Kraag B, Döring F, Mandelkow EM, Biernat J,
Goris J, Dorée M, Mandelkow E (1992) Mitogen activated protein
(MAP) kinase transforms tau protein into an Alzheimer-like state.
EMBO J 11:2131–2138.

Duarte-Guterman P, Lieblich SE, Chow C, Galea LAM (2015)
Estradiol and GPER activation differentially affect cell
proliferation but not GPER expression in the hippocampus of
adult female rats. PLoS ONE 10:1–18.

Edinger KL, Frye CA (2004) Testosterone’s analgesic, anxiolytic, and
cognitive-enhancing effects may be due in part to actions of its 5a-
reduced metabolites in the hippocampus. Behav Neurosci
118:1352–1364.

Ennaceur D, Delacour J (1988) A new one-trial test for
neurobiological studies of memory in rats. 1: Behavioral data.
Behav Brain Res 31:47–59.
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