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Gonadal steroid hormones are known to protect the brain against the
development of neurodegenerative conditions, especially Alzheimer’s disease (AD).
Women are approximately twice as likely to develop AD compared to men, which has
been attributed to the drastic and abrupt decline of circulating ovarian steroid hormone
levels that occurs around the time of menopause. Testosterone levels decline more
gradually in aging men, which may account for the relative protection of the male brain.
However, even the gradual age-related decline in circulating testosterone levels is
associated with an increased risk for development of AD. Recent evidence has
highlighted previously underappreciated protective roles of gonadal steroid metabolites
that are synthesized in the brain. One such neurosteroid – 5α-androstane-3α,17β-diol
(3α-diol) – is a metabolite of testosterone that may contribute to the effects of its
precursor by acting through distinct cellular mechanisms. However, the possible
neuroprotective functions of 3α-diol remain largely uncharacterized. The studies
presented in this thesis explore these functions, with an emphasis on the protective role
of 3α-diol in the prevention of AD-related pathology.
Study 1 demonstrates that physiological concentrations of 3α-diol protect
neurons against oxidative stress and AD-related toxicity in the form of amyloid β (Aβ)
exposure in vitro, by inhibiting dysregulated ERK signaling, caspase-3 activation, and
ii

cell death. Study 2 demonstrates that 3α-diol and the progesterone-derived analog,
allopregnanolone, differentially inhibit ERK phosphorylation induced by Aβ in the
presence and absence of neurosteroid-sensitive g-aminobutyric acid type A (GABAA)
receptors, suggesting an alternative, GABAA receptor-independent mechanism of action
for 3α-diol. Study 3 demonstrates that the protective effects of 3α-diol against
dysregulated ERK phosphorylation and associated neurotoxicity are dependent on
modulation of the ERK-directed phosphatase, MKP3/DUSP6. Finally, study 4
demonstrates that inhibiting the synthesis of testosterone-derived neurosteroids in male
3xTg-AD mice impairs object recognition memory, dysregulates dendritic morphology,
and exacerbates AD-related pathology and signaling dysfunction in the hippocampus.
Collectively, the findings presented in this thesis characterize the neuroprotective
effects of 3α-diol using both in vitro and in vivo models of AD, and suggest that this
neurosteroid may play an important role in preventing the development of
neurodegenerative disease.
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CHAPTER 1
GENERAL INTRODUCTION AND REVIEW OF THE LITERATURE

Modified and expanded from the literature review publication:
Mendell, A.L., MacLusky, N.J. (2018) Neurosteroid metabolites of gonadal steroid
hormones in neuroprotection: implications for sex differences in neurodegenerative
disease. Frontiers in Molecular Neuroscience 11:359. doi: 10.3389/fnmol.2018.00359
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INTRODUCTION
Many neurodegenerative diseases – conditions that are characterized by
progressive deterioration of cognition, mood, executive function, etc. due to loss of
neurons in the central nervous system (CNS) – exhibit sex differences in incidence,
onset, and severity (Hanamsagar & Bilbo, 2016). For example, while most studies
indicate that men are more likely to develop amyotrophic lateral sclerosis (ALS;
McCombe & Henderson, 2010) and Parkinson’s disease (PD; Baldereschi et al., 2000;
Elbaz et al., 2002), the opposite is true for the development of Alzheimer’s disease (AD;
Alzheimer's Association, 2014; Plassman et al., 2011; Seshadri et al., 1997) and
multiple sclerosis (MS; Voskuhl & Gold, 2012), with women comprising approximately
two-thirds of patients living with both conditions (Hanamsagar & Bilbo, 2016; Hebert et
al. 2013). Several potential causes for sex differences in neurodegenerative disease
have been proposed over the years, including interactions between genetic background
and environment (Xu et al., 2015), as well as sex differences in life expectancy and
incidence of non-neurodegenerative conditions with high mortality rates (Alzheimer's
Association, 2014).
One of the most prominent hypotheses for sex differences in the development of
some of these conditions is based on the profound difference in the timing, extent, and
duration of decline in the levels of circulating gonadal steroid hormones. In women, the
relatively abrupt and drastic menopausal decline in circulating ovarian steroids has been
suggested to increase the risk for the development of AD, with a corresponding
reduction in risk in estrogen replacement therapy users (Kawas et al., 1997; PaganiniHill & Henderson, 1994; Paganini-Hill & Henderson, 1996; Tang et al., 1996), although
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the relationship is complex because other studies have also shown a positive
correlation between estrogen exposure and risk of dementia (Geerlings et al., 2001;
Schumacher et al., 2003). This relationship has been further complicated by equivocal
findings regarding the influence of progesterone on risk of dementia, specifically with
respect to its interactions with estrogen in combination therapies (Honjo et al., 2005;
Shumaker et al., 2003), with limited investigation of the effects of progesterone
independent of estrogen. In men, the natural age-related decline in circulating
testosterone levels is much more gradual than the menopausal decline in ovarian
steroid hormones observed in women, but reduced testosterone levels have
nonetheless been associated with an increased risk for the development of AD and
cognitive decline (Hogervorst et al., 2001; Hogervorst et al., 2004; Hogervorst et al.,
2003; Hsu et al., 2015; Yeap et al., 2008). Because of these findings, estrogen and
testosterone are believed to be neuroprotective in women and men, respectively (Pike,
2017).
While traditional views of gonadal steroid hormone actions on the brain were
predicated on the concept that circulating hormones were required to cross the bloodbrain barrier in order to exert their effects, the discovery of neurosteroids – steroid
hormones that are synthesized de novo within the nervous system – has broadened the
potential for steroid hormones to impact structure, activity, and function of neurons and
other cells throughout the CNS. The enzymes necessary for conversion of the primary
gonadal steroid hormones to other biologically active metabolites are present in the
brain (Baulieu & Robel, 1990; Melcangi et al., 1996; Mellon & Griffin, 2002; Taves et al.,
2011). This raises the possibility that gonadal steroid hormone-mediated
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neuroprotection, and sex differences in the development of neurodegenerative
diseases, may be impacted by neurosteroids that act through distinct mechanisms from
their precursors. In recent years, this hypothesis has gained added impetus from the
recognition that the neuroprotective effects of steroids, whether synthesized locally or
derived from peripheral steroidogenesis, may be augmented and diversified through
local conversion to metabolites with biological properties different from those of their
parent hormones. This literature review will discuss the various roles of gonadal steroid
hormones and their neurosteroid metabolites in regulating neuronal structure and
function, with a focus on how these effects contribute to protection against the
development of neurological and neurodegenerative disease.

GONADAL STEROID HORMONES AND THE ADULT BRAIN
Steroid hormone synthesis in the brain
The study of neurosteroids has expanded enormously since the first
demonstration that the key enzyme required for the biosynthesis of steroid hormones,
the cytochrome P-450 cholesterol side-chain cleavage enzyme (P450scc), is widely
distributed throughout the brain (Baulieu, 1997; Baulieu & Robel, 1990; Baulieu et al.,
2001). These initial findings suggested that the biosynthetic pathways necessary to
synthesize steroid hormones might be expressed within the nervous system.
Steroidogenic enzymes including the P450scc, 17a-hydroxylase, 21-hydroxylase, P450
aromatase, 17b-hydroxysteroid dehydrogenase (17b-HSD), 5a-reductase, 3ahydroxysteroid dehydrogenase (3a-HSD), and 3b-hydroxysteroid dehydrogenase (3bHSD), are now known to be present in many different areas of the brain (Baulieu &
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Robel, 1990; Melcangi et al., 1996; Mellon & Griffin, 2002; Taves et al., 2011). The
18kDa translocator protein (TSPO) and the steroidogenic acute regulatory protein
(StAR), which are essential for the transport of cholesterol into the mitochondria to
initiate steroid hormone synthesis, are also widely expressed in astrocytes throughout
the CNS (Chen et al., 2014; Itzhak et al., 1993; Rupprecht et al., 2010) (Figure 1.1). The
diversity of expression of these enzymes in the nervous system allows for the
production of the principal steroid hormones, including cortisol (or corticosterone in
rodents), progesterone, estradiol, and testosterone. This local neurosteroidogenesis,
combined with systemically-derived steroids that cross the blood-brain barrier,
contributes to the importance of steroid hormones as modulators of neuronal function
and survival. These hormones exert sex-specific effects on neural cells, as steroid
receptors are differentially expressed throughout the brain in males and females of nonhuman primates, mice, and rats (Adams et al., 2002; Duarte-Guterman et al., 2015;
Finley & Kritzer, 1999; Kritzer, 2006; Milner et al., 2001; Milner et al., 2005; Mogi et al.,
2015; Nuñez et al., 2003; Sarkey et al., 2008; Tabori et al., 2005; Wang et al., 2010).
However, the influence of these steroid hormones on neural development, activity, and
survival are not limited to effects mediated via their respective steroid receptor systems.
Over the past three decades, the actions of neurosteroid metabolites of gonadal steroid
hormones that are synthesized in relatively high concentrations in the brain have
received a great deal of attention, due to their ability to act through mechanisms that
both converge and diverge from their parent hormones. Of particular interest has been
their ability to modulate the activity and sensitivity of specific neurotransmitter receptors,
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but additional mechanisms by which neurosteroids may affect the function of cells in the
brain have also been identified.
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Figure 1.1: Schematic of gonadal steroid hormone synthesis in the brain. A schematic of the
synthesis of the principal gonadal steroid hormones progesterone, testosterone and 17β-estradiol in
an astrocyte is shown. Cholesterol is transported into the mitochondria via the steroid acute
regulatory protein (StAR) in combination with the 18kDa translocator protein (TSPO). Once inside
the mitochondria, cholesterol is converted to pregnenolone by the P450 side-chain cleavage
enzyme (P450scc), which is then transported back into the cytoplasm. Once in the cytoplasm,
multiple steroidogenic enzymes act to convert pregnenolone into the principal gonadal steroid
hormones. A key for the various numbered enzymes is included. P450c17 has combined 17αOHase and 17,20 lyase activity. OHase = hydroxylase, HSD = hydroxysteroid dehydrogenase.
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Gonadal steroid hormone receptors and signaling in the brain
The effects of gonadal steroid hormones are exerted by interactions with steroid
hormone receptors, which are expressed in many different regions of the brain involved
in various aspects of cognition, mood, and behaviour. This includes the estrogen
receptors [estrogen receptor α (ERα), estrogen receptor β (ERβ), and the G-protein
coupled estrogen receptor (GPER)], the progesterone receptor (PR), and the androgen
receptor (AR) (Adams et al., 2002; Duarte-Guterman et al., 2015; Finley & Kritzer, 1999;
Kritzer, 2006; Milner et al., 2001; Milner et al., 2005; Mogi et al., 2015; Nuñez et al.,
2003; Sarkey et al., 2008; Tabori et al., 2005; Wang et al., 2010). These receptors can
be found both intracellularly, indicating a role for classical steroid signaling mechanisms,
and also in membrane-bound form on dendrites and dendritic spines, indicating that
these steroids may be able to exert rapid, non-genomic effects on neurons (Adams et
al., 2002; Finley & Kritzer, 1999; Kritzer, 2006; Milner et al., 2001; Milner et al., 2005;
Mogi et al., 2015; Nuñez et al., 2003; Sarkey et al., 2008; Tabori et al., 2005). Through
classical signaling, steroid hormones are able to impact various aspects of neuronal
structure and function by altering the expression of neurotrophic factors such as brainderived neurotrophic factor (Sohrabji et al., 1995; Singh et al., 1995; Skucas et al.,
2013), or factors related to apoptotic mechanisms (Pike et al., 2008; Choleris et al.,
2018). In addition, many of the effects of gonadal steroids on neurons are driven
through the rapid and transient activation of intracellular signaling cascades, which
occurs upon binding of steroid hormones to membrane-bound receptors. These effects
can also occur through interaction of activated steroid hormone receptors with excitatory
neurotransmitter receptors, including N-methyl-D-aspartic acid (NMDA) receptors, α-
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amino-3-hydroxyl-5-methyl-4-ixoxazolepropionic acid (AMPA) receptors, and
metabotropic glutamate receptors (mGluRs) (Mermelstein et al., 1996; Dewing et al.,
2007; Kuo et al., 2009; Grove-Strawser et al., 2010; Wang et al., 2018; Boulware et al.,
2005; Xu et al., 2012; Frick et al., 2015). Intracellular signaling cascades that are known
to be rapidly activated differentially by estradiol, progesterone, and testosterone include
the phosphoinositide 3-kinase/ PI3K/Akt/mammalian target of rapamycin
(PI3K/Akt/mTOR) pathway, the mitogen-activated protein kinase kinase/extracellular
signal-regulated kinase (Ras/Raf/MEK/ERK) pathway, and the cyclic AMP/protein
kinase A (cAMP/PKA) pathway, among others (Foradori et al., 2008; Galea et al., 2017;
Pike et al., 2008; Srivastava et al., 2011; Frick et al., 2015).
Through the modulation of these intracellular signaling pathways, steroid
hormones are able to substantially impact synaptic plasticity and neuronal morphology,
including modulation of long-term potentiation (Scharfman et al., 2003; Skucas et al.,
2013; Harley et al., 2000) and the density of dendritic spines in the hippocampus,
cortical areas, and other regions involved in cognition (Phan et al., 2015; Tuscher et al.,
2016; Avila et al., 2017; Jacome et al., 2016). Rapid and transient activation of these
pathways have also been proposed to contribute to the neuroprotective effects of
gonadal steroid hormones (Pike et al., 2008; Frick et al., 2015; Choleris et al., 2018).

Gonadal steroid hormones and plasticity
The majority of the literature investigating synaptoplastic effects of gonadal
steroid hormones has been historically focused on ovarian steroids in females, likely
because of the consistent fluctuations in circulating levels of 17β-estradiol (estradiol)

9

and progesterone that occur throughout life in women. However, studies have also
evaluated the impact of testosterone and other androgens in both sexes.
One structure within the brain that is particularly sensitive to fluctuating levels of
gonadal steroid hormones is the hippocampus. The hippocampus is responsible for
various aspects of learning and memory (Frick et al., 2015; Choleris et al., 2018),
expresses relatively high levels of steroid hormone receptors (Adams et al., 2002;
Finley & Kritzer, 1999; Kritzer, 2006; Milner et al., 2001; Milner et al., 2005; Mogi et al.,
2015; Nuñez et al., 2003; Sarkey et al., 2008; Tabori et al., 2005), and is critically
involved in pathological processes of many neurodegenerative and neurological
disorders (Moodley and Chan, 2014; Hardy and Selkoe, 2002; Small et al., 2011). The
hippocampal formation is organized into three major subfields – the dentate gyrus,
cornu ammonis 1 (CA1), and cornu ammonis 3 (CA3) – and the structural and functional
responses of neurons to gonadal steroid hormones vary throughout the hippocampal
formation in a subfield-dependent manner (Mendell et al., 2017; Scharfman and
MacLusky, 2017).
Overall, removing circulating gonadal steroid hormones by gonadectomy (GDX)
decreases the numbers of excitatory dendritic spines (Gould et al., 1990; Woolley and
McEwen, 1994; Mendell et al, 2017; Phan et al., 2015; Jacome et al., 2016; Tuscher et
al., 2016) and spine synapses (Woolley and McEwen, 1992; Leranth et al., 2002;
Leranth et al., 2003; Hajszan et al., 2004; MacLusky et al., 2004) in the CA1
hippocampal subfield of mice, rats, and non-human primates of both sexes. Similar
effects have been observed in the prefrontal cortex of mice and rats (Wallace et al.,
2006; Khan et al., 2013; Tuscher et al., 2016), which also expresses high levels of
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gonadal steroid hormone receptors (Finley and Kritzer, 1999; Nunez et al., 2003;
Kritzer, 2006; Mogi et al., 2015), though this area has not been as widely explored. The
CA3 subfield of the hippocampus appears to be more complicated, as some studies
have reported decreased dendritic spine and spine synapse density following GDX in
female rats and non-human primates (Leranth et al., 2008; Mendell et al., 2017), while
others have not (Gould et al., 1990; Woolley et al., 1990), and CA3 also appears to be
relatively less affected in male rats and non-human primates following GDX (Mendell et
al., 2017; Mendell et al., 2014). The overall branching structure of pyramidal neurons in
the hippocampus is also regulated by gonadal steroid hormone levels, as dendritic
complexity of CA3 neurons is increased following GDX in male rats, but unaffected in
females (Mendell et al., 2017). Estrogen replacement to GDX females, but not males,
recovers synaptic loss (Gould et al., 1990; Woolley and McEwen, 1994; Tuscher et al.,
2016; MacLusky et al., 2005), while testosterone replacement does the same in both
sexes (Jacome et al., 2016; Hajszan et al., 2004; MacLusky et al., 2004; Leranth et al.,
2004; Leranth et al., 2003), though this effect is dependent on aromatization to estradiol
in females.
Recognizing the role of gonadal steroid hormone levels in maintaining the
structure of neurons is particularly important for the consideration of neurodegenerative
and neurological conditions. Many of these disorders are strongly correlated with
declining or fluctuating levels of these hormones, indicating that they are important in
protecting the brain against the development of disease.
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Gonadal steroid hormones and neuroprotection
As discussed in the introductory section, circulating levels of gonadal steroid
hormones are known to be associated with the development of neurodegenerative and
neurological diseases, especially those that have substantial sex differences in
incidence and severity of symptoms. Over the last several decades, many studies have
investigated the specific effects of these hormones on different aspects of pathology, in
order to determine how exactly steroid hormones protect against the development of
such conditions.
Among the most important and well-established mechanisms by which
testosterone, progesterone, and estradiol are able to exert neuroprotection is the rapid
and transient activation of several intracellular signaling pathways discussed above,
most notably ERK and Akt (Foradori et al., 2008; Galea et al., 2017; Pike et al., 2008;
Srivastava et al., 2011; Frick et al., 2015). Activation of these pathways in a transient
manner results in the downstream regulation of factors like the cAMP response element
binding protein (CREB), which binds to response elements and increases the
transcription of various genes involved in neuroprotection (Brinton, 2001; Pike, 1999;
Saura and Valero, 2011; Ramsden et al., 2003; Pike et al., 2009). These actions have
been particularly well-documented with respect to neuroprotection in AD, where
hormone-mediated transient activation of the above-mentioned signaling pathways
results in elevated expression of anti-apoptotic members of the Bcl-2 family, increased
amyloid b (Ab) clearance factors like neprilysin, increased proteolysis of amyloid
precursor protein (APP) to neuroprotective soluble APPα, and suppression of proapoptotic members of the Bcl-2 family (Pike et al., 2009). However, it is important to
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note that dysregulated, prolonged activation of intracellular signaling pathways is a
consequence of Ab accumulation in the AD brain (Young et al., 2006; Arora et al., 2015;
Tran et al., 2017; Pei et al., 2002), in which case alternative mechanisms of
neurosteroid-mediated neuroprotection may be involved.
Gonadal steroid hormone treatment has been associated with reductions in
pathology in AD mouse models, including the widely used triple transgenic mouse
model of AD (3xTg-AD). These mice possess genetic mutations in APP and presenilin 1
(PS1), both of which contribute to Ab pathology, as well as a mutation in the microtubule
associated protein tau (MAPT; tau) (Oddo et al., 2003). Reduced accumulation of Ab
and decreased tau hyperphosphorylation were induced in these mice following
treatment with testosterone and dihydrotestosterone in males, and by testosterone,
estradiol, and progesterone in females (Rosario et al., 2010; Rosario et al., 2006;
Carroll et al., 2007; Pike et al., 2009). Cerebral and hippocampal levels of Ab were also
reduced by estradiol in two strains of APP-overexpressing transgenic mice (LevinAllerhand et al., 2002; Yue et al., 2005), and in APP/PS1 double transgenic mice
(Zheng et al., 2002).
In addition to modulating signaling pathways and reducing disease-related
pathology, gonadal steroid hormones are also responsible for regulating various
aspects of mitochondrial function in neurons (Brinton, 2008; Nilsen and Brinton; 2003;
Yao et al., 2009). This includes increasing ATP production, respiratory capacity and
respiratory reserve, preserving expression of mitochondrial complex proteins, and
decreasing the production of oxidative free radicals (Grimm et al., 2014; Grimm et al.,
2016; Yao et al., 2009; Brinton, 2008; Nilsen and Brinton, 2003; Irwin et al., 2008). This
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is particularly important for the role of these hormones in preventing functional decline
of neurons, as maintaining mitochondrial function can reduce the negative impact of
pathological factors.
Aside from AD, gonadal steroids have also shown therapeutic potential for other
neurodegenerative diseases. Estrogens and androgens are both effective at reducing
pathology in MS (Kurth et al., 2014; Gold and Voskuhl, 2009; Voskuhl and Gold, 2012),
while estrogen has been proposed as a neuroprotectant in PD (Saunders-Pullman,
2003; Morissette et al., 2003), and progesterone has been widely studied as a
promising therapeutic for cerebroprotection in ischemic stroke and traumatic brain injury
(Zhu et al., 2017; Sayeed et al., 2006; Sayeed et al., 2007; Djebaili et al., 2004, Djebaili
et al., 2005). While there is substantial evidence that these steroid hormones are
involved in protection against the development of neurodegenerative and neurological
disease, it is important to note that not all of the beneficial effects of these gonadal
steroids can be attributed to their actions at the respective steroid hormone receptors.
This raises the important consideration of the potential contributions of neurosteroid
metabolites of these hormones that are synthesized in relatively high levels within the
brain.

NEUROSTEROID METABOLITES OF GONADAL STEROID HORMONES
Many of the neuromodulatory and neuroprotective effects that have been
attributed to the principal gonadal steroid hormones may be due at least in part to
conversion to metabolites that act through separate mechanisms than their precursors.
Neurosteroids with 3α-hydroxy, 5α-reduced structures have been proposed as major
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modulators of the effects of their precursors. This section will focus on the mechanisms
of action and identified neuroprotective roles for this class of neurosteroid, with an
emphasis on their potential importance in sex differences in neurological and
neurodegenerative disease development.

Mechanisms of action of 3a-hydroxy, 5a-reduced neurosteroids
Neurosteroid metabolites of gonadal steroid hormones can modulate the effects
of neurotransmitters at their receptors, especially the inhibitory neurotransmitter gaminobutyric acid (GABA) (Belelli & Lambert, 2005; Carver & Reddy, 2013; Reddy et
al., 2004; Reddy, 2008; Reddy & Jian, 2010). Several neurosteroids are able to
allosterically modulate the GABAA receptor (GABAAR), which is a pentamer of subunits
with a chloride ion channel at the core. Neurosteroids with 3α-hydroxy, 5α-reduced
structures are positive allosteric modulators of GABAAR activity. This includes
metabolites of testosterone, progesterone, and 11-deoxycorticosterone that have been
sequentially reduced by 5α-reductase and 3α-HSD (most notably 3α-HSD type 3 in the
brain) to produce 5α-androstane-3α,17b-diol (3α-diol), 5α-pregnane-3α-ol-20-one
(allopregnanolone), and 3α,21-dihydroxy-5α-pregan-20-one
(tetrahydrodeoxycorticosterone; THDOC) (Figure 1.2). The 3α-hydroxy, 5α-reduced
structure is essential for allosteric modulation of GABAAR activity, as 3b analogs
(produced through sequential reduction by 5α-reductase and 3b-HSD) either have
negative allosteric modulatory activity or no activity at the GABAAR. Importantly, the
affinity and relative potency of 3α-hydroxy, 5α-reduced neurosteroids for the GABAAR is
highly dependent on the subunit composition of the receptor itself. The GABAAR is a
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pentamer that is typically composed of two α subunits (α1-6), two b subunits (b1-4), and
one additional subunit that is either a g (g1-3), d, e, p, or q, or r (r1-3) (Belelli et al.,
2018; Reddy & Jian, 2010; Sieghart, 2006). A low-affinity human b3 homopentamer of
the GABAAR has been identified as well (Miller & Aricescu, 2014), though this
conformation of the receptor does not appear to be neurosteroid-sensitive, probably due
to the lack of a subunits (Nik et al., 2017). The subunit composition of the receptor
differs depending on its location on the neuronal membrane. For example, receptors
containing α1 and g2 subunits are usually located within synapses, while receptors
containing α4/α6 and d subunits are extrasynaptic, generally being present on or near
the cell body of neurons (Smith et al., 2007). While most heteropentamers are sensitive
to modulation by neurosteroids, extrasynaptic receptors containing d subunits have
been shown to have relatively greater sensitivity (Carver & Reddy, 2013). Neurosteroids
bind to a distinct site within the core of the ion channel at α- and b- subunit
transmembrane domains, whereas GABA itself binds to a site that is between α and b
subunits (Hosie et al., 2006).
While the regulatory effects of 3α-hydroxy, 5α-reduced neurosteroids on
GABAAR activity are relatively well characterized, other mechanisms have also been
proposed. Some identified targets of allopregnanolone include the pregnane-X-receptor
(PXR), liver-X-receptor (LXR), membrane progesterone receptor (mPR), NMDA
receptor, and L- or T-type calcium channels (Chen et al., 2011; Frye & Paris, 2011;
Wang et al., 2005), while the testosterone metabolite 3α-diol has been shown to have
negligible affinity for the AR and weak affinity for ERb (Edinger & Frye, 2007; Kuiper et
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al., 1997; Liao et al., 1973; Penning, 1997), with other potential mechanisms remaining
largely unexplored.
Because of their ability to modulate multiple signaling pathways, 3α-hydroxy, 5αreduced neurosteroids have been shown to play important roles in physiological and
pathophysiological regulation of stress, mood, and feeding behaviour (Bäckström et al.,
2014; Gunn et al., 2011; Holmberg et al., 2018; Mody & Maguire, 2012). In addition,
compounds from this neurosteroid class have therapeutic potential for use in the
treatment of different neurodegenerative and neurological diseases, which will be
discussed in depth in the subsequent sections.
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Figure 1.2: Schematic of 3α-hydroxy, 5α-reduced neurosteroid synthesis. Synthesis of the
3α-hydroxy, 5α-reduced neurosteroid metabolites of testosterone, progesterone, and 11deoxycorticosterone. 3α-HSD = 3α-hydroxysteroid dehydrogenase, 17β-HSD10 = 17βhydroxysteroid dehydrogenase type 10.
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Allopregnanolone in neuroprotection
Allopregnanolone in neuropathic pain
Neuropathy is a persistent issue in patients undergoing chemotherapy, as well as
a common symptom in patients with diabetes (Meyer et al., 2010; Leonelli et al., 2007).
Allopregnanolone has been widely shown to protect against physiological, biochemical,
and functional alterations associated with peripheral neuropathy. Anti-cancer drugs
including oxaliplatin and vincristine have been shown to induce alterations to the normal
function of peripheral nerves, decrease thermal and mechanical pain thresholds, and
reduce sciatic nerve conduction velocity and action potential peak amplitude in adult
male Sprague-Dawley rats (Meyer et al., 2010; Meyer et al., 2011). In addition, protein
markers for myelination of peripheral axons in the sciatic nerve have been found to be
decreased by these treatments (Meyer et al., 2010). These effects were prevented by
treatment with progesterone, 5a-dihydroprogesterone (DHP), or allopregnanolone
(Meyer et al., 2010, Meyer et al., 2011), with the precursors conceivably achieving these
effects at least in part through conversion to allopregnanolone. Allopregnanolone has
also been shown to protect against molecular and functional aspects of neuropathic
pain induced by median nerve chronic constriction injury (CCI) in male Sprague-Dawley
rats (Huang et al., 2016). In this study, treatment with allopregnanolone inhibited
astrocytic and microglial ERK phosphorylation in the cuneate nucleus, concurrent with a
reduction in pain hypersensitivity. This was also associated with a reduction in glial
activation and pro-inflammatory cytokine expression in the cuneate nucleus. The
observed protection was apparently exerted through potentiation of GABAAR activity, as
bicuculline blocked the effects of allopregnanolone. These effects were proposed to be
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independent of reverse metabolism to DHP, as the synthetic progestin and
allopregnanolone synthesis inhibitor, medroxyprogesterone, reduced allopregnanolone
levels in the cuneate nucleus and exacerbated neuropathic pain parameters induced by
CCI (Huang et al., 2016). However, it should be noted that the formulation of
medroxyprogesterone (medroxyprogesterone acetate) used in the study discussed
above was also shown to impact the activation of other steroid hormone receptors,
particularly the AR and glucocorticoid receptor (GR) (Africander et al., 2014; Stanczyk
et al., 2013), which could have contributed to its effects.
Chronic streptozotocin exposure is a well-established model for induction of type
1 diabetes in rats. This provides a valuable model to study the effects of diabetic
peripheral neuropathy. Using this model in male Sprague-Dawley rats, Leonelli et al.
(2007) demonstrated that plasma progesterone levels were reduced in diabetic mice,
and chronic treatment with progesterone, DHP, or allopregnanolone were effective in
differentially restoring their circulating levels and counteracting impaired nerve
conduction velocity of peripheral nerves. This effect was accompanied by an increase in
thermal pain threshold and skin innervation density. Levels of myelin protein markers
and Na+/K+-ATPase activity were increased by progesterone and DHP, but not
allopregnanolone (Leonelli et al., 2007).
In addition to peripheral neuropathy, allopregnanolone was reported to alleviate
some deficits in a mouse model of human immunodeficiency virus (HIV) neuropathy.
The trans-activator of transcription (Tat) is a neurotoxic protein associated with
neurological deficits in HIV patients. By using a mouse model that conditionally
expressed Tat, Paris et al. (2016) assessed the impact of progesterone and its 5α-
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reduced metabolites on various neurological and pathophysiological deficits induced by
Tat. They found that Tat expression in ovariectomized female mice resulted in an
increase in anxiety-like behavior, and this was attenuated by progesterone. However,
co-treatment with finasteride (a 5α-reductase inhibitor) abolished the progesteronemediated protection, suggesting that the protective effects were mediated by
neurosteroid metabolites as opposed to progesterone itself (Paris et al., 2016). In the
same study, allopregnanolone partially protected striatal neuronal-glial co-cultures
against neurotoxicity and intracellular calcium accumulation induced by Tat treatment
(Paris et al., 2016).

Allopregnanolone in amyotrophic lateral sclerosis (ALS) and multiple sclerosis
(MS)
Allopregnanolone is a promising candidate for the treatment of conditions that
present with both neuroinflammation and neurodegeneration, as it has been shown to
protect against the molecular and neurotoxic consequences of both processes. Two
disorders that include both inflammatory and degenerative components are ALS and
MS. As such, several studies have been performed in rodent models of these conditions
in order to characterize the protective effects of allopregnanolone. Deniselle et al.
(2012) used Wobbler mice – a model of sporadic ALS – in order to evaluate the effects
of chronic progesterone treatment on mitochondrial function. These mice had reductions
in mitochondrial complex I and II-III activity, as well as increased levels of mitochondrial
neuronal nitric oxide synthase (nNOS), which leads to toxic levels of nitric oxide and
results in oxidative stress in the spinal motoneurons of these mice. Treatment of male
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Wobbler mice with progesterone improved mitochondrial complex I activity in the
cervical region of the spinal cord, reduced mitochondrial nNOS levels, and prevented
alterations in APP and MnSOD levels in motoneurons (Deniselle et al., 2012). In a
follow up study, the same researchers demonstrated that allopregnanolone produced
similar protective effects in the Wobbler mice, and that both steroids were able to
attenuate dysregulations in Akt and c-Jun N-terminal kinase (JNK) phosphorylation,
motoneuron vacuolation, mRNA expression of BDNF/TrkB and choline
acetyltransferase (ChAT), and forelimb grip strength (Meyer et al., 2017). Another study
by the same group found that the synthetic progestin nestorone exerted many of the
same beneficial effects in male Wobbler mice as progesterone and allopregnanolone
(Meyer et al., 2015). In contrast, however, the effects appeared to be primarily
dependent on PR signaling, as conversion of nestorone to its 3α-hydroxy, 5α-reduced
metabolite was limited, and this metabolite did not possess substantial modulatory
activity of the GABAAR (Kumar et al., 2017). Therefore, while allopregnanolone is
important for progesterone-mediated neuroprotection in the Wobbler mouse, it does not
appear to account for all of the beneficial effects of its precursor.
One of the earliest studies establishing that neurosteroids may modulate factors
related to myelination demonstrated that allopregnanolone treatment stimulated
peripheral myelin protein 22 (P22) and myelin protein 0 (P0) gene expression in adult
male rats and in Schwann cell cultures (Melcangi et al., 1999). Based on these findings,
it was suggested that endogenous allopregnanolone may promote the expression of
myelin proteins within the peripheral nervous system (Melcangi et al., 1999).
Demyelination is a major pathophysiological characteristic of disorders with
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neuroinflammatory components, such as MS, and potential roles for neurosteroids on
myelination in the CNS have therefore been investigated. Several studies used the
common experimental autoimmune encephalomyelitis (EAE) mice to investigate
whether exogenous progesterone treatment could reduce the development of MSrelated pathology, with the effects possibly being driven through conversion to
allopregnanolone. In male EAE mice, it was demonstrated that administration of a
progesterone pellet one week prior to EAE induction reduced demyelination, markers of
axonal pathology, and neuronal dysfunction/degeneration in spinal cord motoneurons
(Garay et al., 2009; Garay et al., 2007). Interestingly, in the same EAE animal model,
progesterone was recently shown to modulate the expression of a number of mRNAs
coding for enzymes involved in steroidogenesis, suggesting that in addition to acting as
a substrate for neurosteroid production, progesterone may itself alter local
steroidogenesis in the spinal cord (Garay et al., 2017).

Allopregnanolone in Parkinson’s disease (PD)
PD is a neurodegenerative condition with components involving degeneration of
areas related to motor control, coordination, and cognitive function (Meredith &
Rademacher, 2011). The actions of neurosteroids are known to be altered in PD
patients, and this has been related to altered expression of biosynthetic enzymes and
receptor subunit targets of neurosteroids. In the substantia nigra (SN) of PD patients,
5α-reductase type 1 and GABAAR subunits α4 and b1 were found to be downregulated,
while 3α-HSD type 3 and GABAAR subunit α4 were upregulated in the cuneate nucleus
(Luchetti et al., 2010). The latter could potentially be a compensatory response, in order

23

to increase the local synthesis of 3α-hydroxy, 5α-reduced neurosteroids such as
allopregnanolone and 3α-diol, along with one of their receptor subunit targets that is
more sensitive to these metabolites (Carver & Reddy, 2013).
Studies in animal models have further characterized protective mechanisms of
allopregnanolone in PD. The widely employed 1-methyl-4-phenyl-1,2,3,6tetrahydropyridine (MPTP) lesion mouse model of PD (Meredith & Rademacher, 2011)
was used to evaluate the protective effects of allopregnanolone. It was reported that
allopregnanolone increased tyrosine hydroxylase (TH)-positive cells and total neurons
in the SN pars compacta (SNpc) and the locus coeruleus (LC), and increased
norepinephrine levels in the striatum of MPTP-lesioned male C57Bl/6J mice (Adeosun
et al., 2012). In addition, allopregnanolone increased BrdU+ neurons in the SNpc and
improved balance and coordination as assessed by the rotorod test (Adeosun et al.,
2012).

Allopregnanolone in ischemia and traumatic brain injury (TBI)
Many peripheral and central conditions can result in cerebral ischemia, and
primary gonadal steroids (particularly progesterone) have shown promise in protection
during the recovery from ischemic insult (Sayeed & Stein, 2009). Because of the central
conversion of progesterone to allopregnanolone, studies have also investigated a
potential role for neurosteroid metabolites of gonadal steroid hormones in the protection
of neural cells following ischemic insult and reperfusion.
Cardiac arrest is known to result in neuronal cell death as a result of global
cerebral ischemia. Some areas of the brain are more susceptible to detrimental
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consequences of ischemia than others, including the striatum, cerebellum, and CA1
hippocampal subfield (Kelley et al., 2008). In mice, the cardiac arrest requiring
cardiopulmonary resuscitation (CA/CPR) model has been shown to recapitulate many of
the effects seen in humans following such an event. In studies investigating cells in one
of these vulnerable areas – Purkinje cells of the cerebellum – it was demonstrated that
CA/CPR reduced GABAAR expression and induced Purkinje cell death, while
allopregnanolone was effective in preventing or reversing these consequences (Kelley
et al., 2008; Kelley et al., 2011). Interestingly, while Purkinje cell death was reduced by
both 2mg/kg and 8mg/kg doses in adult female C57bl/6 mice, males were only
protected by the higher dose (Kelley et al., 2011). Allopregnanolone also increased
inhibitory neurotransmission in both sexes, but was more effective at normalizing this
measure in females as well (Kelley et al., 2011), further illustrating the sex difference in
response to the neurosteroid. Similar experiments have confirmed these effects of
allopregnanolone in vitro, demonstrating that allopregnanolone treatment in cultured
cerebellar Purkinje cells recovered synaptic and total GABAAR current and increased α1
subunit expression reduced by oxygen glucose deprivation (OGD) (Kelley et al., 2008).
These effects were consistent with an earlier report that demonstrated dose-dependent
neuroprotection of cerebellar Purkinje cells by progesterone treatment following OGD,
acting through a mechanism that was dependent on conversion to allopregnanolone
(Ardeshiri et al., 2006). In that particular study, cultures from male mice required higher
concentrations of progesterone to reduce cell death, consistent with the reports in vivo
(Ardeshiri et al., 2006).
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As opposed to the global ischemia induced by CA/CPR, middle cerebral artery
occlusion (MCAO) can induce focal cerebral ischemia, which provides a model of
ischemic stroke. Allopregnanolone and progesterone have been shown to significantly
reduce infarct volume in several brain areas following MCAO in male Sprague-Dawley
rats, including in the cerebral cortex (Sayeed et al., 2006; Sayeed et al., 2007).
Interestingly, cortical infarct volume was found to be effectively reduced by a lower dose
of allopregnanolone compared to progesterone (Sayeed et al., 2006), suggesting that
progesterone may actually exert its effects through a mechanism that is at least partially
dependent on conversion to allopregnanolone. Progesterone treatment was also shown
to improve rotarod performance in rats following MCAO, indicating a potential role in
improving balance and motor coordination during stroke recovery (Sayeed et al., 2007).
Traumatic brain injury (TBI) has aspects of pathology related to both direct
neuronal damage, as well as damage due to ischemia in blood vessels and cells
responsible for oxygenation and support of neurons. Using a controlled frontal cortical
contusion model of TBI, it has been shown that allopregnanolone reduces the degree of
apoptosis and cell loss, learning and memory deficits and astrocyte infiltration to the site
of injury, without affecting the size of the cavity induced by injury itself (Djebaili et al.,
2004, Djebaili et al., 2005). This effect was also achieved with progesterone treatment,
but consistent with the previous ischemia studies, allopregnanolone was effective at
lower doses (Djebaili et al., 2004; Djebaili et al., 2005).
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Allopregnanolone in Alzheimer’s disease (AD)
While allopregnanolone has been widely studied for both its endogenous role in
the development and prevention of neurological and neurodegenerative diseases, as
well as its potential use as an exogenous therapeutic, no condition has received more
attention with respect to the potential protective applications of allopregnanolone than
AD. Over the past two decades, studies from several research groups have investigated
the mechanisms by which allopregnanolone may act as a protective and regenerative
therapeutic in this disease.
One of allopregnanolone’s most intriguing properties, in terms of its potential
application to treatment of AD, is its ability to enhance proliferation of neural progenitor
cells (NPCs) to create new neurons in the hippocampus. In male triple transgenic AD
(3xTg-AD) mice, it has been consistently shown that allopregnanolone increases
neurogenesis and promotes the survival of newly generated neural cells (Chen et al.,
2011; Singh et al., 2012; Wang et al., 2010), reduces Ab pathology in the
hippocampus, cortex, and amygdala (Chen et al., 2011), and improves hippocampaldependent associative learning and memory (Singh et al., 2012; Wang et al., 2010). An
important consideration is that allopregnanolone was most effective if administered prior
to the deposition of extraneuronal Ab plaques (Chen et al., 2011; Singh et al., 2012). In
addition, allopregnanolone can reduce the infiltration and activation of microglia and
increase myelination of oligodendrocytes (Chen et al., 2011), consistent with reports
from rat and mouse models of other conditions (for details, see the neuropathy and
ALS/MS sections above). Systems that regulate neurotransmitter levels may also be
targets for protection by allopregnanolone. In the SNpc of young 3xTg-AD male mice,
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TH-positive and total neuron levels were increased to control levels by a single
allopregnanolone injection (Sun et al., 2012). A similar study performed in young
APP/PS1 double transgenic male mice yielded consistent results regarding TH-positive
and total neuron levels (Zhang et al., 2015), and also reported increases in proliferation
and survival of new neurons in the subventricular zone (SVZ) and increased neuronal
survival in the SNpc (Zhang et al., 2015).
Allopregnanolone promotes proliferation of NPCs in the subgranular zone (SGZ)
of the dentate gyrus due to the unique nature of the GABAergic activation of cells in this
area (Irwin et al., 2012). The neural progenitor cells in the SGZ retain a state similar to
that of embryonic neurons, in which the GABAAR populations trigger an efflux of
chloride upon opening, thereby depolarizing the cell (Irwin et al., 2012; Tozuka et al.,
2005). Additionally, the predominant GABAAR subunits expressed on these cells are
consistent with highly neurosteroid-sensitive, extrasynaptic GABAARs (containing a
subunits that are often found with d subunit-containing receptors) (Irwin et al., 2012;
Overstreet Wadiche et al., 2005; Stell et al., 2003). The depolarization caused by the
efflux of chloride upon GABAAR channel opening results in the activation of voltagedependent L-type calcium channels (Wang et al., 2005). This activates calciumdependent kinases including the PKA/cAMP/CREB pathway, leading to the upregulation
of pro-mitotic genes and suppression of anti-mitotic genes (Irwin et al., 2012; Wang &
Brinton, 2008). Interestingly, allopregnanolone was shown to increase intracellular
calcium at low concentrations (EC50 of 10 +/- 4nM) in fetal hypothalamic neurons
(Dayanithi & Tapia-Arancibia, 1996). The GABAAR-mediated effects are stereoselective,
as 3b stereoisomers and steroids that have a removal, addition or alteration of hydroxyl
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functional groups, abolishing the effects at the GABAAR, fail to display the induction of
proliferation in various in vitro and in vivo models (Brinton, 1994; Karout et al., 2016;
Wang et al., 2005; Wang & Brinton, 2008).
Recent studies have also demonstrated the potential involvement of other
mechanisms by which allopregnanolone may protect neural cells independent of
proliferation of NPCs. Allopregnanolone has been shown to increase the expression of
proteins that promote the clearance and homeostasis of cholesterol, including the LXR,
PXR, and methyl-glutaryl-CoA-reductase (HMG-CoA-R) (Chen et al., 2011).
Interestingly, while the 3α-hydroxy conformation appears to be required to stimulate
proliferation, 3b isomers of allopregnanolone and synthetic analogs (3-O-allylallopregnanolone) have been shown to protect hippocampal neurons, neural stem cell
cultures, and SH-SY5Y human female neuroblastoma cells from neurotoxicity induced
by Ab42 or hydrogen peroxide (H2O2) (Karout et al., 2016; Lejri et al., 2017). The
mechanisms responsible for the neuroprotective effects of allopregnanolone and its
analogs in vitro appear to include GABAAR-dependent and -independent components,
as these neurosteroids are able to exert protective effects against Ab42 or H2O2induced toxicity in the absence of functional GABAARs (Lejri et al., 2017). However,
allopregnanolone appears to be more effective at lower concentrations in the presence
of functional GABAARs (Grimm et al., 2014; Karout et al., 2016). Further studies are
required in order to better characterize the GABAAR-independent mechanisms by which
allopregnanolone may provide neuroprotection.
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Testosterone metabolism in neuroprotection
While the majority of studies investigating the potential protective effects of 3ahydroxy, 5a-reduced neurosteroids have focused on allopregnanolone, other delta-4 3keto hormonal steroids can also be converted to analogous bioactive metabolites.
Recent work has expanded studies to the testosterone-derived structural analog of
allopregnanolone, 3a-diol. Several studies have demonstrated that 3a-diol is effective in
reducing peripheral neuropathy resulting from different chemical and physical insults
(Meyer et al., 2013; Calabrese et al., 2014). Either prophylactic or corrective 3a-diol was
shown to suppress paclitaxel-induced thermal and mechanical pain sensitivity, while
restoring nerve conduction velocity and action potential peak amplitude in the sciatic
nerve, as well as intraepidermal nerve fiber density in male Sprague-Dawley rats
(Meyer et al., 2013). There was also evidence that 3a-diol repaired nerve damage in
peripheral axons (Meyer et al., 2013). In another study investigating neuropathic pain in
male streptozotocin-induced diabetic Sprague-Dawley rats, either DHT or 3a-diol had
analgesic properties (Calabrese et al., 2014). Interestingly, the mechanisms by which
they improved neuropathic pain had both convergent and divergent components. Both
neurosteroids reduced glutamate release, astrocyte infiltration, and IL-1b expression.
However, DHT increased mechanical nociceptive threshold and reduced over-activation
of synapsin-1, syntaxin-1, and P-GluN2B, while 3a-diol increased tactile allodynia
threshold and reduced mRNA expression of substance P, toll-like receptor 4, tumor
necrosis factor-a, and TSPO (Calabrese et al., 2014). In an earlier study by Magnaghi
et al. (2004), 3a-diol was also shown to promote the expression of factors related to
peripheral myelination. In male Sprague-Dawley rats, GDX decreased the expression of
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P0 and P22 – two proteins that play a crucial physiological role in the maintenance of
the multilamellar structure of peripheral myelin – and the levels of these proteins were
recovered by treatment with 3a-diol, while DHT only restored levels of P0 expression
(Magnaghi et al., 2004).
Many studies have evaluated cognitive outcomes after GDX in male animals (see
Leonard & Winsauer, 2011). However, a limited number of these studies have
evaluated the potential role of 3a-diol in effects that are largely attributed to
testosterone, and loss thereof following GDX. In a study using a battery of behavioural
tests to evaluate the effects of GDX and replacement with testosterone or 3a-diol in
male Fisher-344 rats, Frye et al. (2010) found that age-related decline in performance
on cognitive and affective tasks was associated with a decrease in hippocampal 3a-diol
levels. Treatment with 3a-diol, but not testosterone, was able to reverse age-related
decline in performance. Similar declines in performance were observed after GDX in
younger animals, and these were reversed by long-term testosterone replacement using
Silastic capsules, which were found to increase both testosterone and 3a-diol levels in
the hippocampus (Frye et al., 2010). In another study by the same group, GDX young
adult male Long-Evans rats were treated with either testosterone, DHT, or 3a-diol by
long-term Silastic capsule implant or acute intrahippocampal infusion (Edinger & Frye,
2004). Animals treated with any of the steroids displayed improved measures of
analgesia, reduced anxiety-like behavior, and increased learning compared to control
animals. However, only hippocampal 3a-diol levels were positively correlated with
performance on the various tasks, suggesting that effects were primarily mediated
through 3a-diol as opposed to the androgenic precursors (Edinger & Frye, 2004).
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Several in vitro studies have demonstrated that 3a-diol may play an important
role in protecting against cellular dysfunctions associated with the various
pathophysiological processes that occur in the brains of individuals with AD. 3a-diol, but
not allopregnanolone, was shown to be effective in improving various aspects of
mitochondrial bioenergetic function in GABAAR-deficient SH-SY5Y cells, although both
steroids were effective at comparable concentrations in primary cortical neurons (Grimm
et al., 2014). A follow up study evaluated the potential protective role of several
neurosteroids in SH-SY5Y cells stably transfected with different constructs that
contribute to different aspects of AD-related pathology: human APP resulting in
overexpression of APP and Ab, wild-type tau, or frontotemporal dementia-related
mutant tau (P301L) resulting in tau hyperphosphorylation (Grimm et al., 2016). It was
observed that testosterone was more effective at improving aspects of mitochondrial
bioenergetics reduced by the APP over-expressing cells, while estradiol and
progesterone were more effective in the P301L mutant tau-expressing cells.
Interestingly, 3a-diol was effective at improving different parameters in models of both
aspects of pathology (Grimm et al., 2016). 3a-diol improved ATP production,
mitochondrial membrane potential, and spare respiratory capacity in APP-transfected
cells, and improved mitochondrial membrane potential and glycolytic reserve in P301L
mutant tau-expressing cells (Grimm et al., 2016)
The identified mechanisms of action and sex-specific applications of 3a-diol and
allopregnanolone in preclinical models of neurodegenerative and neurological disorders
are summarized in Figure 1.3.
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Identified Mechanisms
GABAAR
ERβ (weak)
AR (negligible)

3α-diol

Effective in
preclinical models
of:
• Chemotherapyinduced
neuropathy
• Diabetes-induced
neuropathy
• Gonadal hormone
loss-induced
cognitive
dysfunction
• AD (in vitro)

GABAAR
mPR PXR
LXR NMDA-R

Allopregnanolone

Effective in
preclinical models
of:
• AD (in vitro)

Effective in preclinical
models of:
• Chemotherapyinduced neuropathy
• Diabetes-induced
neuropathy
• Constriction injuryinduced neuropathy
• Global cerebral
Ischemia
• Focal ischemic stroke
! TBI
• ALS
! PD
• MS
• AD

Effective in
preclinical models
of:
• HIV-induced
neuropathy
• ALS
• MS
• Global cerebral
ischemia
• AD

Figure 1.3: Mechanisms of action and therapeutic use for 3α-diol and allopregnanolone.
Identified mechanisms of action of 3α-diol and allopregnanolone are displayed, along with a list
of neurodegenerative/neurological diseases in which these 3α-hydroxy, 5α-reduced
neurosteroids have been shown to effectively improve pathology or impairments in preclinical
models.
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TSPO LIGANDS IN NEUROPROTECTION
The 18kDa translocator protein (TSPO) is believed to be an important regulator
of steroid synthesis by enhancing the translocation of cholesterol into mitochondria (Fan
et al., 2015; Papadopoulos et al., 2006). Along with the steroidogenic acute regulatory
protein (StAR), TSPO has been hypothesized to be essential to neurosteroid synthesis
(Papadopoulos et al., 2006; Rupprecht et al., 2010), though there have recently been
challenges to its necessity for adrenal and gonadal steroidogenesis using conditional
TSPO knockout models (Fan et al., 2015; Morohaku et al., 2014). Because of its role in
steroidogenesis, TSPO has been increasingly studied in recent years as a potential
therapeutic target in disorders that have shown improvement in preclinical models
following neurosteroid manipulation (Rupprecht et al., 2010). Pharmaceutical
compounds that are known to act as ligands for TSPO have been shown to induce
neurosteroidogenesis, and this has been utilized to determine whether enhanced
neurosteroidogenesis may be beneficial in several different models of
neurodegenerative and neurological disorders (see Arbo et al., 2015).
Using the TSPO ligand Ro5-4864, Barron et al. (2013) assessed the effects of
increasing activity of TSPO on neurosteroidogenesis, Ab accumulation, gliosis, and
behavioural impairments in male 3xTg-AD mice, investigating both early (7-month old)
and late (24-month old) stages of pathology. Ro5-4864 reduced Ab load and gliosis in
CA1 in GDX young adults, and also in intact aged mice. Ro5-4864 also increased brain
progesterone and testosterone levels in pooled limbic structures of GDX young adults,
but surprisingly decreased progesterone levels in aged mice. In addition, Ro5-4864
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improved performance on the Y maze task for hippocampal-dependent working memory
in GDX young adults and intact aged mice (Barron et al., 2013).
The TSPO ligand Ro5-4864 has also been investigated for potential application
in peripheral neuropathy, which was discussed earlier in this review with respect to its
improvement following neurosteroid treatment. In male Sprague-Dawley rats given
streptozotocin injections to induce diabetic neuropathy, Ro5-4864 increased levels of
pregnenolone, progesterone, and DHT in the sciatic nerves, while reversing
impairments in nerve conduction velocity, thermal threshold, skin innervation density,
P0 mRNA levels, and activity of Na+/K+-ATPase (Giatti et al., 2009). As many of these
factors were improved in the same way following treatment with DHT or 3a-diol in a
previous study (Calabrese et al., 2014), it was proposed that the effects of Ro5-4864 in
this study were due to its regulation of endogenous neurosteroidogenesis.
Like Ro5-4864, the TSPO agonist 4’-chlorodiazepam (4’CD) has been studied for
its potential as a neuroprotective agent using in vitro models. In SH-SY5Y cells and
organotypic hippocampal cultures from early postnatal Wistar rats, 4’CD was shown to
protect against cell death induced by Ab40 or Ab42 (Arbo et al., 2016; Arbo et al.,
2017). This protection appeared to occur through mechanisms involving prevention of
Ab-induced alterations in survivin and Bax in SH-SY5Y cells (Arbo et al., 2016), while
4’CD increased expression of superoxide dismutase in organotypic cultures, indicating
improved antioxidant activity and potential clearance of oxidative free radicals (Arbo et
al., 2017). While these studies did not investigate neurosteroid levels following Ab or
4’CD treatment, it was once again proposed that the protective effects observed in
these studies were due to increased steroidogenesis, as many others have
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demonstrated that protection induced by agonism or over-expression of TSPO can be
blocked by inhibitors of neurosteroid synthesis (Li et al., 2017; Santoro et al., 2016;
Zhang et al., 2016).
Certain ligands for TSPO are used as anxiolytics in humans, as they increase
production of inhibitory neurosteroids like allopregnanolone. Etifoxine is one such
ligand, which is an activator of TSPO and also has neurosteroid-like activity as a
positive allosteric modulator of the GABAAR (Liere et al., 2017). In a study looking at the
impact of acute and chronic effects of etifoxine in male rats, etifoxine acutely increased
pregnenolone, progesterone, DHP, and allopregnanolone levels in brain tissue and in
plasma without impacting levels of testosterone or its metabolites. Concentrations of the
neurosteroids peaked 0.5-1h following injection, and were maintained with daily
injections for 15 days (Liere et al., 2017). Through its dual actions of neurosteroid-like
activity and stimulation of TSPO activity, etifoxine has been shown to reduce
neurological deficits in male mice following intracerebral hemorrhage (ICH) or MCAOinduced hypoxia reperfusion injury (Li et al., 2017; Li et al., 2017). These improvements
were associated with reduced edema, reduced leukocyte infiltration, and diminished cell
death in the ICH model, reduced infarct volume in the MCAO model, and reduced
proinflammatory cytokine production by microglia in both models (Li et al., 2017; Li et
al., 2017).
As TSPO is an important regulator of neurosteroidogenesis, it is interesting to
note that increased microglial and astrocytic TSPO immunoreactivity in the
hippocampus of AD patients has been reported, with large clusters of TSPO-positive
cells localized in close proximity to senile plaques (Cosenza-Nashat et al., 2009). Since
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TSPO is upregulated in microglia and reactive astrocytes associated with injury
(Chechneva & Deng, 2016), this could be a secondary consequence of the cellular
damage resulting from Ab toxicity.

NEUROSTEROIDOGENESIS, BIOSYNTHETIC ENZYMES, AND NEUROSTEROID
TARGETS: SEX DIFFERENCES AND RELATIONSHIP TO NEURODEGENRATIVE
DISEASE
Neurosteroidogenesis
The availability of information regarding sex and age differences in neurosteroid
levels in humans is limited for many reasons, including technical, logistical, and ethical
considerations. Furthermore, the influence of 5a-reduced neurosteroid levels on
neurodegenerative disease, and the impact of disease progression on
neurosteroidogenesis, is largely unknown. For example, AD is among the most widely
studied neurodegenerative conditions, with known sex differences in incidence and
severity of symptoms (Ardekani et al., 2016; Buckwalter et al., 1993; Henderson &
Buckwalter, 1994; Ripich et al., 1995; Xing et al., 2015). However, 5a-reduced
metabolites of gonadal steroid hormones have not been thoroughly investigated, though
allopregnanolone has been consistently shown to be reduced in individuals with AD
(Bernardi et al., 2000; Marx et al., 2006; Naylor et al., 2010; Smith et al., 2006; Yang &
He, 2001). Studies in humans based on individual measures make causal inferences
problematic: whether decreased allopregnanolone contributed to, or was a result of,
disease development cannot be definitively stated.
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Studies investigating sex differences in production of 3a-hydroxy, 5a-reduced
neurosteroids under physiological conditions are also limited. However, an important
study by Caruso et al. (2013b) demonstrated that there are sex- and region-dependent
differences in neurosteroid levels throughout the CNS and in plasma in young adult
Sprague-Dawley rats. Measurements were reported in the cerebrospinal fluid (CSF),
hippocampus, cerebral cortex, cerebellum, spinal cord, and sciatic nerve – all regions
that have been discussed in relation to neurosteroid intervention in models of disease
throughout this review. Allopregnanolone levels were modestly higher in plasma and
throughout the CNS of females, with the exception of the CSF, where levels were higher
in males. The pattern of allopregnanolone levels also matched those of its immediate
precursors, progesterone and DHP. In contrast, 3a-diol levels were markedly higher in
plasma and in all regions of the CNS investigated in male rats. This pattern also
matched those of its precursors, testosterone and DHT (Caruso et al., 2013b). While
this study provided important insights into sex differences in levels of 3a-hydroxy, 5areduced neurosteroids under normal conditions, more of its kind are necessary.
Though many questions remain unanswered, studies using rodent models have
helped to provide important insights into the potential roles for neurosteroids in
neurodegenerative disease. In another study by Caruso et al. (2013a), neurosteroid
levels were measured in the limbic region of the brain in male 3xTg-AD mice at early (7
months old) and late (24 months old) stages of pathology, compared to age-matched
wild-type animals. Pregnenolone, progesterone, testosterone and DHT were all found to
decline, while levels of allopregnanolone were unchanged (Caruso et al., 2013a).
Interestingly, 3a-diol levels were actually found to increase with age in male mice
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(Caruso et al., 2013a), which may be particularly important when considered together
with reports that male 3xTg-AD mice develop less severe limbic region Ab pathology
and perform better on a task of hippocampal-dependent working memory than agematched females (Carroll et al., 2010).
Giatti et al. (2010) measured levels of progesterone and testosterone, as well as
their 5a-reduced metabolites in the spinal cord, cerebellum, cerebral cortex, and plasma
in male and female EAE pathogen-free Dark Agouti rats, used as a model of MS. These
animals exhibit similar neurological deficiency and pathological severity, though males
present with slightly more pronounced inflammation. In all CNS regions, testosterone,
DHT, and 3a-diol were drastically reduced in male EAE rats, and levels of these
neurosteroids ranged from extremely low to undetectable in either control or EAE
female rats (Giatti et al., 2010). Progesterone, DHP, and allopregnanolone levels were
higher in female control rats compared to male controls, but showed a more complex
sex- and disease-dependent relationship than testosterone and its metabolites.
Progesterone and DHP decreased in both male and female EAE rats in the spinal cord
and cerebral cortex, while allopregnanolone actually increased in EAE males and was
unaffected in EAE females compared to controls in both brain regions. In the
cerebellum, allopregnanolone was decreased in EAE females but not males, while
progesterone was decreased in both male and female EAE rats and DHP was
unaffected (Giatti et al., 2010). This study illustrates the complex nature of alterations to
neurosteroidogenesis in disease, in this case using a rat MS model. It is important to
note that age was not considered as a factor in this study, which could further
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compound the interactions between sex- and disease-related effects on neurosteroid
levels.
Other studies have investigated changes in neurosteroid levels in mouse models
of induced neurological deficits, as opposed to models of disease that occur
spontaneously or due to genetic factors. One such study performed by LopezRodriguez et al. (2016) investigated the impact of right orbitofrontal and perirhinal focal
lesions in male Swiss-CD1 mice as a model of TBI on neurosteroid levels in the brain
and plasma. The authors reported that progesterone levels were unaffected at time
points from 24 hours up to 2 weeks following TBI, while testosterone, DHT, and 3a-diol
exhibited more complex temporal changes. Testosterone levels were significantly
increased 2 weeks after injury compared to 24h, but were not significantly different than
baseline levels. However, both DHT and 3a-diol were significantly reduced 2 weeks
following injury compared to intact controls, while 3a-diol levels were positively
correlated with the degree of brain edema, suggesting that a compensatory response
may have occurred to increase local neuroprotective activity (Lopez-Rodriguez et al.,
2016). Plasma levels of DHT, 3a-diol, and 3b-diol were all reduced 2 weeks after TBI,
though only plasma DHT and 3a-diol correlated significantly with neurological deficits
(Lopez-Rodriguez et al., 2016).

Neurosteroid biosynthetic enzymes and targets
Aside from neurosteroid levels themselves, measurements of expression and
functionality of neurosteroidogenic enzymes, as well as targets for neurosteroid action,
are important indicators of potential dysfunction in neurodegenerative disease. In both
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humans with AD (He et al., 2005; Luchetti et al., 2011a) and mouse models of AD (He
et al., 2002; Porcu et al., 2016; Yang et al., 2014), 17b-HSD type 10 (17b-HSD10) is
known to increase. As this mitochondrial enzyme functions to oxidize 3a-hydroxy, 5areduced neurosteroids, especially in the hippocampus (He et al., 2005), increased
expression and/or activity of 17b-HSD10 likely contributes to decreased neurosteroid
levels in AD (Porcu et al., 2016; Yang et al., 2014). Concentrations of the 3a-hydroxy,
5a-reduced neurosteroids are at least partially dependent on what has been referred to
as a ‘dual enzyme molecular switch’ (He et al., 2005; Porcu et al., 2016; Yang et al.,
2014), involving 17b-HSD10 and 3a-HSD type 3 (3a-HSD3), which is predominantly
localized to the endoplasmic reticulum. Theoretically, 3a-hydroxy, 5a-reduced
neurosteroid levels would be most affected if the increase in 17b-HSD10 was
accompanied by a decrease in 3a-HSD3, or if 5a-reductase expression or activity itself
was decreased, thereby decreasing availability of precursors. However, data regarding
the activity of these enzymes in neurodegenerative diseases is severely limited, with
one study reporting increased expression of 3a-HSD3 in the prefrontal cortex of AD
patients with both sexes grouped according to Braak stage (Luchetti et al., 2011a),
while others have reported increased 5a-reductase expression in 12-month old
APP/PS1 double transgenic AD mice (Porcu et al., 2016). Conversely, 3a-HSD3 and
5a-reductase type 1 expression have both been found to decrease in the white matter
of patients with MS and in the hindbrain of young adult EAE mice, though all subjects
were pooled and sex differences were not evaluated (Noorbakhsh et al., 2011).
As previously discussed, TSPO is an important regulator of neurosteroid
synthesis. Interestingly, TSPO was reported to be increased in several neurological and
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neurodegenerative diseases in humans (Porcu et al., 2016; Rupprecht et al., 2010). In
AD patients, positron emission tomography (PET) scanning using specific ligands for
TSPO has revealed increased binding in many cortical areas, indicative of increased
TSPO expression (Cagnin et al., 2001; Venneti et al., 2009; Yasuno et al., 2008, 2012;
Zimmer et al., 2014). Increased TSPO radioligand binding has also been reported with
age and pathology in double transgenic APP/PS1 mice (Venneti et al., 2009). In MS and
stroke patients, increased TSPO expression has also been found at the sites of white
matter lesions and primary lesions, respectively (Gerhard et al., 2005; Versijpt et al.,
2005). Similar findings have been reported in Huntington’s disease (Pavese et al.,
2006), ALS (Turner et al., 2004), and PD (Gerhard et al., 2006). It has been postulated
that increased TSPO expression in these various neurodegenerative and neurological
conditions could potentially be a compensatory biological response intended to increase
local neurosteroid synthesis (Rupprecht et al., 2010), as TSPO levels have been
reported to remain elevated during recovery in some disease models, including EAE
mice (Agnello et al., 2000; Chen et al., 2004). The findings from these various studies
strongly support a mechanism through which endogenous neurosteroid synthesis may
increase locally around lesion sites to limit neurotoxicity. However, it is important to note
that sex was not considered as a biological variable in these studies, as male and
female human subjects were grouped together in each case.
In addition to biosynthetic enzymes, the receptor targets for 3a-hydroxy, 5areduced neurosteroids may themselves also be altered in disease states, thereby
reducing the potential effectiveness of endogenous neurosteroids. The expression of
some known neurosteroid-sensitive GABAAR subunits - α1, α2, α4, d - was shown to be
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decreased in the prefrontal cortex of AD patients (Luchetti et al., 2011b), concurrent
with declines in allopregnanolone levels (Bernardi et al., 2000; Marx et al., 2006; Naylor
et al., 2010; Smith et al., 2006). However, the decline in GABAAR subunit expression
may actually be a consequence of declining neurosteroid levels, or possibly synaptic or
neuronal loss. Allopregnanolone was reported to increase hippocampal α4 subunit
protein expression in adult female rats (Gulinello et al., 2001; Hsu et al., 2003), and
hippocampal synaptic α2 transcript expression in wild-type and PR knockout female
mice (Reddy et al., 2017). Other novel targets of 3a-hydroxy, 5a-reduced neurosteroids
are the PXR and LXR, as discussed above. These proteins are associated with
modulation of cholesterol metabolism and homeostasis, which is known to be
dysregulated in early and progressive stages of AD (Zelcer et al., 2007). While loss of
LXR and PXR was not reported in AD mouse models (Chen et al., 2011), genetic
knockout of LXR isoforms exacerbated Ab pathology in both male and female APP/PS1
double transgenic mice (Zelcer et al., 2007). Allopregnanolone treatment prior to
development of Ab pathology in male 3xTg-AD mice was reported to increase the
expression of both LXR and PXR, concurrent with decreased Ab oligomer accumulation
(Chen et al., 2011). These findings provide further evidence that 3a-hydroxy, 5areduced neurosteroids, specifically allopregnanolone, may actually promote the
expression of their target receptors. Therefore, when levels of these neurosteroids
decline in AD, reduced target receptor expression may decline as well. This could
indirectly contribute to loss of neuroprotection. For instance, if decreased brain levels of
allopregnanolone in AD patients results in reduced expression or activity of GABAAR
subunits, this could then reduce the effectiveness of other neurosteroids that protect
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neurons through the same mechanisms, even if their levels do not decline. This
includes 3a-diol, which may be an important contributing factor to the observed sex
differences in the development and progression of AD.
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RATIONALE

Gonadal steroid hormones are known to be neuroprotective against various
aspects of pathology in neurodegenerative disease, particularly in AD. As discussed
above, one of the main mechanisms by which the principal gonadal steroid hormones
provide neuroprotection is through the rapid and transient activation of ERK. However,
the ERK signaling pathway is known to be dysregulated under conditions of oxidative
stress and in AD, due to prolonged, aberrant activation of this pathway by Aβ (Young et
al., 2006; Arora et al., 2015; Tran et al., 2017; Pei et al., 2002) and oxidative free
radicals such as H2O2 (Chu et al., 2004; Levinthal & DeFranco, 2005; Chen et al., 2009;
Lee et al., 2005; Ruffels et al., 2004). This dysregulation of intracellular signaling has
been associated with various aspects of neurotoxicity including tau
hyperphosphorylation, disruptions to mitochondrial bioenergetic processes, and cell
death (He & Aizenman, 2011; Lu & Xu, 2006; Stanciu et al., 2000; Young et al., 2006;
Zhuang & Schnellmann, 2006). However, gonadal steroid hormones are still able to
exert a degree of protection, raising the important question of whether alternative
mechanisms of action are responsible for the protective effects observed under
pathophysiological conditions.
The potential involvement of 3α-hydroxy, 5α-reduced neurosteroid metabolites of
gonadal steroid hormones in this protection is poorly understood, both with respect to
their endogenous roles in prevention of disease, and potential therapeutic uses. As
these metabolites accumulate in relatively high levels in the brain and are known to
impact various aspects of neuronal function, there is a need to characterize their roles in
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neuroprotection. In this thesis, the mechanisms by which neurosteroid metabolites of
gonadal steroid hormones exert neuroprotection were explored, with an emphasis on
the testosterone metabolite 3α-diol.

Hypothesis

3α-hydroxy, 5α-reduced neurosteroid metabolites of gonadal steroid hormones
are protective against pathophysiological consequences of AD, and contribute to the
overall neuroprotection conferred by their precursors by acting through distinct cellular
and molecular mechanisms.

Objectives

1. Evaluate the impact of 3α-diol on dysregulated ERK signaling and associated
neurotoxicity induced by Aβ42 in vitro
•

These results will establish a molecular mechanism by which the neurosteroid
3α-diol may protect neurons against Aβ42-induced toxicity.

2. Determine whether the GABAAR is involved in the mechanism by which 3α-diol
and its structural analog allopregnanolone impact Aβ42-induced ERK
phosphorylation and associated neurotoxicity in vitro
•

These results will determine whether the GABAA receptor – the most wellcharacterized receptor target of 3α-hydroxy, 5α-reduced neurosteroids – is
involved in protection against Aβ42-induced toxicity.
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3. Evaluate the role of the ERK-directed phosphatase MKP3/DUSP6 in the
neuroprotective effects of 3α-diol in vitro
•

These results will determine whether the effects of 3α-diol on inhibition of
prolonged, dysregulated ERK phosphorylation are mediated by regulation of
MKP3/DUSP6.

4. Investigate the impact of inhibiting neurosteroid synthesis on memory,
neuronal morphology, and pathophysiology in the 3xTg-AD mouse model.
•

These results will establish the role of endogenous 5α-reduced neurosteroid
synthesis in the relative protection of the male brain compared to the female
brain in a well-established preclinical model of AD.
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CHAPTER 2
5α-ANDROSTANE-3α,17β-DIOL INHIBITS NEUROTOXICITY IN SH-SY5Y HUMAN
NEUROBLASTOMA CELLS AND MOUSE PRIMARY CORTICAL NEURONS

Based on the publication:
Mendell, A.L., Creighton, C.E., Kalisch, B.E., MacLusky, N.J. (2016) 5α-androstane3α,17β-diol inhibits neurotoxicity in SH-SY5Y human neuroblastoma cells and mouse
primary cortical neurons. Endocrinology 157(12):4570-4578. doi: 10.1210/en.20161508.
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ABSTRACT
Low free testosterone levels in men are associated with age-related cognitive
decline and increased risk for neurotoxicity, resulting in disease. The mechanisms
underlying these observations remain poorly defined. While rapid, androgen receptordependent activation of extracellular signal-regulated kinase (ERK) has been postulated
as a neurotrophic and neuroprotective mechanism, actions of testosterone metabolites
such as 5α-androstane-3α,17β-diol (3α-diol) may also be involved. We investigated the
influence of 3α-diol on the induction of ERK phosphorylation in SH-SY5Y human female
neuroblastoma cells and primary cortical neurons from male and female mice. In SHSY5Y cells, ERK phosphorylation was induced by 10nM dihydrotestosterone (DHT),
epidermal growth factor (EGF), hydrogen peroxide (H2O2) and acetylcholine. The
addition of 10nM 3α-diol, which did not itself activate ERK, significantly inhibited ERK
phosphorylation induced by DHT, EGF or H2O2, but not acetylcholine. In both SH-SY5Y
cells and primary cortical neurons, prolonged ERK phosphorylation and caspase-3
cleavage resulting from amyloid β-peptide 1-42 (Aβ42) exposure were inhibited by cotreatment with 3α-diol. 3α-diol also reduced the loss in cellular viability induced by Aβ42
or H2O2 in SH-SY5Y cells. These data suggest that testosterone-mediated
neuroprotection may occur via two distinct but complementary mechanisms: an initial
rapid activation of ERK phosphorylation, followed by modulation via 3α-diol of the
potentially adverse consequences of prolonged ERK activation.
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INTRODUCTION
Testosterone has been reported to have neurotrophic and neuroprotective
properties (Hammond et al., 2001; Nguyen et al., 2005; Nguyen et al., 2007; Kinderman
and Jones, 1993; Barron and Pike, 2012; MacLusky et al., 2006). Animal studies (Raber
et al., 2002; Rosario et al., 2006) as well as clinical correlations in men (Yeap et al.,
2008; Hsu et al., 2015) suggest that loss of testosterone may contribute to age-related
cognitive deficits. Thus, there is an inverse relationship between plasma testosterone
and cognitive decline in elderly men, while declining free serum testosterone may
precede Alzheimer’s disease (AD) (Hogervorst et al., 2004; Holland et al., 2011). The
extent of the contribution from testosterone, however, remains uncertain, since
testosterone treatment has only limited positive effects in men with mild cognitive
impairment or AD (Cherrier et al., 2005; Lu et al., 2006). The effects of androgens on
neuroplasticity may also not be entirely positive. While testosterone induces dendritic
spine synapse formation in the CA1 hippocampal subfield (MacLusky et al., 2006;
Mendell et al., 2017) and enhances neuronal survival in the dentate gyrus (Hamson et
al., 2013), androgens have been reported to decrease neuroplasticity in the CA3 region
of the hippocampus (Mendell et al., 2017; Skucas et al., 2013) and reduce dendritic
spine density in the nucleus accumbens (Wallin-Miller et al., 2016).
Variations in testosterone action could in part reflect differences in metabolism.
Testosterone is converted to estradiol and dihydrotestosterone (DHT; Naftolin et al.,
1975; Poletti and Martini, 1999) as well as the neurosteroids 5α-androstane-3β,17β-diol
(an estrogen receptor β agonist) (Pak et al., 2005), and 5α-androstane-3α,17β-diol [3αdiol, which allosterically modulates GABAA receptors (GABAAR)] (Reddy and Jian,
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2010). Circumstantial evidence suggests that neurosteroids may themselves be
neuroprotective. AD patients have lower brain neurosteroid concentrations than agematched controls, and neurosteroid levels are inversely correlated with amyloid βpeptide (Aβ) accumulation (Schumacher et al., 2003). Allopregnanolone – a 5α-reduced
progesterone metabolite that is structurally similar to 3α-diol – promotes neurogenesis
and neuronal survival in the hippocampus, while reducing Aβ accumulation, in the 3xTgAD mouse model (Chen et al., 2011). Allopregnanolone and 3α-diol both protect against
peripheral neuropathy (Patte-Mensah et al., 2014; Meyer et al., 2013), while 3α-diol has
been reported to slow age-related cognitive decline in rats (Frye et al., 2010), and
reverse the impairment of mitochondrial function induced by transfection of SH-SY5Y
neuroblastoma cells with human amyloid protein precursor (APP) or mutant (P301L) tau
(Grimm et al., 2016).
Testosterone and DHT inhibit apoptosis in primary hippocampal neurons
(Nguyen et al., 2010) via transient activation of the extracellular signal-regulated
kinases (ERK)-1 and ERK-2 (Nguyen et al., 2005), a property shared by nicotinic
cholinergic agonists (Hu et al., 2015), but not 3α-diol (Pike, 2001). Prolonged ERK
activation, however, may become neurotoxic (Stanciu et al., 2000) via mechanisms
including caspase-3 activation (Zhuang and Schnellmann, 2006). Nicotinic cholinergic
receptors (nAChR) have also been reported to sensitize neurons to Aβ neurotoxicity, via
oxidative free radical formation and derangement of ERK-mediated signaling (Dineley et
al., 2001; Khan et al., 2010; Arora et al., 2015)
Because 5α-reduced neurosteroids have been suggested to be neuroprotective,
we hypothesized that 3α-diol might attenuate the sustained ERK phosphorylation
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induced by neurotoxic substances, including Aβ. The studies reported here tested this
hypothesis in SH-SY5Y human neuroblastoma cells and mouse primary cortical
neurons.

MATERIALS AND METHODS
Chemicals and stock solutions
Stock solutions (0.1mM) of 3a-diol and DHT (Steraloids) were prepared in
charcoal-stripped fetal bovine serum (CS-FBS; Invitrogen) to avoid vehicle effects
(Kalluri and Ticku, 2002; Gurtovenko and Anwar, 2007). Nicotine, acetylcholine and
atropine (Sigma-Aldrich) were dissolved in sterile-filtered deionized water (ddH2O).
Human recombinant epidermal growth factor (EGF; Invitrogen) was dissolved in sterile
phosphate-buffered saline (PBS) at 100μg/mL. Lyophilized amyloid β-peptide 1-42
(Aβ42; Tocris, Cedarlane, Burlington ON) was dissolved in sterile-filtered ddH2O at
0.1mM, vortex-mixed and sonicated for 15min (Khan et al., 2010; Arora et al., 2015).
Stock solutions were stored in small aliquots at -20°C until used. Hydrogen peroxide
(H2O2; JT Baker Chemical Company) was stored at room temperature in 3% solution.
Final working solutions were prepared by dilution into culture media.

Cell culture
SH-SY5Y female human neuroblastoma cells (ATCC CRL2266) were cultured at
37°C and 5% CO2 in Dulbecco’s modified Eagle medium (DMEM; Invitrogen) containing
10% FBS and 1% pen-strep (100 units penicillin + 100μg streptomycin; Invitrogen). For
experiments, cells were lifted with 0.25%/0.53mM trypsin/EDTA solution (1X HBSS,
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1.2mg/mL NaHCO3, 0.46mg/mL EDTA, 2.5mg/mL trypsin, 0.2μL/mL phenol red) and
cultured on 60mm CellBind plates (Corning-Fisher Scientific) at 1.0 x 106 cells per plate,
in medium with 10% CS-FBS until they reached 75% confluence.

Primary cortical neuron cultures
Procedures involving animals were carried out in accordance with the guidelines
established by the Canadian Council on Animal care and pre-approved by the Animal
Care Committee of the University of Guelph. Primary cortical neuron cultures were
prepared from postnatal day 0-2 C57bl/6J mice. Pups were weighed, decapitated and
tail snips were taken for sex determination (Lambert et al., 2000). Brains were dissected
individually in ice-cold Hanks Balanced Salt Solution (HBSS; Invitrogen). Cerebral
cortices were placed in HBSS, processed and plated individually. Samples were
centrifuged (400 x g), and digested using trypsin (Sigma-Aldrich) diluted in HBSS with
DNase I (Roche) and magnesium chloride (MgCl2) for 30 min at 37°C. The reaction was
halted using trypsin inhibitor (Roche) in HBSS. After centrifugation, supernatants were
removed, cells were resuspended in plating media (Neurobasal media with B27 and N2,
1% pen-strep and 1X Glutamax) and passed through 70μm and 40μm cell filters. Cells
were counted using trypan blue in a hemocytometer, then plated onto 6-well plates precoated with poly-D-lysine (Sigma-Aldrich) at a density of 0.5-1 x 106 cells/plate. Half
media changes were performed every 3-4 days. Cultures were treated after 12 days in
vitro.
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Treatment and sample collection
SH-SY5Y cells were treated with 10nM 3a-diol and DHT, separately and
together. For cholinergic signaling experiments, cells were treated with 100μM nicotine
or 1mM acetylcholine with or without a 1h atropine pre-treatment (200nM atropine, to
block muscarinic receptors) for either 5 minutes (min) or 2 hours (h). Effects of
acetylcholine and atropine were examined with and without addition of 10nM 3a-diol.
The ability of 3a-diol to influence rapid EGF-induced ERK phosphorylation was
evaluated by treating cells for 10min with 100ng/mL EGF, with or without 10nM 3a-diol.
Effects of H2O2 were determined in SH-SY5Y cells exposed to a range of H2O2
concentrations (10-500μM) for 10min,1h or 24h. The effects of 100μM H2O2 were
examined in the presence of 1-50nM 3a-diol at 24h. For Aβ42 experiments, SH-SY5Y
cells or primary cortical neuron cultures were treated with 100nM Aβ42 for 24 or 48h,
with or without 10nM 3a-diol.
Cells were collected in lysis buffer (50mM Tris,150mM NaCl,1% Triton X-100, pH
7.5) containing enzyme inhibitors [1mM 4-(2-aminoethyl)benzenesulfonyl fluoride
hydrochloride (AEBSF), 10μM leupeptin, 25μM aprotinin, 10μM pepstatin A, 700
units/mL DNase, 5μM sodium orthovanadate (Na3VO4)], chilled for 15min at 4°C and
centrifuged at 17,530 x g for 15min at 4°C. The pellets were discarded and the lysate
protein concentrations were determined (Bradford, 1976) prior to storage at -20°C in
small aliquots.
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Western blot analysis
Samples (25μg protein/well for SH-SY5Y cells,10μg protein/well for neuron
cultures) were subjected to 10% sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) using a Mini-PROTEAN Tetra cell system (Bio-Rad). The
separated proteins were transferred onto nitrocellulose membranes. Membranes were
blocked in 5% milk with or without 3% bovine serum albumin (BSA; Fisher Scientific) in
tris-buffered saline containing 0.1% Tween-20 (TBS-T) for 1.5h, rinsed with TBS-T, and
incubated overnight at 4°C with primary antibody (see antibody table in Supplementary
Table 2.1). Blots were rinsed with TBS-T, incubated for 1h at room temperature with
horse radish peroxidase (HRP)-conjugated secondary antibody in milk or BSA, rinsed
with TBS-T for 30min, and visualized with Luminata Forte Western HRP Substrate
(Millipore) on a ChemiDoc™ MP imaging system (Bio-Rad).
Densitometry was performed using Image Lab v4.1 software (Bio-Rad).
Phospho-ERK1/2 band densities were compared to the corresponding total ERK1/2
density values, and compared to vehicle controls. Cleaved caspase-3 bands were
compared to pro-caspase-3 to obtain caspase-3 activation ratios.

Cell viability and cytotoxicity assays
Cells were treated for 24 or 48h, trypsinized and resuspended in media. Cell
viability was assessed by combining 20μL of cell suspension with 20μL of 0.4% trypan
blue solution and counting the proportion of blue stained (non-viable) cells in a
hemocytometer. Cytotoxicity was assessed using the Pierce lactate dehydrogenase
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(LDH) Cytotoxicity Assay Kit (Thermo-Fisher) according to the manufacturers
instructions.

Statistical analysis
One-way, two-way, or three-way ANOVAs followed by Tukey-Kramer post-hoc
tests were used to evaluate treatment effects. Data were tested for normality and
homogeneity of variance using Komolgorov-Smirnov and Bartlett’s tests, respectively,
and log(x+1) transformed where heterogeneity of variance was detected. Analyses were
performed using GraphPad Prism version 6.0 (GraphPad Software Inc.). Statistical
significance was defined as p<0.05 (two-tailed). Dose-response curves for the effects of
3a-diol were analyzed by 4 parameter logistic curve fitting (DeLean et al., 1978). For
brevity, statistical data are summarized in the text and reported in full in the respective
figure legends.

RESULTS
Rapid activation of ERK phosphorylation by androgens, acetylcholine and EGF in SHSY5Y cells
SH-SY5Y cells were treated with 3a-diol and DHT, separately and in
combination. Consistent with previous data in primary hippocampal neurons (Nguyen et
al., 2005; Pike et al., 2001), DHT induced a small increase in phosphorylation of ERK
within 10min (ANOVA, steroid effect p=0.0018), an effect not reproduced by 3a-diol
(Figure 2.1 A,B). Co-incubation with an equimolar concentration of 3a-diol inhibited the
response to DHT.
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NAChR activation elicited an increase in ERK phosphorylation within 5min of
exposure to nicotine, or acetylcholine + atropine (Figure 2.1 C,D), returning to baseline
by 2h. Addition of 10nM 3a-diol resulted in slightly lower ERK phosphorylation levels
than those measured following treatment with acetylcholine+atropine alone, but this
effect was not statistically significant (p>0.05; Tukey-Kramer test; Fig 1F).
Because EGF receptor (EGFR) activation contributes to ERK phosphorylation
following oxidative stress (Leon-Buitimea et al., 2012), we asked whether 3a-diol also
inhibits EGF-induced ERK phosphorylation. Preliminary experiments (not shown)
established that the EGF effect was maximal within 10min, returning to baseline within
1h. ERK phosphorylation induced by EGF was significantly inhibited by 10nM 3a-diol
(p<0.0001 Tukey-Kramer test; Figure 2.1 G,H).
Exposure to H2O2 induced a delayed increase in ERK phosphorylation. No
significant effects occurred within 10min. At 1h after 100 or 500μM H2O2, ERK
phosphorylation was markedly reduced compared to baseline (Figure 2.2 A-C).
Increased ERK phosphorylation was observed at 24h in cells exposed to 10 or 100μM
H2O2 (p<0.05; Tukey-Kramer test), while cells incubated with 500μM H2O2 did not
survive to 24h. Increased ERK phosphorylation at 24h in the presence of 100μM H2O2
was dose-dependently inhibited by 3a-diol, with IC50s for both ERK isoforms combined
of approximately 3.6nM (Figure 2.2 D-F).
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3a-diol inhibits Aβ42-induced ERK phosphorylation in SH-SY5Y cells and mouse
cortical neurons
Because Aβ neurotoxicity involves oxidative damage (Dineley et al., 2001; Khan
et al., 2010; Arora et al., 2015), we hypothesized that 3a-diol might also inhibit the ERK
response to Aβ42 exposure. In SH-SY5Y cells, exposure to 100nM Aβ42 for 24 or 48h
markedly increased phosphorylation of ERK, which was prevented by co-treatment with
10nM 3a-diol (p<0.0001; Tukey-Kramer; Figure 2.2 G-J). Results in cultured primary
cortical neurons from male or female mice were similar to those in SH-SY5Y cells. Aβ42
exposure significantly increased ERK phosphorylation at 24h (Figure 2.3 A-C) and 48h
(Figure 2.3 D-F), with significantly greater induction of ERK phosphorylation in neurons
from males, at both time points (Three-way ANOVA p<0.01; see legend to Figure 2.3).
Responses in both sexes were blocked by co-treatment with 10nM 3a-diol (p<0.0001;
Tukey-Kramer).
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Figure 2.1: Rapid ERK phosphorylation induced by DHT, acetylcholine, and EGF are differentially
affected by co-treatment with 3α-diol in SH-SY5Y neuroblastoma cells. Representative western
blots and corresponding densitometric measurements are shown for phosphorylated ERK, total ERK,
and tubulin in SH-SY5Y cells in all panels. 10nM DHT, but not 3α-diol or combined treatment, increased
ERK phosphorylation 10 minutes and 1 hour after treatment (n=5 independent observations/treatment
group) (A,B). [Three-way ANOVA: Treatment F(3,64)=5.58, p=0.0018; Time: F(1,64)= 6.23, p=0.0152;
ERK Isoform: F(1,64)=49.27, p<0.0001. Interaction effects were not significant (p>0.05)]. * represents
p<0.05 compared to both control or 3α-diol treatment at the same time point.
Activation of ERK phosphorylation by 100µM nicotine (Nic) or 1mM acetylcholine (ACh) +/- 100nM
atropine (Atr, to block muscarinic receptors; n=3 independent observations/treatment group) (C,D). At 5
minutes, Ach and Ach+Atr induced significant increases in ERK phosphorylation, which returned to
baseline levels by 2 hours. [Two-way ANOVA for ERK1: Treatment F(3,16)=7.733, p=0.0021; Time Point
F(1,16)=9.843, p=0.0064, Interaction F(3,16)=3.02, p=0.0605). Two-way ANOVA for ERK2: Treatment
F(3,16)=12.37, p=0.0002; Time Point F(1,16)=28.18, p<0.0001, Interaction F(3,16)=4.823, p=0.0141]. *
represents p<0.05 compare to control.
Co-treatment with 10nM 3α-diol did not significantly affect rapid ERK phosphorylation induced by
ACh+Atr (n=3-6 independent observations/treatment group) (E,F). [Two-way ANOVA for ERK1:
Treatment F(2,19)=6.085, p=0.0091; Time Point F(1,19)=17.38, p=0.0005; Interaction F(2,19)=4.435,
p=0.0263). Two-way ANOVA for ERK2: Treatment F(2,19)=1.733, p=0.2036; Time Point F(1,19)=6.53,
p=0.0193; Interaction F(2,19)=2.616, p=0.0992].
EGF induced an approximately 3-fold increase in ERK phosphorylation within 10 minutes (n=4-6
independent observations/treatment group) (G,H). This response was inhibited by co-treatment with
10nM 3α-diol. [Two-way ANOVA: Treatment F(2,26)=317.6, p<0.0001; ERK Isoform F(1,26)=0.0576,
p=0.8122. Interaction F(2,26)=0.0277, p=0.9728]. * and † represent p<0.05 compared to control and
EGF groups, respectively. For all graphs, data represent mean +/- SEM.
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Figure 2.2: 3α-diol inhibits prolonged ERK phosphorylation induced by H2O2 and Aβ42 in SHSY5Y human neuroblastoma cells. Representative western blots and corresponding densitometric
measurements are shown for phosphorylated ERK, total ERK, and tubulin in SH-SY5Y cells in all
panels. H2O2 decreased short- and
intermediate-term (10 minutes, 1 hour) ERK phosphorylation and increased long-term (24 hours) ERK
phosphorylation, in a dose-dependent manner (n=3-4 independent observations/treatment group) (A-C).
[Three-way ANOVA (data for 500µM H2O2 not included, because cells died within 24 hours at this
concentration): Time Point F(3,28)=28.13, p<0.0001; H2O2 dose F=(1,28)=1.479, p=0.234; ERK Isoform
F(1,28)=0.255, p=0.618; Time x H2O2 dose
Interaction F(3,28)=6.718, p=0.0015. Other interactions not significant (p>0.05)]. * represents p<0.05
compared to the control group.
3α-diol prevented the increase in ERK phosphorylation induced by 100µM H2O2 in a dose-dependent
manner, with maximal protection at 10nM 3α-diol (n=4-8 independent observations/treatment group) (DF). Data analyzed by four-parameter logistic curve fitting (DeLean et al., 1978); dotted lines indicate the
95% confidence limits of the regressions. * represents p<0.05 compared to the H2O2 group.
Treatment of SH-SY5Y cells with 100nM Aβ42 for 24 (G,I) or 48 (H,J) hours induced an increase in ERK
phosphorylation, which was prevented by co-treatment with 10nM 3α-diol (n=6-8 independent
observations/treatment group). [One-way ANOVA: 24-hour ERK1 F(2,17)=14.23, p=0.0002; ERK2
F(2,17)=17.72, p<0.0001. One-way ANOVA: 48-hour ERK1 F(2,16)=9.131, p=0.0023; ERK2
F(2,16)=12.02, p=0.0007]. * and † represent p<0.05 compared to control and Aβ42 groups, respectively.
For all graphs, data represent mean +/- SEM.
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Figure 2.3: 3α-diol inhibits prolonged ERK phosphorylation induced by Aβ42 in male and female
primary cortical neurons. Representative western blots and corresponding densitometric
measurements are shown for phosphorylated ERK, total ERK, and tubulin in primary cortical neuron
cultures obtained from P0–2 male or female mice in all panels (n=8-9 independent observations/
treatment group). Treatment with 100nM Aβ42 for 24 (A–C) or 48 hours (D–F) induced an increase in
ERK phosphorylation, which was prevented by co-treatment with 10nM 3α-diol. [Three-way ANOVA, 24
hours: Treatment F(2,84)=66.03, p<0.0001; Sex F(1,84)=7.053, p=0.0095; ERK Isoform
F(1,84)=0.0045, p=0.9467. Three-way ANOVA, 48 hours; Treatment F(2,96)=59.03, p<0.0001; Sex
F(1,96)=8.529, p=0.0044; ERK Isoform F(1,96)=2.18, p=0.1430]. * and † represent p<0.05 compared to
control and Aβ42 groups, respectively. For all graphs, data represent mean +/- SEM.
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3a-diol increases cell viability, reduces cytotoxicity, and prevents caspase-3 activation
in response to H2O2 and Aβ42 in primary cortical neurons and SH-SY5Y cells
Finally, we asked whether 3a-diol was neuroprotective. Cellular viability was
assessed in SH-SY5Y cells qualitatively via light microscopy (Figure 2.4 A-C) and
quantitatively using the trypan blue exclusion assay (Figure 2.4 D). Treatment of SHSY5Y cells with 100μM H2O2 for 24h or with Aβ42 for 48h reduced cellular viability to
42% and 71%, respectively, while co-treatment with 3a-diol attenuated this effect,
restoring viability to 67% and 84%, respectively (Figure 2.4 D).
Treatment of SH-SY5Y cells with 100μM H2O2 for 24h increased lactate
dehydrogenase (LDH) release into the media (a marker of cellular damage)
approximately 2.5-fold. This effect was inhibited by 3a-diol in a dose-dependent manner
(ANOVA p<0.0001; Figure 2.4 E). Maximum protection was reached at a final
concentration of 10nM 3a-diol.
Caspase-3 is a critical factor in the pathway leading to neuronal apoptosis
(Snigdha et al., 2012). Caspase-3 activation was evaluated as the ratio of the 17kDa
cleaved caspase-3 fragment over pro-caspase-3. This ratio was significantly increased
by 48h exposure to Aβ42 in SH-SY5Y cells (Figure 2.4 F-G), and both male and female
primary neuron cultures (Figure 2.4 H,I). Activation of caspase-3 by Aβ42 was almost
completely prevented by co-treatment with 10nM 3⍺-diol (Tukey-Kramer p<0.01; Figure
2.4 I).
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Figure 2.4: 3α-diol increases cell viability, reduces cytotoxicity, and prevents caspase-3
activation induced by H2O2 and Aβ42 in SH-SY5Y cells and primary cortical neurons. Brightfield
micrographs of SH-SY5Y cells are shown, with evidence of damage 24 hours after treatment with H2O2,
including cell clumping and loss of membrane integrity, which was less apparent in the presence of
10nM 3α-diol. Scale bar=50µm (A-C).
Treatment of SH-SY5Y cells with H2O2 for 24 hours or Aβ42 for 48 hours reduced cell viability as
evaluated by trypan blue exclusion assay, and co-treatment with 3α-diol largely prevented this loss of
viability (n=3-4 independent observations/treatment group) (D). [One-way ANOVA; F(5,18)=14.8,
p<0.0001]. *, #, º, and ^ represent p<0.05 compared to the control, H2O2, H2O2 + 3α-diol, and Aβ42
groups, respectively.
Treatment of SH-SY5Y cells with H2O2 for 24 hours increased LDH release, and this was prevented in a
dose-dependent manner by 3α-diol (n=4 independent observations/treatment group) (E). [One-way
ANOVA; F(5,18)=14.8, p<0.0001]. * and # represent p<0.05 compared to the control and H2O2 groups,
respectively.
Representative western blots of caspase-3 (top panel), cleaved caspase-3 (middle panel), and the
housekeeping protein tubulin (bottom panel) are shown for SH-SY5Y cells (F, G; n=3 independent
observations/treatment group) and primary cortical neuron cultures (H, I; n=7-8 independent
observations/treatment group) treated with 100nM Aβ42 +/- 10nM 3α-diol for 48 hours. [One-way
ANOVA, SHSY5Y cells: F(2,6)=22.54, p=0.0016. Two-way ANOVA, primary neurons: Treatment
F(2,39)=16.05, p<0.0001; Sex F(1,39)=1.141, p=0.292; Interaction F(2,39) =0.445, p=0.6439]. * and †
represent p<0.05 compared to the control and Aβ42 groups, respectively. For all graphs, data represent
mean +/- SEM.
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DISCUSSION
These observations indicate that 3α-diol inhibits ERK activation and neurotoxicity
induced by exposure to H2O2 or Aβ42. The mechanisms underlying this effect remain
unclear, but are probably distinct from those of testosterone itself. Testosterone and
DHT, but not 3α-diol, inhibit apoptosis in hippocampal neurons via transient activation of
ERK phosphorylation, leading to phosphorylation-dependent inactivation of the Bcl-2associated death protein (Nguyen et al., 2005). We, likewise, observed no significant
effects of 3α-diol alone on ERK phosphorylation, although it did suppress the response
to DHT in SH-SY5Y cells. While rapid effects of nAChR activation were not significantly
impaired, the increases in ERK phosphorylation after EGF, H2O2 or Aβ42 exposure
were all profoundly inhibited by 10nM 3α-diol. Since sustained ERK phosphorylation
contributes to cellular stress responses (McCubrey et al., 2007; Arai et al., 2004) and
can lead to a number of potentially adverse cellular effects, including mitochondrial
cytochrome c release, caspase-3 activation (Zhuang and Schnellmann, 2006) and
abnormal tau phosphorylation (Qi et al., 2016), the neuroprotective effects observed
with 3α-diol may involve inhibition of ERK activation (Stanciu et al., 2000).
Although 3α-diol can potentiate GABAAR-mediated effects, whether GABA is
involved in 3α-diol mediated neuroprotection remains to be determined. The IC50 for
inhibition of ERK phosphorylation by 3α-diol in SH-SY5Y cells was approximately
3.6nM, within the range of circulating 3α-diol levels in men (Reddy and Jian, 2010). By
contrast, potentiation of GABA action in hippocampal neurons requires 3α-diol
concentrations in the µM range (Reddy and Jian, 2010). However, since effects of
neurosteroids on GABAAR activity are highly dependent on both GABA levels and the
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subunit composition of the receptor (Hartiadi et al., 2016; Gee et al., 1987), GABA
involvement cannot be ruled out on the basis of IC50 alone. Further work examining the
effects of varying GABA concentrations and selective expression of GABAAR subunits
(Hartiadi et al., 2016) on the effects of 3α-diol will be necessary to resolve this question.
Previous work has suggested that neonatal testosterone may program
susceptibility to amyloid pathology in the 3xTg-AD mouse model (Carroll et al., 2010).
The effects of 3α-diol were therefore tested separately in cortical neurons from male
and female mice. Induction of ERK phosphorylation by Aβ42 was significantly greater in
cultures prepared from males, which may reflect effects initiated by the surge in
testosterone occurring in males immediately after birth (Motelica-Heino et al., 1988).
Despite this difference, 10nM 3α-diol almost completely suppressed Aβ42-induced ERK
phosphorylation in both sexes.
An important caveat in the interpretation of these results is that they are derived
entirely from in vitro tissue culture experiments with dispersed primary neurons and
neuroblastoma cells, so they cannot necessarily be extrapolated to the situation in the
adult brain. If, however, similar mechanisms are present in vivo, this may help to explain
some apparent disparities in the literature with respect to the neuroprotective effects of
3α-diol, compared to testosterone (Pike, 2001; Patte-Mensah et al., 2014; Meyer et al.,
2013; Frye et al., 2010; Grimm et al., 2016). Under normal physiological conditions,
androgen receptor-dependent responses (Hammond et al., 2001; Nguyen et al., 2005;
Nguyen et al., 2010) may predominate. Under conditions of chronic neurotoxicity,
however, local formation of 3α-diol may become more important, reducing the potential
adverse effects of sustained ERK phosphorylation. Such mechanisms could underly the
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reported associations between reduced serum androgen levels and AD onset
(Hogervorst et al., 2004; Holland et al., 2011), as well as the inverse correlation
between neurosteroid levels and Aβ accumulation (Schumacher et al., 2003).
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CHAPTER 3
NEUROSTEROID METABOLITES OF TESTOSTERONE AND PROGESTERONE
DIFFERENTIALLY INHIBIT ERK PHOSPHORYLATION INDUCED BY AMYLOID b IN
SH-SY5Y CELLS AND PRIMARY CORTICAL NEURONS

Based on the publication:
Mendell, A.L., Chung, B.Y.T., Creighton, C.E., Kalisch, B.E., Bailey, C.D.C., MacLusky,
N.J. (2018) Neurosteroid metabolites of testosterone and progesterone differentially
inhibit ERK phosphorylation induced by amyloid b in SH-SY5Y cells and primary cortical
neurons. Brain Research 1686:83-93. doi: 10.1016/j.brainres.2018.02.023
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ABSTRACT
Gonadal steroid hormones exert neurotrophic and neuroprotective effects on the
brain. Recent work suggests potential neuroprotective roles for the 3α-hydroxy, 5αreduced metabolites of these hormones. Two such metabolites are 5α-androstane3α,17β-diol (3α-diol) and 5α-pregnan-3α-ol-20-one (allopregnanolone; Allo), which may
contribute to the overall protection conferred by their precursors (testosterone and
progesterone, respectively) through mechanisms including potentiation of gammaaminobutyric acid (GABA)A receptor (GABAAR) activity. We previously demonstrated
that physiological concentrations of 3α-diol inhibit prolonged phosphorylation of
extracellular signal-regulated kinase (ERK) and the associated neurotoxicity resulting
from amyloid β peptide 1-42 (Aβ42) exposure in vitro. In the present study, we sought to
characterize the GABAAR-dependency of 3α-diol’s effects, compared to those of Allo, in
SH-SY5Y human female neuroblastoma cells and primary cortical neurons isolated from
postnatal day 0-1 mice. Both 3α-diol and Allo prevented Aβ42-mediated ERK
phosphorylation in SH-SY5Y cells, with substantially different concentration
requirements (10nM for 3α-diol, 100nM for Allo). Pharmacological inhibition of GABAAR
with picrotoxin did not prevent this effect, indicating that neurosteroid-mediated ERK
inhibition in SH-SY5Y cells may be GABAAR-independent. While 10nM and 100nM
concentrations of both neurosteroids inhibited ERK phosphorylation induced by Aβ42 in
primary cortical neurons, which have high expression levels of GABAARs, only the
effects of Allo were significantly inhibited by picrotoxin. These results suggest that
neurosteroid metabolites of testosterone and progesterone may contribute to
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neuroprotection by suppressing ERK phosphorylation in neurotoxic situations through
both GABAAR-dependent and -independent mechanisms.
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INTRODUCTION
The primary gonadal steroid hormones (testosterone, estradiol, and
progesterone) exert neuroprotective effects, in vivo and in vitro (Grimm et al., 2016;
Guennoun et al., 2015; Hammond et al., 2001; Nguyen et al., 2005; Nilsen & Brinton,
2002; Pike, 2001). Decreasing levels of these hormones in aging humans are
associated with an increased risk for development of Alzheimer’s disease (AD) and
other age-related neurodegenerative disorders (Hogervorst et al., 2004; Hsu et al.,
2015; Morrison et al., 2006; Sherwin, 2005, 2012; Yeap et al., 2008). Neurosteroid
metabolites of testosterone and progesterone that are synthesized in the central
nervous system (CNS) can act through different mechanisms from their parent
hormones, including direct modulation of neurotransmitter receptor activity. A group of
3α-hydroxy, 5α-reduced neurosteroid metabolites, including 5α-androstane-3α,17β-diol
(3α-diol) and 5α-pregnan-3α-ol-20-one (allopregnanolone; Allo) – structurally similar
metabolites of testosterone and progesterone, respectively – are positive allosteric
modulators of gamma-aminobutyric acid (GABA) activity at the GABAA receptor
(GABAAR) (Bitran et al., 1991; Carver & Reddy, 2013; Reddy et al., 2004; Reddy, 2008;
Reddy & Jian, 2010). These GABA-active steroid metabolites are synthesized in
astrocytes and some neurons, through enzymatic reduction mediated sequentially by
5α-reductase and 3α-hydroxysteroid dehydrogenase (3α-HSD) (Martini & Melcangi,
1991; Melcangi et al., 1990; Reddy & Jian, 2010).
Allo has been reported to provide protection against the effects of toxins (Djebaili
et al., 2004; Kelley et al., 2008; Sayeed et al., 2006), enhance the generation and
survival of newborn neurons (Chen et al., 2011; Karout et al., 2016; Wang et al., 2010),
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and reduce amyloid β (Aβ) plaque load in the triple transgenic mouse model of AD
(Chen et al., 2011). In comparison, the effects of 3α-diol are relatively less wellcharacterized. Allo and 3α-diol have both been shown to improve mitochondrial
bioenergetics in cultured neurons and neuroblastoma cells (Grimm et al., 2016; Grimm.,
2014; Lejri et al., 2017), and reduce the severity of peripheral neuropathy in rats
(Calabrese et al., 2014; Leonelli et al., 2007; Meyer et al., 2013; Meyer et al., 2008). In
addition, both Allo and 3α-diol have anxiolytic and anti-epileptic properties, activities
mediated at least in part via potentiation of GABAAR activity (Carver & Reddy, 2013;
Reddy, 2008; Reddy & Jian, 2010).
One mechanism by which gonadal steroid hormones are neuroprotective is
through the activation of kinase signaling pathways, including the extracellular signalregulated kinase (ERK) pathway (Nguyen et al., 2005; Nilsen & Brinton, 2002; Pike et
al., 2008; Singer et al.,1999; Zhao & Brinton, 2007). Binding of gonadal steroid
hormones to their receptors initiates the Ras/Raf/MEK/ERK signaling cascade, leading
to downstream transcription of pro-survival factors, and inhibition of pro-apoptotic
factors (Nguyen et al., 2005; Zhao & Brinton, 2007). While transient activation of this
pathway is associated with increased cell survival, prolonged phosphorylation of ERK is
associated with neurotoxicity and can contribute to cell death via modulation of p53, Bax
expression, cytochrome c release, and caspase-3 dependent apoptotic mechanisms
(He & Aizenman, 2011; Lu & Xu, 2006; Stanciu et al., 2000; Young et al., 2006; Zhuang
& Schnellmann, 2006). Prolonged ERK phosphorylation may be particularly important
for Aβ42-mediated toxicity (Harris et al., 2004; Yin et al., 2011; Young et al., 2006),
through mechanisms including activation of nicotinic acetylcholine receptors (nAChR)
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and induction of oxidative stress (Arora et al., 2015; Dineley et al., 2001; Khan et al.,
2010). Recently, we reported that prolonged ERK phosphorylation induced by Aβ42
treatment of primary cerebral cortical neurons and SH-SY5Y human female
neuroblastoma cells is inhibited by physiological concentrations of 3α-diol, an effect
associated with a reduction in the extent of Aβ42-induced cell death (Mendell et al.,
2016). The mechanisms by which 3α-diol produces this effect remained unclear. To
understand the protective effects of neurosteroids, it is important to determine the
mechanisms by which neurosteroids positively impact various aspects of cellular
signaling and cell survival.
The present study was performed to characterize the role of the GABAAR in 3αdiol mediated inhibition of Aβ42-induced ERK phosphorylation and cellular toxicity, and
to determine whether the structurally analogous neurosteroid Allo elicits similar
responses.

MATERIALS AND METHODS
Cell Culture
SH-SY5Y human female neuroblastoma cells (ATCC CRL-2266) were cultured
as previously described (Mendell et al., 2016). Briefly, cells were cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM; Invitrogen, Life Technologies, Burlington, Ontario,
Canada) with10% fetal bovine serum (FBS; Invitrogen) and 1% penicillin-streptomycin
(100 units penicillin + 100μg streptomycin; Invitrogen), and maintained in an incubator
at 37°C and 5% CO2. Cells were grown to 70-80% confluence, and passaged 2-3 times
per week. To prepare plates for experiments, adherent cells were lifted using a 0.25%
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Trypsin/0.53mM EDTA solution and cultured at 5.0 X 105 cells/plate on 6-well Corning
CellBIND plates (Fisher Scientific, Ottawa, Ontario, Canada) in media with 10%
charcoal-stripped FBS (CS-FBS, Invitrogen), to remove endogenous steroid hormones
from the serum. Cells were grown to 50-60% confluence prior to treatment.
IMR-32 human male neuroblastoma cells (ATCC CCL-127; used as a positive
control for electrophysiology experiments testing GABA-responsiveness of
neuroblastoma cells) were maintained under identical conditions, but were cultured in
Minimum Essential Media (MEM; Invitrogen) with 2mM L-glutamine, 10% FBS, 1mM
sodium pyruvate, and 1% penicillin-streptomycin (100 units penicillin + 100μg
streptomycin; all Invitrogen).

Primary cortical neuron cultures
Primary cortical neuron cultures were prepared from postnatal day 0-1 C57bl/6J
mouse pups, using a modified protocol from Mendell et al. (2016). Procedures involving
the use of these animals were in accordance with the Canadian Council on Animal Care
and pre-approved by the University of Guelph Animal Care Committee. Briefly, pups
were euthanized by decapitation, and heads were placed in ice-cold 1X Hank’s
Balanced Salt Solution (HBSS; Invitrogen). Brains were dissected out of the skull in icecold HBSS in a glass petri dish, meninges were carefully removed under a dissection
microscope, and cerebral cortices were isolated and processed. Following
centrifugation at 400 x g, cortices were digested using 2.5g/L trypsin (Sigma-Aldrich,
Oakville, Ontario, Canada) diluted 20X in HBSS for 25-30 minutes at 37°C while
rotating, checking every 5 minutes to ensure that the tissue was not settling on the
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bottom of the tubes. A solution of trypsin inhibitor (0.5mg/mL; Roche, Sigma-Aldrich) in
HBSS with DNase I (0.65mg/mL; Sigma-Aldrich) and magnesium chloride (2mM) was
added to stop the digestion. Samples were centrifuged (400 x g at room temperature),
the supernatant was aspirated and the resulting pellet was resuspended in primary
neuron media composed of Neurobasal media with B27 and N2 supplements (both 1X
concentration), 1% pen-strep, and 1X Glutamax (all Invitrogen). Cells were plated at a
density of 5.0 X 105 cells/plate onto 6-well CellBIND culture plates that were coated with
0.1mg/mL poly-D-lysine (Sigma-Aldrich). An 80% media change was performed the day
after plating, and half-media changes were performed every 3-4 days throughout the
period of culture. Some cells were maintained for up to 27 days and analyzed to
determine whether expression of mRNAs for different GABAAR subunits was
maintained in culture. Steroid treatment of cultures for evaluation of ERK
phosphorylation was carried out on day in vitro (DIV) 9-11. For GABAAR subunit mRNA
expression studies, P0 cortices were dissected out of the brains, placed in sterile cryo
vials and flash-frozen in liquid nitrogen. Cortical tissue samples and harvested cells
were stored at -80°C until the time of RNA isolation.

Treatment of cultures
For all treatments, the respective solutions were added directly to the culture
media. In some cases, stock solutions were further diluted in appropriate plating media
prior to addition to the cultures.
To determine the effects of GABA on ERK phosphorylation in SH-SY5Y cells,
cultures were treated with 0.01, 0.1, or 1mM of GABA (Tocris Bioscience, Cedar Lane,
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Burlington, Ontario, Canada) for 10 minutes, 1 hour, or 24 hours. To determine if
neurosteroids could potentiate the effect of GABA on ERK phosphorylation in SH-SY5Y
cells, cultures were treated with 1mM GABA for 24 hours with or without 10nM or
100nM 3α-diol (Steraloids Inc, Newport, RI, USA) or Allo (Tocris) co-treatments.
To determine the effects of Allo on H2O2-induced ERK phosphorylation in SHSY5Y cells, cultures were treated with 100μM H2O2 for 24 hours with or without 5nM,
10nM, 50nM, or 100nM Allo co-treatments.
For experiments investigating the effects of 3α-diol or Allo on Aβ42-induced ERK
phosphorylation, SH-SY5Y cells or primary cortical neuron cultures were treated with
100nM Aβ42 for 48 hours, with or without 10nM or 100nM 3α-diol (10nM for SH-SY5Y
cells, both concentrations for primary cortical neurons) or 10nM or 100nM Allo (100nM
for SH-SY5Y cells, both concentrations for primary cortical neurons). Some treatment
groups included a one hour pre-treatment with 50μM picrotoxin (non-competitive
GABAAR antagonist) prior to the addition of Aβ42 and the respective neurosteroid.

Chemicals and stock solutions
A stock solution of GABA was made by dissolution in sterile-filtered ultra-pure
water (uH2O) to a concentration of 300mM. Picrotoxin was dissolved in sterile
phosphate-buffered saline (PBS) at a concentration of 5mM. Lyophilized Aβ42 (Tocris)
was dissolved in sterile-filtered double deionized H2O at 0.1mM, vortex-mixed and
sonicated on ice for 15 minutes to form soluble oligomeric Aβ42 (Arora et al., 2015;
Khan et al., 2010). Stock solutions of 3α-diol and Allo were made in CS-FBS at low
concentrations (0.1mM), with alternating periods of warming in a water bath and
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aggressive vortex mixing. All stock solutions were stored in small aliquots at -20°C until
time of use, and did not undergo more than one freeze-thaw cycle. H2O2 (J.T. Baker,
Fisher Scientific) was stored at room temperature in 3% solution. Final working
solutions (100μM) were prepared by dilution into culture media.

Electrophysiology
For electrophysiology experiments, SH-SY5Y or IMR-32 neuroblastoma cells
were cultured at 2.5 x 104 cells/coverslip onto 12mm round glass coverslips (Mandel
Scientific, Guelph, Ontario, Canada) coated with 0.1mg/mL poly-D-lysine (SigmaAldrich) until 60-70% confluent. Coverslips containing cells were secured using an
anchor harp within a modified recording chamber (Warner Instruments, Hamden, CT,
USA) mounted on an Axioscope FS2 upright microscope (Carl Zeiss Canada, Toronto,
ON, Canada), and superfused with oxygenated artificial cerebrospinal fluid (aCSF;
128mM NaCl, 10mM D-glucose, 26mM NaHCO3, 2mM CaCl2, 2mM MgSO4, 3mM KCl,
1.25mM NaH2PO4, pH 7.4) at a steady rate of 1.5-2mL/min. Whole-cell recordings of
neuroblastoma cells were performed at room temperature using borosilicate glass
pipette electrodes (resistance of 2–5 MΩ) filled with internal high chloride solution
(50mM K-gluconate, 75mM KCl, 2mM MgCl2, 4mM K2-ATP, 400μM Na2-GTP, 10mM
Na2-phosphocreatine, and 10mM HEPES buffer, adjusted to pH 7.3 with KOH).
Individual cells were randomly selected and visualized using infrared differential
contrast microscopy. Recordings were performed using a Multiclamp 700B amplifier.
Signals were acquired at 20kHz and lowpass filtered at 2kHz with a Digidata 1440A
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system (Molecular Devices, Sunnydale, CA, USA). Recordings were analyzed post-hoc
using Clampfit 10.3 software (Molecular Devices).
To determine if SH-SY5Y cells exhibited GABA-stimulated changes in inward
currents, a solution of 1mM GABA in oxygenated aCSF was added to the superfusion
bath for 30 seconds after a 30-second baseline recording period, followed by a 5-minute
washout period. Inward current responses were measured in voltage clamp mode with
cells held at -75mV by subtracting the mean holding current at the peak of the GABA
response from the mean holding current at 45 seconds into recording, which is a time
period immediately prior to GABA entering the recording chamber. Baseline
measurements were determined by subtracting the holding current at 45 seconds into
recording from that at 15 seconds into the recording, to obtain a quantitative baseline
measure that allowed for statistical comparison between baseline and GABA
treatments. The same protocol was performed with IMR-32 human male neuroblastoma
cells, as a positive control for measuring GABA-induced changes in neuroblastoma cells
using this method.

RNA isolation
Total RNA was isolated from cells and mouse cortical tissue using the miRNeasy
Mini Kit (Qiagen) following the manufacturers protocol including the optional on-column
DNase digestion (RNase-free DNase –Qiagen). RNA was eluted in provided RNasefree water. RNA sample quantity and quality was assessed using a NanoDrop
spectrophotometer (Thermo Fisher Scientific, Burlington, Ontario, Canada). Samples
were stored at -80ºC until reverse transcription.
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Reverse transcription and polymerase chain reaction amplification
Total RNA was reverse transcribed using the qScript cDNA Supermix (Quanta
Biosciences), following the manufacturer’s protocol. Samples were diluted to 10ng/μL in
10mM Tris, 0.1mM EDTA (TE) buffer. Conventional PCR was carried out to assess the
expression of 5 GABAAR subunits: α1, α4, β3, γ2, and δ (primers listed in
Supplementary Table 3.1). In brief, 25μL reactions were run containing 0.2mM of each
dNTP, 0.2μM of each primer, 1.25 Units AmpliTaq Gold® DNA polymerase
(ThermoFisher Scientific), and 5μL of cDNA template. Reactions were run on a Bio Rad
MyCycler™ thermal cycler (Bio Rad) under the following conditions: 95°C for 5 minutes
followed by 35 cycles of 95°C for 30 seconds, 55°C for 1 minute, and 72°C for 1 minute.
A final extension of 5 minutes at 72°C completed the reaction.
Aliquots of each PCR product were loaded on a 2% agarose gel containing
ethidium bromide. Gels were run in 1x TAE buffer (40mM Tris, 20mM acetic acid, and
1mM EDTA) at 100 V for 45 minutes to one hour. Gels were visualized with UV
transillumination to determine the presence or absence of bands.

Protein isolation and western blotting
Cells were harvested as previously described (Mendell et al., 2016). Briefly, after
the treatment period, media was aspirated and 1X ice-cold PBS was added to wash the
cultures. Following aspiration, cells were collected in Triton-X protein lysis buffer (50mM
Tris,150mM NaCl,1% Triton X-100, pH 7.5) with added enzyme inhibitors (1mM AEBSF,
10μM leupeptin, 25μM aprotinin, 10μM pepstatin A, 700 units/mL DNase, and 5μM
Na3VO4). Samples were rocked on ice for 15 minutes, and centrifuged at 17,530xg for
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15 minutes at 4°C. Supernatants were transferred to a fresh tube, and protein
concentrations were determined using a Bradford assay (Bradford, 1976). Lysates were
stored in single-use aliquots at -20°C until time of analysis.
Western blotting was performed as previously described (Mendell et al., 2016).
Briefly, samples (25μg protein/well for SH-SY5Y cell lysates, 5μg protein/well for
primary cortical neuron lysates) were loaded onto 10 % sodium dodecyl sulfate (SDS)
polyacrylamide gels for electrophoresis using a Mini-PROTEAN Tetra cell system (BioRad, Mississauga, Ontario, Canada). Proteins were transferred onto nitrocellulose
membrane (Bio-Rad) using a Trans-Blot SD Turbo transfer apparatus (Bio-Rad) for 30
minutes at 25V. Membranes were rinsed in tris-buffered saline (TBS) with 0.1% Tween20 (TBS-T) and placed in blocking solution [5% non-fat milk with or without 3% bovine
serum albumin (BSA; Fisher Scientific) in TBS-T] for 1.5 hours. Membranes were rinsed
twice in TBS-T and incubated overnight at 4°C in a primary antibody specific for
phospho-ERK1/2 (1:1000; Cell Signaling Technologies, New England Biolabs, Whitby,
Ontario, Canada), ERK1/2 (1:1000; Cell Signaling), or alpha-tubulin (1:500,000; SigmaAldrich). Blots were rinsed twice in TBS-T, incubated at room temperature for 1 hour
with horseradish peroxidase (HRP)-conjugated goat anti-mouse or goat anti-rabbit IgG
(1:2500; Cell Signaling) in milk or BSA, and then rinsed in TBS-T for 30 minutes. Bands
were visualized using Luminata Forte Western HRP substrate (Millipore Canada Ltd,
Etobicoke, Ontario) on a ChemiDoc MP imaging system (Bio-Rad). Densitometric
values were obtained using Image Lab v4.1 software (Bio-Rad), to perform quantitative
analysis.
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Cell viability assay
Trypan blue exclusion assays of cell viability were performed as previously
described (Mendell et al., 2016). Briefly, SH-SY5Y cells were plated in 12-well cell
culture plates (TPP, Sigma-Aldrich) at a density of 1.0 X 105 cells/plate. Cells were
treated with 100nM Aβ42 for 48 hours, with or without 10nM 3α-diol or 100nM Allo and
one hour pre-treatment of 50μM picrotoxin. Cells were resuspended, and cell viability
was assessed by combining equal volumes of cell suspension and 0.4% trypan blue
solution. The proportion of non-viable cells compared to total cells was counted in a
hemocytometer and calculated in duplicate for each sample.

Statistical analysis
Two-way parametric ANOVAs and Tukey-Kramer post-hoc tests were performed
for all western blot experiments, except for the characterization of the GABA doseresponse and time course in SH-SY5Y cells, for which a three-way ANOVA was
performed using Statview statistical software (SAS Institute, Cary, NC, USA). Data were
tested for normality and homogeneity of variance using Komolgorov-Smirnov (or
Shapiro-Wilk for n<6) normality tests and Bartlett’s (or Brown-Forsythe for n<4) tests,
respectively. For electrophysiology data, nonparametric Wilcoxon matched-pairs signed
rank tests were performed. GraphPad Prism version 7.0 for Mac (GraphPad Software
Inc., La Jolla, California, USA) was used for all analyses, except for the three-way
ANOVA specified above. Statistical significance was set to p<0.05 (two-tailed).
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RESULTS
Characterization of functional GABA responsiveness and impact of GABA on ERK
phosphorylation in SH-SY5Y human neuroblastoma cells
Previous work has yielded conflicting data on the ability of SH-SY5Y human
neuroblastoma cells to respond to GABA (Andersson et al., 2015; Grimm et al., 2014;
Hackett et al., 2014; Korecka et al., 2013; Lee et al., 2011). Therefore, we first sought to
characterize the GABA responsiveness of these cells. In whole-cell voltage-clamp
experiments using SH-SY5Y cells cultured on glass coverslips, 1mM GABA application
resulted in a small (mean +/- SEM = 4.521 +/- 0.853 pA) but statistically significant
change in inward current (Wilcoxon matched pairs signed rank test - p<0.0001; Figure
3.1 A and B). These responses were variable and inconsistent, with some cells
exhibiting a transient shift in inward current following GABA addition, while others did
not (Figure 3.1 A). As a positive experimental control, we also recorded from IMR-32
human male neuroblastoma cells using the same culture and recording techniques.
IMR-32 cells have been demonstrated by several groups to express functional GABAAR
(Hackett et al., 2014; Meulenberg & Vijverberg, 2003; Noble et al., 1993; Sapp & Yeh,
2000). In IMR-32 cells, treatment with 1mM GABA produced a large increase in inward
current (Wilcoxon matched-pairs signed rank test - p<0.0001; Figure 3.1 C and D).
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Figure 3.1: Functional responsiveness of SH-SY5Y cells to GABA exposure.
Representative tracings of whole-cell recordings from SH-SY5Y cells treated with 1mM GABA
are shown, demonstrating small changes in inward current in response to GABA (A).
Representative tracings of whole-cell recordings from IMR-32 cells treated with 1mM GABA
are shown as a positive control, demonstrating substantial GABA-induced changes in inward
current (C). Quantitative analysis of the whole-cell recording data is shown compared to
baseline for SH-SY5Y cells (B) and IMR-32 cells (D). Solid black bars above the tracings
indicate the period of response to GABA (30 second wash-in). Means +/- SEM (n=21/condition
for SH-SY5Y cells, n=16/condition for IMR-32 cells) are shown on each panel as horizontal
lines with error bars. Individual data points are shown in each panel organized horizontally by
day of recording. * represents p<0.05 compared to baseline.

82

To determine whether the weak electrophysiological responses to GABA in SHSY5Y cells were accompanied by effects on ERK phosphorylation, cultures were
exposed to 0.01, 0.1, or 1mM GABA for different periods of time up to 24 hours, before
measurement of ERK phosphorylation. Significant overall effects were detected using a
three-way ANOVA for GABA concentration [F(3,72)=3.246, p=0.0268], ERK isoform
[F(1,72)=5.711, p=0.0195], and time point [F(2,72)=11.337, p<0.0001]. A significant
interaction effect was also observed for GABA concentration x time point
[F(6,72)=2.297, p=0.0438]. No significant differences were found between individual
treatment groups, although there was a trend towards reduced ERK phosphorylation for
the 1mM GABA treatment at 24 hours, vs. control (Tukey-Kramer - p=0.0732; Figure 3.2
A and B). In addition, 24 hour co-treatment with 1mM GABA and 10nM or 100nM of 3⍺diol or Allo (positive allosteric modulators of GABA activity at the GABAAR) did not
produce any significant effects on ERK phosphorylation [Two-way ANOVA
(Treatment*ERK Isoform): Treatment F(5,44)=1.983, p=0.1000; ERK Isoform
F(1,44)=0.5369, p=0.4676; Interaction F(5,44)=0.04784, p=9985; Figure 3.2 C and D].
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Figure 3.2: Time course and dose-response of GABA treatment and neurosteroid cotreatments on ERK phosphorylation in SH-SY5Y cells. Representative western blots of
phosphorylated ERK (top panel), total ERK (middle panel), and the housekeeping protein
tubulin (bottom panel) are shown for 10 minute, 1 hour, and 24 hour treatments with 10, 100,
and 1000µM of GABA in SH-SY5Y cells (A). Quantitative densitometric analysis is displayed
below (B). Representative western blots are shown for 24 hour co-treatments of 1mM GABA
+/- 10nM or 100nM 3α-diol or Allo (C). Quantitative densitometric analysis is displayed below
(D). Data represent mean +/- SEM (n=4-6 independent observations/treatment group),
presented as a fold change compared the control group.
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Allopregnanolone dose-dependently reduces ERK phosphorylation induced by
hydrogen peroxide in SH-SY5Y human neuroblastoma cells
We previously reported that treatment of SH-SY5Y cells with H2O2 for 24 hours
induced ERK phosphorylation, and this was inhibited in a dose-dependent manner by
3⍺-diol (Mendell et al., 2016). To determine whether Allo might have similar effects, SHSY5Y cells were treated with 5, 10, 50, or 100nM Allo in combination with 100μM H2O2
for 24 hours. A significant overall treatment effect was observed in the absence of
differences between ERK isoforms or interaction between the two factors [Two-way
ANOVA (Treatment*ERK Isoform): Treatment F(5,46)=4.498, p=0.0020; ERK Isoform
F(1,46)=0.4565, p=0.5027; Interaction F(5,46)=1.159, p=0.07904] (Supplementary
Figure 3.1 A and B). As previously reported, 24-hour treatment with H2O2 increased
ERK phosphorylation compared to the control group (Tukey-Kramer - p=0.0294). This
effect was inhibited only by 100nM Allo - the highest concentration tested (TukeyKramer - p=0.0027; Supplementary Figure 3.1 A and B). Lower concentrations of Allo
did not have a significant inhibitory effect. 100nM Allo was therefore used in all
subsequent experiments with SH-SY5Y cells.

3⍺-diol and allopregnanolone differentially inhibit ERK phosphorylation in SH-SY5Y
cells through a GABAAR-independent mechanism
We previously showed that physiological levels of 3⍺-diol (10nM) can inhibit ERK
phosphorylation induced by Aβ42 in SH-SY5Y cells (Mendell et al., 2016). To determine
the involvement of the GABAAR in neurosteroid-mediated inhibition of ERK, we used the
noncompetitive GABAAR antagonist, picrotoxin. As previously observed, treatment of
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SH-SY5Y cells for 48 hours with Aβ42 induced a significant increase in ERK
phosphorylation [Two-way ANOVA (Treatment*ERK Isoform): Treatment F(3,40)=11.18,
p<0.0001; ERK Isoform F(1,40)=1.527, p=0.2237; Interaction F(3,40)=1.159, p=0.3372.
Tukey-Kramer - p=0.0002], and this was prevented by co-treatment with 10nM 3⍺-diol
(Tukey-Kramer - p<0.0001). Pre-treatment with picrotoxin did not alter the inhibition of
Aβ42-induced ERK phosphorylation by 3⍺-diol (Tukey-Kramer vs. Aβ42+3⍺-diol,
p=0.9840; vs. Aβ42 alone, p=0.0003; Figure 3.3 A and B).
The GABAAR-dependency of the inhibition of ERK phosphorylation by 100nM
Allo was also examined in SH-SY5Y cells. Treatment with Aβ42 for 48 hours increased
ERK phosphorylation [Two-way ANOVA (Treatment*ERK Isoform): Treatment
F(3,32)=11.24, p<0.0001; ERK Isoform F(1,32)=1.782, p=0.1914; Interaction
F(3,32)=0.6564, p=0.5849. Tukey-Kramer - p=0.0002], and this was prevented by cotreatment with 100nM Allo (Tukey-Kramer - p=0.0322). Pre-treatment with picrotoxin did
not affect the Allo-mediated inhibition of Aβ42-induced ERK phosphorylation (TukeyKramer vs Aβ42+Allo, p=0.1195; Figure 3.3 C and D).
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Figure 3.3: Inhibition of Aβ42-induced ERK phosphorylation by 3α-diol and Allo in SHSY5Y cells. Representative western blots of phosphorylated ERK (top panel), total ERK
(middle panel), and the housekeeping protein tubulin (bottom panel) for SH-SY5Y cells treated
with 100nM Aβ42 +/- 10nM 3α-diol for 48 hours, with or without 1-hour 50µM picrotoxin (Pic)
pre-treatment (A). Quantitative densitometric analysis is displayed below (B). Representative
western blots for SH-SY5Y cells treated with 100nM Aβ42 +/- 100nM Allo for 48 hours, with or
without 1-hour Pic pre-treatment (C). Quantitative densitometric analysis is displayed below
(D). Data represent mean +/- SEM (n=5-6 independent observations/treatment group),
presented as a fold change compared to the control group. * and † represent p<0.05
compared to the control and Aβ42-treated groups, respectively.
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SH-SY5Y cells and murine primary cortical neurons differentially express mRNAs for
GABAAR subunits
SH-SY5Y cells are neuroblastoma-derived, exhibiting limited GABA sensitivity.
Although small electrophysiological responses to GABA were observed (Figure 3.1 A
and B), allosteric modulation of GABA effects by neurosteroids is highly dependent on
the subunit composition of the GABAAR (Carver & Reddy, 2013; Smith et al., 2007).
Lack of GABAAR-dependent responses to 3⍺-diol and Allo in SH-SY5Y cells might
reflect deficient expression of the GABAAR subunits required for neurosteroid binding.
To test this hypothesis, the expression of GABAAR subunits in SH-SY5Y cells was
compared to normal cortex from newborn C57bl/6J mice, as well as to murine primary
cortical neurons in culture. Subunits selected for study included both synaptic (⍺1, γ2)
and extrasynaptic (⍺4, δ) GABAARs, as these receptor subtypes are known to be
sensitive to neurosteroid modulation (Carver & Reddy, 2013; Smith et al., 2007). While
mRNAs for all GABAAR subunit targets investigated (⍺1, ⍺4, β3, γ2, and δ) were
expressed in P0 mouse cortex tissue samples, as well as in primary cortical neurons
maintained for as long as 27 days in culture, only the β3 subunit was detected in SHSY5Y cells (Figure 3.4).
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Figure 3.4: GABAAR subunits in SH-SY5Y cells, P0 mouse cortex, and murine primary
cortical neurons. Representative ethidium bromide-stained gels illustrate PCR amplification
of GABAAR subunit β3 mRNA in SH-SY5Y cells (A), and α1, α4, β3, γ2, and δ subunit mRNAs
in cortical tissue isolated from postnatal day 0 (P0) mice (B), as well as murine primary cortical
neurons maintained in culture for of 27 days (C). The bands to the left of the α1 amplified band
on each gel correspond to size standard oligonucleotides ranging in size from 100 - 600bp, at
100bp intervals.
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3⍺-diol and allopregnanolone inhibit ERK phosphorylation in murine primary cortical
neurons through both GABAAR-dependent and GABAAR-independent mechanisms
Since mouse primary cortical neurons express mRNAs for all 5 GABAAR
subunits that we investigated, we also tested whether GABAAR-dependent mechanisms
might contribute to neurosteroid-mediated inhibition of ERK phosphorylation in these
neurons. As previously reported (Mendell et al., 2016), treatment of primary cortical
neurons with Aβ42 for 48 hours significantly increased ERK phosphorylation [Figure 3.5;
Two-way ANOVA (Treatment*ERK Isoform): Treatment F(5,78)=18.16, p<0.0001; ERK
Isoform F(1,78)=1.105, p=0.2965; Interaction F(5,78)=1.124, p=3546. Tukey-Kramer p<0.0001]. This effect was inhibited by co-treatment with either 10nM or 100nM 3⍺-diol
(Tukey-Kramer - both p<0.0001). Pre-treatment with picrotoxin did not alter the inhibition
of Aβ42-induced ERK phosphorylation by 10nM 3⍺-diol (Tukey-Kramer - Aβ42+10nM
3⍺-diol vs. Aβ42+10nM 3⍺-diol+Pic, p=0.9998). No significant difference was observed
between cells co-treated with picrotoxin and those treated with 100nM 3⍺-diol, although
there was a trend towards partial inhibition of the effects of this higher concentration of
3⍺-diol (Aβ42+100nM 3⍺-diol - vs. Aβ42+100nM 3⍺-diol+Pic, p=0.0543).
In primary cortical neurons, effects of Allo on Aβ42-activated ERK
phosphorylation were similar to those of 3⍺-diol (Figure 3.5 C and D). ERK
phosphorylation was significantly increased following 48 hour treatment with Aβ42 [Twoway ANOVA (Treatment*ERK Isoform): Treatment F(5,80)=14.49, p<0.0001; ERK
Isoform F(1,80)=0.2643, p=6086; Interaction F(5,80)=0.7755, p=0.5703. Tukey-Kramer
- p<0.0001]. Co-treatment with either 10nM (Tukey-Kramer, p=0.0006) or 100nM Allo
(Tukey-Kramer p<0.0001) inhibited this effect, with the higher dose of Allo reducing
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ERK phosphorylation below that observed in the control group (Tukey-Kramer p=0.0441). Pre-treatment with picrotoxin significantly inhibited the effects of both 10nM
(Tukey-Kramer vs. Aβ42+10nM Allo, p=0.0297; vs. control, p=0.0028; vs. Aβ42,
p=0.8890) and 100nM Allo (Tukey-Kramer vs. Aβ42+100nM Allo, p=0.0002; vs. control,
p=0.2053; vs. Aβ42, p=0.0887) on Aβ42-induced ERK phosphorylation (Figure 3.5 C
and D).
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Figure 3.5: Inhibition of Aβ42-induced ERK phosphorylation by 3α-diol and Allo in
murine primary cortical neurons. Representative western blots of phosphorylated ERK (top
panel), total ERK (middle panel), and the housekeeping protein tubulin (bottom panel) for
primary cortical neurons treated with 100nM Aβ42 +/- 10nM or 100nM 3α-diol for 48 hours,
with or without 1-hour 50µM picrotoxin (Pic) pre-treatment (A). Quantitative densitometric
analysis is displayed below (B). Representative western blots for primary cortical neurons
treated with 100nM Aβ42 +/- 10nM or 100nM Allo for 48 hours, with or without 1-hour 50µM
Pic pre-treatment (C). Quantitative densitometric analysis is displayed below (D). Data
represent mean +/- SEM (n=6-13 independent observations/treatment group), presented as a
fold change compared the control group. *, †, Δ, and φ represent p<0.05 compared to the
control, Aβ42, Aβ42+10nM Allo, and Aβ42+100nM Allo groups, respectively.
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3⍺-diol and allopregnanolone reduce neurotoxicity induced by Aβ42 in SH-SY5Y cells
through a GABAAR-independent mechanism
As prolonged ERK phosphorylation is associated with neurotoxicity, cellular
viability experiments were performed to determine whether the inhibition of Aβ42induced ERK phosphorylation by 3⍺-diol and Allo was associated with direct
neuroprotection against cell death. Treatment of SH-SY5Y cells for 48 hours with
100nM Aβ42 significantly reduced cellular viability (One-way ANOVA: F(5,18)=115.6,
p<0.0001; Tukey-Kramer - control vs. Aβ42, p<0.0001), and this was partially inhibited
by co-treatment with either 10nM 3⍺-diol (Tukey-Kramer vs. Aβ42, p<0.0001; vs. control
p<0.0001) or 100nM Allo (Tukey-Kramer vs. Aβ42 p<0.0001; vs. control p<0.0001). Pretreatment with picrotoxin did not significantly affect the neuroprotection induced by
either 3⍺-diol (Tukey-Kramer vs. Aβ42+10nM 3⍺-diol, p=0.4207) or Allo (Tukey-Kramer
vs. Aβ42+100nM Allo, p=0.9893; Figure 3.6 A).
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Figure 3.6: Inhibition of Aβ42-induced neurotoxicity by 3α-diol and Allo in SH-SY5Y
cells. A graph is shown displaying the results of cell viability assays in SH-SY5Y cells treated
with 100nM Aβ42 +/- 10nM 3α-diol or 100nM Allo for 48 hours, with or without 1-hour 50µM
picrotoxin (Pic) pre-treatments. Data represent mean +/- SEM (n=4 independent observations/
treatment group), presented as percentage viability vs. the control group. * and † represent
p<0.05 compared to the control and Aβ42-treated groups, respectively.
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DISCUSSION
In this study, we have demonstrated that 3⍺-diol and Allo, the 3⍺-hydroxy, 5⍺reduced metabolites of testosterone and progesterone, respectively, inhibit the
prolonged ERK phosphorylation and neurotoxicity induced by Aβ42 in SH-SY5Y human
female neuroblastoma cells and murine primary cortical neurons. These effects were
exerted through both GABA-dependent and -independent mechanisms, with different
concentration requirements in each cell type. Interestingly, 3⍺-diol was more potent than
Allo in SH-SY5Y cells. Treatment with 10nM 3⍺-diol reduced Aβ42-induced ERK
phosphorylation to control levels, and partially prevented the associated loss in cellular
viability, consistent with our previous report (Mendell et al., 2016), while a concentration
of 100nM was necessary to achieve a comparable effect with Allo. In addition, these
effects were not impacted by pre-treatment with the non-competitive GABAAR
antagonist picrotoxin. This last finding, along with the minimal effect of high
concentration GABA exposure on membrane potential and low expression of GABAAR
subunits (only expression of the β3 subunit was detectable in this study), are all
consistent with the hypothesis that 3⍺-diol and Allo may act through GABA-independent
mechanisms to inhibit ERK phosphorylation in SH-SY5Y cells.
GABAAR subunit composition greatly affects responses to GABAergic
neurosteroids (Carver & Reddy, 2013; Smith et al., 2007). The literature is mixed with
respect to expression of GABAAR in SH-SY5Y cells, perhaps because of the subunits
that have been investigated (Andersson et al., 2015; Grimm et al., 2014; Hackett et al.,
2014; Korecka et al., 2013; Lee et al., 2011), and the specific culture conditions used to
grow the cells. We detected expression of only one GABAAR subunit (β3) in these cells
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(Figure 3.4). Homopentamer β3 forms of GABAAR, which can respond to high
concentrations of GABA (EC50 >18mM), have been reported previously in cells
expressing only the β3 GABAAR subunit (Mousavi Nik et al., 2017), which may explain
the weak electrophysiological response of SH-SY5Y cells to GABA (Figure 3.1).
Lack of GABA responsiveness did not, however, preclude SH-SY5Y cells from
being able to respond to 3⍺-diol in terms of inhibition of ERK phosphorylation. The
effects of both 3⍺-diol and Allo on ERK phosphorylation were not significantly affected
by pre-treatment with the non-competitive GABAAR antagonist, picrotoxin. Contrasting
with these results, in primary cortical neurons, treatment with both 10nM and 100nM
concentrations of either 3⍺-diol or Allo inhibited ERK phosphorylation induced by Aβ42.
However, only the effects of Allo were significantly inhibited by pre-treatment with
picrotoxin; as in SH-SY5Y cells, GABAAR blockade had no significant effect on
responses to 3⍺-diol. These observations are consistent with recent studies on
mitochondrial bioenergetics, which found that low concentrations of 3⍺-diol were
sufficient to positively influence aspects of mitochondrial function in SH-SY5Y cells
(Grimm et al., 2014), while a much higher concentration of Allo was needed to produce
similar effects (Grimm et al., 2014; Lejri et al., 2017). In the same experiments, it was
shown that low doses of both 3⍺-diol and Allo were highly effective at improving
bioenergetic parameters in primary cortical neurons (Grimm et al., 2014). Taken
together, these and the present data suggest a model for neurosteroid action that
includes both GABAAR-dependent and GABAAR-independent mechanisms, Allo being
relatively more potent in normal neurons, perhaps because of a greater involvement of
GABAAR-mediated responses in the effects of this steroid.

96

The implications of these findings for the roles of 3⍺-diol and Allo in the brain
remain to be determined. Given the reported links between ERK phosphorylation and
neurotoxicity (Arora et al., 2015; Dineley et al., 2001; Li & Qian, 2016; Mendell et al.,
2016; Tran et al., 2017; Young et al., 2006), it seems possible that 3⍺-diol and Allo may
both represent endogenous neuroprotectants. Aβ42 induces aberrant ERK activation
through several mechanisms, including direct activation of ⍺7- and ⍺4β2 subunitcontaining nAChR (Arora et al., 2015; Dineley et al., 2001), as well as through the
induction of oxidative stress (Harris et al., 2004; Ruffels et al., 2004; Yin et al., 2011;
Young et al., 2006), the latter involving suppression of ERK-regulated phosphatases
(Chen et al., 2009; Levinthal & DeFranco, 2005; Liu et al., 2008). Phosphorylated
ERK has been reported to co-localize with neurofibrillary tangles in the brains of
patients with AD (Pei et al., 2002), as well as to increase tau hyperphosphorylation
(Drewes et al., 1992; Harris et al., 2004; Iqbal et al., 2009; Le Corre et al., 2006;
Leonelli et al., 2007; Young et al., 2006), though there remains some disagreement on
this point (Noël et al., 2015). Increased ERK phosphorylation has been detected in the
prefrontal cortex of the 3xTg-AD mouse model as early as 3 months of age, and
pharmacological inhibition of ERK restored recognition memory impairments in these
animals (Feld et al., 2014). Collectively, these findings suggest that neurosteroid
inhibition of ERK phosphorylation may play a role in limiting the pathology associated
with AD.
This conclusion is consistent with the results of the cell viability assays presented
in Figure 3.6, as well as with other studies that have demonstrated neuroprotective
effects of neurosteroids. Allo and 3⍺-diol both reduce the severity of peripheral
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neuropathy induced by chemotherapy or sciatic nerve injury (Meyer et al., 2013; Meyer
et al., 2008), and decrease neuropathy induced by streptozotocin injection (which
induces diabetes) in rats (Calabrese et al., 2014; Leonelli et al., 2007). Recent studies
have also demonstrated that progesterone can reduce aspects of neurotoxicity,
pathology and behavioural deficits in mice expressing the neurotoxic human
immunodeficiency virus (HIV) protein - trans-activator of transcription (Tat), through a
mechanism dependent on 5⍺-reduction to Allo (Paris et al., 2016). Interestingly, overactivation of ERK has been found in the nigrostriatal pathway in a model of traumatic
brain injury (Li et al., 2017), and in glial cells within the cuneate nucleus in a model of
neuropathic pain (Huang et al., 2016), the latter response also being inhibited by Allo
(Huang et al., 2016).
The nature of the picrotoxin-insensitive mechanism through which neurosteroids
inhibit ERK phosphorylation remains to be established. In addition to its positive
allosteric modulatory effects on the GABAAR, Allo can also interact with the membrane
progesterone G-protein coupled receptor (mPR), pregnane-X-receptor (PXR), liver-Xreceptor, and the 18kDa translocator protein (TSPO) in mitochondria (Chen et al., 2011;
Li et al., 2017; Pang et al., 2013, Papadopoulos et al., 2017). It is not yet known
whether 3α-diol can interact with these proteins as well. There may also be additional
targets; for example, androgen receptors and estrogen receptor β both have weak-tonegligible affinity for 3α-diol (Kuiper et al., 1997; Pak et al., 2005). Further investigation
will be necessary to determine whether these targets may play a role in the
neuroprotective responses to neurosteroids.
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CONCLUSIONS
In conclusion, we have demonstrated that two 3⍺-hydroxy, 5⍺-reduced
neurosteroids, Allo and 3α-diol, can inhibit ERK phosphorylation and associated
neurotoxicity induced by Aβ42. These effects appear to involve both GABAARdependent and GABAAR-independent mechanisms. Prolonged, dysregulated
phosphorylation of ERK is associated with neurotoxicity and neurodegenerative
disorders, and can act as an intermediate factor contributing to cell death. Our findings
suggest that 3α-diol and Allo, as local metabolites, could both contribute to the
neuroprotective properties of their parent circulating steroid hormones and support the
possibility that raising neurosteroid levels might be useful in treatment of disorders
involving dysregulated ERK phosphorylation.
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CHAPTER 4
THE TESTOSTERONE METABOLITE 3α-ANDROSTANEDIOL INHIBITS OXIDATIVE
STRESS-INDUCED ERK PHOSPHORYLATION AND NEUROTOXICITY IN SH-SY5Y
CELLS THROUGH AN MKP3/DUSP6-DEPENDENT MECHANISM

Based on the publication:
Mendell, A.L., MacLusky, N.J. The testosterone metabolite 3α-androstanediol inhibits
oxidative stress-induced ERK phosphorylation and neurotoxicity in SH-SY5Y cells
through an MKP3/DUSP6-dependent mechanism. Neuroscience Letters. Manuscript in
press – doi: 10.1016/j.neulet.2018.12.012.

100

ABSTRACT
Testosterone exerts neuroprotective effects on the brain, but the mechanisms by
which these effects are exerted appear to be different in males and females. While in
females they involve local conversion to estradiol, in males they may be androgen
receptor-dependent, or mediated through metabolism to neurosteroids such as 5aandrostane-3a,17b-diol (3a-diol), which acts through different mechanisms than
testosterone itself. Recently, we demonstrated that 3a-diol can protect neurons and
neuronal-like cells against oxidative stress-induced neurotoxicity associated with
prolonged phosphorylation of the extracellular signal-regulated kinase (ERK). The
mechanism(s) responsible for these effects remain unknown. In the present study, we
sought to determine whether the ERK-specific phosphatase, mitogen-activated protein
kinase phosphatase 3/dual specificity phosphatase 6 (MKP3/DUSP6), is involved in the
cytoprotective effects of 3a-diol in SH-SY5Y human female neuroblastoma cells. 3a-diol
inhibited ERK phosphorylation and ameliorated cell death induced by the oxidative
stressor hydrogen peroxide (H2O2). These protective effects were significantly reduced
by pre-treatment with the MKP3/DUSP6 inhibitor BCI. In addition, H2O2 decreased
levels of MKP3/DUSP6, and this was prevented by co-treatment with 3a-diol. These
findings suggest that the protective effects of 3a-diol are mediated through regulation of
ERK phosphorylation in neurotoxic conditions and indicate that these effects may be
exerted through modulation of MKP3/DUSP6. Targeting the regulation of MKP3/DUSP6
may be beneficial in reducing toxicity under conditions of oxidative stress.
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INTRODUCTION
Gonadal steroid hormones protect the central nervous system (CNS) against
toxicity related to aging and neurodegenerative disease (reviewed in Pike, 2017; Gold
and Voskuhl, 2009; Swerdloff and Wang, 2004). Testosterone has been shown to
increase neuronal survival and reduce pathology associated with neurodegenerative
disease (Rosario et al., 2006; Sicotte et al., 2007; Rosario et al., 2010; Kurth et al.,
2014; Massa et al., 2017), while its reported effects on oxidative stress-induced toxicity
have been equivocal and appear to be context-dependent (Massa et al., 2017; Ahlbom
et al., 2001; Chisu et al., 2006; Holmes et al., 2013; Cunningham et al., 2014; ToroUrrego et al., 2016). Nonetheless, the gradual age-related decline in testosterone levels
that occurs in men has been proposed as an independent risk factor for the
development of Alzheimer’s disease (AD), among other conditions (reviewed in
Swerdloff and Wang, 2004; Holland et al., 2011). The neurotrophic and neuroprotective
effects of testosterone have been postulated to occur through the regulation of synaptic
plasticity (Leranth et al., 2004; Hajszan et al., 2007; Mendell et al., 2017), mitochondrial
bioenergetics (Toro-Urrego et al., 2016; Grimm et al., 2014; Grimm et al., 2016), and
rapid activation of intracellular signaling pathways (Nguyen et al., 2005; Pike et al.,
2008; Foradori et al., 2008).
Whether these protective effects are exclusively produced through testosteronemediated signaling is unclear, as testosterone can be metabolized to other neuroactive
steroids in the brain due to the widespread expression of steroidogenic enzymes in glial
cells and neurons (Baulieu and Robel, 1990; Melcangi et al., 1996; Mellon and Griffin,
2002; Taves et al., 2011). One of these neurosteroid metabolites is 5a-androstane-
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3a,17b-diol (3a-diol), which is synthesized from testosterone through sequential
reduction steps involving 5a-reductase and 3a-hydroxysteroid dehydrogenase (3aHSD) (Reddy and Jian, 2010). 3a-diol is perhaps best characterized as an inhibitory
neurosteroid, as it is a positive allosteric modulator of the GABAA receptor (GABAAR)
(Reddy and Jian, 2010). We recently reported that physiological concentrations of 3adiol can inhibit prolonged phosphorylation of extracellular signal-regulated kinase (ERK)
induced by hydrogen peroxide (H2O2) or amyloid b peptide 1-42 (Ab42) (Mendell et al.,
2016; Mendell et al., 2018). The IC50 for these effects was 3.6nM (within the range of
reported circulating levels of 3a-diol [Reddy and Jian, 2010; Smith et al., 2006; Melcangi
et al., 2017]), with a maximum effect at a 3a-diol concentration of 10nM (Mendell et al.,
2016). Inhibition of ERK phosphorylation was associated with improved cellular viability
and reduced caspase-3 activation (Mendell et al., 2016). However, the effects of 3a-diol
were the same whether or not functional neurosteroid-sensitive GABAARs were present.
Moreover, even in cells expressing GABAARs, the effects of 3a-diol were not blocked by
inhibition of GABAARs (Mendell et al., 2018). Thus, the mechanisms of 3a-diol-mediated
neuroprotection remain unknown.
ERK is a member of the mitogen-activated protein kinase (MAPK) family of
proteins, which are a group of intracellular signaling molecules activated by
phosphorylation (Kondoh and Nishida, 2007; Muda et al., 1996). The neurotrophic or
neurotoxic potential of these signaling pathways is dependent on maintaining a balance
between active and inactive states (Kondoh and Nishida, 2007; Chu et al., 2004; Kidger
and Keyse, 2016). Rapid, transient phosphorylation generally upregulates downstream
pro-survival factors, while prolonged phosphorylation can result in mitochondrial
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dysfunction, dysregulation of other signaling pathways, and upregulation of proapoptotic factors including p53, Bax, cytochrome c, and caspase-3 (Chu et al., 2004;
Finkel and Holbrook, 2000; Zhuang and Schnellmann, 2006; Lu and Xu, 2006; He and
Aizenman, 2010). Balance is maintained in part by phosphatases, including the MAPK
phosphatase (MKP)/dual specificity phosphatase (DUSP) family, which display
specificity for MAPKs over other signaling factors (Kondoh and Nishida, 2007; Chu et
al., 2004; Kidger and Keyse, 2016). One protein from this family, MKP3/DUSP6, has
high specificity for ERK over other MAPKs (Kondoh and Nishida, 2007; Muda et al.,
1996; Kidger and Keyse, 2016; Levinthal and DeFranco, 2005). Potential involvement of
this phosphatase in the effects of stress on the brain is suggested by the recent work of
Labonte et al. (2017), who found that elevated ERK phosphorylation increased stress
susceptibility in the prefrontal cortex (PFC) of depressed female humans and stressed
female mice. Downregulation of MKP3/DUSP6 in non-stressed mice increased ERK
phosphorylation and reproduced many of the transcriptional changes that occurred
following chronic stress (Labonte et al., 2017).
Other phosphatases that regulate the activity of ERK, including the
serine/threonine-directed protein phosphatase 2A (PP2A), are known to be downregulated under conditions of oxidative stress (Levinthal and DeFranco, 2005; Chen et
al., 2009) and in neurodegenerative disease (Arnaud et al., 2011). This is associated
with upregulation of ERK phosphorylation (He and Aizenman, 2010; Levinthal and
DeFranco, 2005; Harris et al., 2004; Le Corre et al., 2006; Lee et al., 2005; Young et al.,
2006), hyperphosphorylation of tau (Arnuad et al., 2011; Harris et al., 2004; Le Corre et
al., 2006) and neurotoxicity (He and Aizenman, 2010; Levinthal and DeFranco, 2005;
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Lee et al., 2005). We hypothesized that MKP3/DUSP6 might be involved in
dysregulated ERK phosphorylation under conditions of neurotoxicity, and therefore that
this phosphatase might play a role in the actions of 3a-diol. The present study was
performed to test this hypothesis by evaluating the role of MKP3/DUSP6 in 3a-diolmediated neuroprotection, in SH-SY5Y human female neuroblastoma cells.

MATERIALS AND METHODS
Chemicals and stock solutions
Stock solutions of all chemicals were prepared and stored in single-use aliquots
at -20°C until the time of use. Stocks of the MKP3/DUSP6 inhibitor (E)-2-benzylidene-3(cyclohexylamino)-2,3-dihydro-1H-inden-1-one hydrochloride (BCI; Sigma-Aldrich,
Oakville, Ontario, Canada) were prepared in 20% 2-hydroxypropyl-b-cyclodextrin (b-CD,
Sigma-Aldrich) at a concentration of 0.5mM. Stock solutions of 3a-diol (Steraloids,
Newport, RI, USA) were prepared in CS-FBS at 0.1mM by repeatedly alternating
between warming and vortex mixing. H2O2 (Fisher) working solutions were prepared
directly from a 3% stock solution, which was stored at room temperature.

Cell culture
SH-SY5Y human female neuroblastoma cells (ATCC CRL-2266) were
maintained and plated as previously described (Mendell et al., 2016; Mendell et al.,
2018). In brief, cultures were maintained in T75 flasks in an incubator with conditions of
37°C and 5% CO2. Cells were grown in Dulbecco’s Modified Eagle Medium (DMEM;
Invitrogen, Life Technologies, Burlington, Ontario, Canada) supplemented with 10%
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fetal bovine serum (FBS; Invitrogen) and 1% penicillin-streptomycin (Invitrogen) and
passaged or plated when 70-80% confluency was reached. Cells were lifted using
0.25% trypsin/0.53mM EDTA and cultured at 5 x 105 cells/well on 6-well plates (Fisher
Scientific, Ottawa, Ontario, Canada), or 1 x 105 cells/well on 12-well plates (Fisher).
Cultures were switched to media containing 10% charcoal-stripped FBS (CS-FBS) 24
hours before plating, and were plated and maintained in CS-FBS media for the duration
of the experiment. Cells were grown to 60-70% confluency prior to treatment. All
solutions used to treat cells were added directly to the culture media.
Dose-response experiments were performed to determine the effects of BCI on
cell viability and ERK phosphorylation, to identify doses that did not produce significant
effects on either parameter on their own (sub-effective doses). For these experiments,
SH-SY5Y cells were treated with 10nM, 100nM, or 1000nM BCI for 24 hours.
For experiments evaluating the dose-dependency of 3a-diol-mediated
neuroprotection against H2O2-induced cell death, SH-SY5Y cells were treated with
100µM H2O2 with or without 1nM, 10nM or 100nM 3a-diol for 24 hours. To determine
whether BCI affected 3a-diol-mediated neuroprotection, dose-response experiments
were performed with one-hour pre-treatments of 0nM, 10nM, or 100nM BCI. For ERK
phosphorylation experiments, cells were treated with 100µM H2O2 +/- 10nM 3a-diol for
24 hours, one hour following addition of either 0nM, 10nM or 100nM BCI.

Protein extraction
Protein was extracted as previously described (Mendell et al., 2016; Mendell et
al., 2018). Briefly, media was removed from cultures and ice-cold 1X phosphate-
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buffered saline (PBS) was added. The PBS was removed, and cells were collected in
lysis buffer [(50mM Tris, 150mM NaCl, 1% Triton X-100, pH 7.5) with protease inhibitors
(Pierce Protease Inhibitor Mini Tablets, EDTA-free; Roche, Sigma-Aldrich), 5µM
Na3VO4 (Sigma-Aldrich), and 700units/mL DNase I (Invitrogen)]. Samples were placed
on a rocker on ice for 20 minutes, centrifuged at 17,530xg for 15 minutes at 4°C, and
supernatants were transferred to a fresh tube. Protein concentrations were determined
using Bradford assays (Bradford, 1976), and samples were stored in small aliquots at 20°C without undergoing any freeze-thaw cycles until used.

Western blotting
The protocol used for western blotting has been described previously (Mendell et
al., 2016; Mendell et al., 2018). Briefly, 25µg of protein for each sample was loaded onto
10% sodium dodecyl sulfate (SDS) polyacrylamide gels and separated by
electrophoresis using a Mini-PROTEAN Tetra cell system (Bio-Rad, Mississauga,
Ontario, Canada). Proteins were transferred onto nitrocellulose membrane (Bio-Rad)
using a TransBlot SD Turbo (Bio-Rad), with 25V constant voltage for 30 minutes. After
completion of the transfer, membranes were rinsed in tris-buffered saline with 0.1%
Tween-20 (TBS-T), and blocked using either 5% non-fat milk, 3% bovine serum albumin
fraction V (BSA), or a combination of the two. Membranes were then rinsed twice for 5
minutes in TBS-T, and incubated overnight at 4°C in primary antibodies specific for
phospho-ERK1/2 (1:1000; Cell Signaling Technology; New England BioLabs, Whitby,
Ontario, Canada), total ERK1/2 (1:1000; Cell Signaling Technology), DUSP6 (1:500;
Abcam Inc; Toronto, Ontario, Canada), alpha-tubulin (1:200,000; Sigma-Aldrich), or
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beta-actin (1:5000; Santa Cruz Biotechnology Inc., Dallas, Texas, USA). The next day,
membranes were rinsed twice for 5 minutes in TBS-T and rocked for 1 hour at room
temperature in HRP-conjugated anti-mouse or anti-rabbit secondary antibodies (1:2500;
Cell Signaling Technology). Membranes were then rinsed in TBS-T for 30 minutes (two
5 minute rinses, two 10 minute rinses), and proteins were visualized using Luminata
Forte Western HRP Substrate (Millipore Canada, Etobicoke, Ontario, Canada) and a
ChemiDoc MP visualization system (Bio-Rad). Densitometry was performed using
Image lab version 4.1 software (Bio-Rad).

Cell viability assay
Cell viability assays were performed using trypan blue exclusion, as previously
described [24,25]. Following treatment, cells were resuspended in culture media and
20µL of cell suspension was combined with 20µL of 0.4% trypan blue solution for each
sample. 10µL of this mixture was then added to the well of a haemocytometer and all
viable and non-viable cells contained within two grid squares of the haemocytometer
were counted. A minimum of 60 cells (range 60-180) were counted in each well. Each
biological replicate was assayed in duplicate, and technical replicates were averaged to
obtain a single mean viability value for the individual cell suspension. The number of
independent experiments contributing to each data point is indicated in the figure
legends. Data are presented as the percentage of living cells relative to the vehicle
control.
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Statistical analysis
One-way or two-way ANOVAs followed by Tukey or Tukey-Kramer post hoc tests
were performed for all experiments, with the exception of comparisons between
individual points on separate dose-response curves in Figure 4.3 A, for which two-tailed
Student’s t-tests were used. In the latter case, a significant interaction effect between
3a-diol concentration and BCI concentration on viability was detected by the two-way
ANOVA. Data were tested for homogeneity of variance and normality (where sample
size allowed for this), and a transformation of log(x+1) was performed for statistical
analysis where inhomogeneity of variance was detected. All analyses were performed
using GraphPad Prism version 7 (GraphPad Software Inc., La Jolla, California, USA).
The limit for statistical significance was set to p < 0.05 (two-tailed).

RESULTS
BCI dose-dependently increases ERK phosphorylation and decreases cell viability
To identify sub-toxic doses of BCI for use in subsequent experiments, a doseresponse experiment was run for 24 hour treatments with BCI. For ERK
phosphorylation, a significant dose-dependent effect of BCI was detected [two-way
ANOVA; BCI concentration F(3,41)=9.951, p<0.0001], with no significant differences
between different ERK isoforms [two-way ANOVA; F(1,41)=0.458, p=0.5023] or
interaction between BCI concentration and ERK isoform [two-way ANOVA;
(F(3,41)=0.878, p=0.4602] (Figure 4.1 A). The 1000nM dose of BCI significantly
increased ERK phosphorylation compared to all other groups (Tukey-Kramer vs.
control, p=0.0006; vs. 10nM, p=0.0141; vs. 100nM, p<0.0001), while the 10nM and
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100nM doses did not significantly alter ERK phosphorylation (Tukey-Kramer vs. control,
p=0.6617 and 0.8709, respectively).
Consistent with the ERK phosphorylation results, a dose-dependent effect of BCI
on cell viability was detected [one-way ANOVA; F(3,8)=22.63, p<0.0001] (Figure 4.1 B).
1000nM BCI significantly reduced viability compared to all other groups (Tukey vs.
control, p=0.0002; vs. 10nM, p=0.0015; vs. 100nM, p=0.0056), while 10nM and 100nM
doses did not significantly reduce viability (Tukey vs. control, p=0.2825 and 0.0616,
respectively). At a ten-fold higher dose of BCI (10µM), no cells were viable 24 hours
following treatment (data not shown). The 10nM and 100nM concentrations of BCI were
used for the rest of the experiments in this study.
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Figure 4.1: BCI dose-dependently increased ERK phosphorylation and reduced cellular
viability. The MKP3/DUSP6 inhibitor BCI significantly increased ERK phosphorylation (A) and
reduced cellular viability (B) at 1000nM, but not 10nM or 100nM concentrations after 24 hours. *,
†, and Δ indicate statistically significant differences (p<0.05) vs. vehicle, 10nM BCI, and 100nM
BCI groups, respectively. Data represent mean +/- SEM (n=5-7 independent observations/
treatment group for A, and n=3 independent observations per treatment group for B).
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BCI significantly reduces the inhibitory effect of 3a-diol on H2O2-induced ERK
phosphorylation
To investigate whether antagonism of MKP3/DUSP6 could prevent the inhibitory
effects of 3a-diol on ERK phosphorylation induced by H2O2, cells were pre-treated for
one hour with different sub-toxic doses of BCI, followed by co-treatments with H2O2 with
or without 10nM 3a-diol.
Statistically significant differences between treatment groups were detected [twoway ANOVA; F(4,30)=12.95, p<0.0001], without significant ERK isoform [F(1,30)=1.256,
p=0.2713] or interaction [F(4,30)=0.2867, p=0.8843] effects (Figure 4.2). Consistent with
previous studies, H2O2 increased ERK phosphorylation (Tukey vs. control, p<0.0001),
and this was inhibited to control levels by co-treatment with 3a-diol (Tukey H2O2 vs.
H2O2 + 3a-diol, p=0.0001). Pre-treatment with 10nM BCI prior to treatment with H2O2 +
3a-diol resulted in significantly higher ERK phosphorylation compared to the control
group (Tukey, p=0.0115), but not compared to the H2O2 + 3a-diol group (Tukey,
p=0.1243), though this group was not significantly different than H2O2-treated cells
(Tukey, p=0.0705). Pre-treatment with 100nM BCI resulted in significantly increased
ERK phosphorylation compared to both the control (Tukey, p=0.0009) and the H2O2 +
3a-diol groups (Tukey, p=0.0140), indicating a significant attenuation of the protective
effect of 3a-diol by 100nM BCI. Cells pre-treated with 100nM BCI for one hour prior to
24 hour treatment with H2O2 had increased ERK phosphorylation [two-way ANOVA:
treatment – F(1,12)=48.22, p<0.0001; ERK isoform – F(1,12)=0.000875, p=0.9769;
interaction – F(1,12)=0.000875, p=0.9769] (Supplementary Figure 4.1 A) to a similar
extent as the H2O2 group alone (ERK1: 2.514 +/- 0.149 vs. 2.136 +/- 0.130 compared to

112

vehicle, respectively; ERK2: 2.527 +/- 0.293 vs. 2.650 +/- 0.410 compared to vehicle,
respectively), indicating a lack of additive or opposing effects of H2O2 and 100nM BCI.
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Figure 4.2: BCI prevented the inhibitory effect of 3α-diol on H2O2-induced ERK
phosphorylation. Treatment with 100µM hydrogen peroxide (H2O2) for 24 hours significantly
increased ERK phosphorylation, and this was prevented by co-treatment with 10nM 3α-diol.
Pre-treatment with 100nM of the MKP3/DUSP6 inhibitor BCI significantly reduced the
inhibitory effect of 3α-diol. *, †, and Δ indicate statistically significant differences (p<0.05) vs.
vehicle, H2O2, and H2O2 + 3α-diol groups, respectively. Data represent mean +/- SEM (n=4
independent observations/treatment group).
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BCI significantly inhibits the protective effect of 3a-diol against H2O2-induced cell death
To determine whether the effects on ERK phosphorylation by H2O2, 3a-diol, and
BCI were accompanied by changes in cell viability, dose-response curves for 3a-diol
with H2O2 co-treatments were performed, with or without BCI pre-treatments. Significant
effects of 3a-diol concentration [two-way ANOVA; F(4,45)=96.27, p<0.0001], BCI
concentration [two-way ANOVA; F(4,45)=11.92, p<0.0001], and interaction between the
two factors [two-way ANOVA; F(8,45)=2,23, p=0.0426] were detected (Figure 4.3 A).
For all curves (0nM, 10nM, and 100nM BCI), the H2O2-treated groups had significantly
reduced viability compared to the vehicle control (Tukey, p<0.0001 for all comparisons).
In groups without BCI pre-treatment, 10nM and 100nM concentrations of 3a-diol
significantly decreased cell death induced by H2O2 (Tukey, p<0.0001 and p=0.0004,
respectively), though these groups still had significantly less cell survival compared to
the vehicle group (Tukey, p=0.0012 and p<0.0001, respectively). The protection
conferred by 3a-diol was not observed in the samples pre-treated with either 10nM BCI
(Tukey H2O2 +10nM BCI vs. H2O2 +10nM 3a-diol + 10nM BCI, p=0.0865; Tukey H2O2
+10nM BCI vs. H2O2 +100nM 3a-diol + 10nM BCI, p=0.7098) or 100nM BCI (Tukey
H2O2 +100nM BCI vs. H2O2 +10nM 3a-diol + 100nM BCI, p=0.6233; Tukey H2O2
+100nM BCI vs. H2O2 +100nM 3a-diol + 100nM BCI, p=0.8280). Individual comparisons
demonstrated that 10nM BCI (Student’s t-test, H2O2 + 10nM 3a-diol vs. H2O2 + 10nM
3a-diol + 10nM BCI, p=0.028; Student’s t-test, H2O2 + 100nM 3a-diol vs. H2O2 + 100nM
3a-diol + 10nM BCI, p=0.045) and 100nM BCI (Student’s t-test, H2O2 + 10nM 3a-diol
vs. H2O2 + 10nM 3a-diol + 100nM BCI, p=0.004; Student’s t-test, H2O2 + 100nM 3a-diol
vs. H2O2 + 100nM 3a-diol + 100nM BCI, p=0.028) significantly inhibited the protective
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effect of both 10nM and 100nM 3a-diol treatments. No significant additive effects of
10nM (Student’s t-test, H2O2 vs. H2O2 + 10nM BCI, p=0.837) or 100nM (Student’s t-test,
H2O2 vs. H2O2 + 100nM BCI, p=0.892) BCI on H2O2-induced loss of viability were
observed (Figure 4.3 A). 3a-diol did not significantly impact cell viability under basal
conditions, at concentrations ranging from 1nM-100nM [one-way ANOVA;
F(3,14)=1.138, p=0.3678] (Figure 4.3 B).
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Figure 4.3: BCI prevented the protective effect of 3α-diol against H2O2-induced
neurotoxicity. Treatment with 100µM hydrogen peroxide (H2O2) for 24 hours significantly
reduced cellular viability, and this loss was significantly reduced by co-treatment with 10nM or
100nM 3α-diol. Pre-treatment with the MKP3/DUSP6 inhibitor BCI significantly reduced the
inhibitory effect of 3α-diol at concentrations of 10nM and 100nM. 3α-diol did not significantly
impact cellular viability under basal conditions at concentrations of 1-100nM (B). * indicates overall
statistically significant differences (p<0.05) compared to the vehicle group, independent of BCI
pre-treatment and representing combined data for all curves. † and Δ indicate statistically
significant differences (p<0.05) for the noted treatment group between curves for 0nM BCI vs.
10nM BCI and 0nM BCI vs. 100nM BCI, respectively. Data represent mean +/- SEM (n=4
independent observations/treatment group for A; n=4-5 independent observations/treatment group
for B).
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3a-diol ameliorates the H2O2-induced reduction in MKP3/DUSP6 levels
To determine whether the effects on ERK phosphorylation were related to
modulation of MKP3/DUSP6 levels, protein levels of MKP3/DUSP6 were determined in
SH-SY5Y cells pre-treated for one hour with 100nM BCI, followed by co-treatments with
H2O2 with or without 10nM 3a-diol. Statistically significant differences between
treatment groups were detected [two-way ANOVA; F(3,40)=8.222, p=0.0002], without
significant differences between MKP3/DUSP6 isoforms [F(1,40)=1.645, p=0.2070] or a
significant interaction effect between the two factors [F(3,40)=0.2532, p=0.8586] (Figure
4.4 A). MKP3/DUSP6 levels were significantly reduced by H2O2 (Tukey-Kramer vs.
control, p=0.0016). Co-treatment with 3a-diol significantly inhibited this effect (TukeyKramer H2O2 vs. H2O2 + 3a-diol, p=0.0237). Pre-treatment with 100nM BCI resulted in
significantly reduced MKP3/DUSP6 levels compared to both the control group (TukeyKramer, p=0.0020) and the H2O2 + 3a-diol group (Tukey-Kramer, p=0.0290).
Under basal conditions without H2O2, neither 10nM 3a-diol [two-way ANOVA:
treatment – F(1,8)=0.15, p=0.7087; MKP3/DUSP6 isoform – F(1,8)=0.075, p=0.7920;
interaction – F(1,8)=0.075, p=0.7920] (Figure 4.4 B) or 100nM BCI [two-way ANOVA:
treatment – F(1,12)=0.033, p=0.859; MKP3/DUSP6 isoform – F(1,12)=0.277, p=0.608;
interaction – F(1,12)=0.277, p=0.608] (Figure 4.4 C) significantly impacted
MKP3/DUSP6 levels.
Cells pre-treated with 100nM BCI for one hour prior to 24 hour H2O2 exposure
had reduced MKP3/DUSP6 levels [two-way ANOVA: treatment – F(1,28)=15.64,
p=0.0005; MKP3/DUSP6 isoform – F(1,28)=0.3545, p=0.5564; interaction –
F(1,28)=0.3545, p=0.5564] (Supplementary Figure 4.1 B) to an extent similar to the
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H2O2 group alone (44kDa isoform: 0.642 +/- 0.117 vs. 0.604 +/- 0.112 compared to
vehicle, respectively; 42kDa isoform: 0.515 +/- 0.121 vs. 0.423 +/- 0.103 compared to
vehicle, respectively).
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Figure 4.4: 3α-diol prevented the H2O2-induced decrease in MKP3/DUSP6 levels.
Treatment with 100µM hydrogen peroxide (H2O2) for 24 hours significantly decreased levels of
MKP3/DUSP6 protein, and this was prevented by co-treatment with 10nM 3α-diol. Pretreatment with the MKP3/DUSP6 inhibitor BCI (100nM) resulted in significantly reduced levels
of MKP3/DUSP6 compared to both the control and H2O2 + 3α-diol group (A). Under basal
conditions with no H2O2 exposure, neither 10nM 3α-diol (B) or 100nM BCI (C) significantly
impacted MKP3/DUSP6 levels. *, †, and Δ indicate statistically significant differences (p<0.05) vs.
vehicle, H2O2, and H2O2 + 3α-diol groups, respectively. Data represent mean +/- SEM (n=6
independent observations/treatment group for A; n=3 independent observations/treatment group
for B; n=4 independent observations/treatment group for C).
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DISCUSSION
These results suggest that in SH-SY5Y human neuroblastoma cells, 3a-diol
inhibits ERK phosphorylation and associated neurotoxicity under oxidative stress
conditions through a mechanism involving MKP3/DUSP6. It has been widely reported
that ERK phosphorylation is increased under conditions of oxidative stress (Chu et al.,
2004; Levinthal and DeFranco, 2005; Chen et al., 2009; Lee et al., 2005; Kumar et al.,
2018; Ruffels et al., 2004), as well as following prolonged exposure to neurotoxic
compounds including Ab (Mendell et al., 2016; Mendell et al., 2018; Young et al., 2006;
Arora et al., 2015; Tran et al., 2017), zinc (He and Aizenman, 2010; Harris et al., 2004),
glutamate (Stanicu et al., 2000), and dopamine (Chen et al., 2009). Elevated ERK
phosphorylation has also been observed following nigrostriatal pathway injury (Li et al.,
2017), median nerve injury (Huang et al., 2016), and ischemic stroke (Slevin et al.,
2000), and has been localized to specific sites of pathology in the post-mortem brains of
humans with AD (Pei et al., 2002) and Parkinson’s disease (Zhu et al., 2002).
Several studies have demonstrated that prolonged phosphorylation of ERK in the
brain can result from reduced phosphatase activity (Levinthal and DeFranco, 2005;
Chen et al., 2009; Arnaud et al., 2011), which is an important regulator of ERK
phosphorylation state (Kondoh and Nishida, 2007; Chu et al., 2004; Kidger and Keyse,
2016). This can result from either oxidative stress-induced inactivation or reduced
expression of phosphatases, including PP2A (Levinthal and DeFranco, 2005; Chen et
al., 2009), which is down-regulated in AD (Arnaud et al., 2011; Liu et al., 2008).
However, the roles of other phosphatases in the brain, including MKP3/DUSP6, remain
largely uncharacterized. In the present study, we have demonstrated that the oxidative
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stressor H2O2 increased ERK phosphorylation and decreased MKP3/DUSP6 protein
levels in SH-SY5Y cells. Consistent with our results, in primary rat cortical neurons
exposed to cisplatin – a toxic DNA intercalating drug – increased ERK phosphorylation
was associated with reduced MKP3/DUSP6 expression (Gozdz et al., 2008). In cancer
cells, where oxidative stress levels and ERK phosphorylation are known to be elevated,
suppression of MKP3/DUSP6 and other MKP/DUSP family members has also been
observed (Kidger and Keyse, 2016; Kumar et al., 2018).
Gonadal steroid hormones promote survival in neurons via rapid activation of
intracellular signaling kinases (Nguyen et al., 2005; Pike et al., 2008; Foradori et al.,
2008). However, this activation is transient, suggesting that a mechanism of rapid
dephosphorylation must also exist in the brain. It has been previously demonstrated that
sub-nanomolar concentrations of estradiol rapidly increase ERK phosphorylation in rat
cerebellar granule cells, followed by an increase in PP2A activity (Belcher et al., 2005).
These changes were independent of altered expression of MKP/DUSP family members,
including MKP3/DUSP6 (Belcher et al., 2005). By contrast, the present findings suggest
that 3a-diol may contribute to termination of androgen-induced ERK phosphorylation via
changes in MKP3/DUSP6 activity, since 3a-diol inhibits the induction of ERK
phosphorylation by dihydrotestosterone (Mendell et al., 2016).
Although 3a-diol is known to modulate GABAAR activity, the effects observed in
SH-SY5Y cells appear to occur independently of neurosteroid-sensitive GABAARs
(Mendell et al., 2018). While the precise GABAAR-independent mechanism remains
unclear, there are several possibilities. Other 3a-hydroxy, 5a-reduced neurosteroids are
capable of interacting with membrane-bound steroid receptors as well as
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neurotransmitter receptors, including the N-methyl-D-aspartate (NMDA) receptor
(reviewed in Mendell and MacLusky, 2018). 3a-diol may act through these, or similar
pathways. Since 3a-diol can enhance mitochondrial bioenergetics (Grimm et al., 2014;
Grimm et al., 2016), the effects on MKP3/DUSP6 and ERK phosphorylation may
contribute to preservation of mitochondrial function, thereby inhibiting apoptosis
(Zhuang and Schnellmann, 2006; Lu and Xu, 2006). It is also possible that its effects
are mediated via enhancement of cellular antioxidant mechanisms, since 3a-diol inhibits
toxicity induced by H2O2 (Mendell et al., 2016). Further work will be necessary to better
characterize the precise targets and sequence of cellular events involved in 3a-diolmediated neuroprotection.
In summary, these data suggest that 3a-diol increases the survival of SH-SY5Y
human neuroblastoma cells under conditions of oxidative stress through modulation of
MKP3/DUSP6 activity. As oxidative stress is known to result in the disruption of the
normal kinase-phosphatase balance in neurodegenerative and neurological disorders,
these findings provide further evidence that neurosteroids like 3a-diol may have
therapeutic potential in such conditions.
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CHAPTER 5
FINASTERIDE IMPAIRS MEMORY, DYSREGULATES HIPPOCAMPAL DENDRITIC
MORPHOLOGY, AND INCREASES PATHOLOGY IN MALE 3XTG-AD MICE

Based on the publication:
Mendell, A.L., Creighton, S.D., Wilson, H.A., Isaacs, L., Winters, B.D., MacLusky, N.J.
Finasteride impairs memory, dysregulates hippocampal dendritic morphology, and
increases pathology in male 3xTg-AD mice. Manuscript in preparation.
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ABSTRACT
Women are at greater risk for developing Alzheimer’s disease (AD) compared to
men. This may be attributable to loss of neuroprotection when circulating ovarian
steroids decline at menopause, while the age-related decline in testosterone levels in
men is more gradual. Recent work has suggested that 5α-reduced metabolites of
testosterone may contribute to the neuroprotection conferred by their parent androgen,
as well as to sex differences in the incidence of AD. In this study, we investigated the
effects of inhibiting synthesis of testosterone-derived neurosteroids on object
recognition memory (ORM), hippocampal dendritic morphology, and proteins involved in
AD pathology in male triple transgenic AD mice (3xTg-AD). Male 6-month old wild-type
or 3xTg-AD mice received daily injections of finasteride (5α-reductase inhibitor; 50mg/kg
i.p) or vehicle (18% β-cyclodextrin, 1% v/b.w.) for 20 days. Female wild-type and 3xTgAD mice only received vehicle injections. Finasteride treatment in males differentially
impaired ORM after short-term (3xTg-AD only) or long-term (3xTg-AD and wild-type)
retention delays. Dendritic spine density (DSD) and dendritic branching of pyramidal
neurons in the CA3 hippocampal subfield were similar in wild-type males and females,
but lower in 3xTg-AD females than in males, while finasteride decreased DSD in both
wild-type and 3xTg-AD males. Dendritic branching was significantly reduced by
finasteride in 3xTg-AD males, abolishing the observed sex difference. Dendritic
branching and dendritic spine density in the CA1 hippocampal subfield were reduced in
all 3xTg-AD mice. Hippocampal amyloid β deposition was substantially higher in 3xTgAD females compared to males, but was relatively unaffected by finasteride treatment of
3xTg-AD males. In contrast, no differences in ERK phosphorylation were detected
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between male and female mice, but 3xTg-AD males treated with finasteride had
significantly increased hippocampal ERK phosphorylation. Site-specific Tau
phosphorylation was higher in female, but not male 3xTg-AD mice compared to sexmatched wild-type mice, and was increased in finasteride-treated 3xTg-AD males
compared to wild-type males. These results provide evidence that 5α-reduced
neurosteroids play an important role in testosterone-mediated neuroprotection in the
male brain, and may contribute to sex differences in the development and severity of
AD.
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INTRODUCTION
The age-related decline of gonadal steroid hormone levels is associated with an
increased risk for development of Alzheimer’s disease (AD) in both sexes. AD is
approximately twice as likely to develop in women, and this sex difference has been
partially attributed to the abrupt and drastic menopausal decline in circulating ovarian
steroid hormone levels (Hanamsagar & Bilbo, 2016; Plassman et al., 2011; Alzheimer's
Association, 2014; Hebert et al. 2013; Seshadri et al., 1997). While the decline in
testosterone levels in men is more gradual, it has been identified as an independent risk
factor for the development of AD (Hogervorst et al., 2001; Hogervorst et al., 2004;
Hogervorst et al., 2003; Hsu et al., 2015; Yeap et al., 2008).
In mouse models of AD, several groups have demonstrated that testosterone is
neuroprotective in both females and males. 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 in 3xTg-AD mice (Rosario et al., 2006; Rosario et al.,
2010; Rosario et al., 2012; George et al., 2013). Long-term replacement with
testosterone or its potent androgenic metabolite dihydrotestosterone (DHT) has been
shown to prevent these outcomes in males (Rosario et al., 2006; Rosario et al., 2010;
Rosario et al., 2012). In females, the effects of testosterone are primarily driven through
local aromatization to estradiol (MacLusky et al., 2006), which can exert neuroprotection
by interacting with the various estrogen receptors expressed in the brain (Adams et al.,
2002; Duarte-Guterman et al., 2015; Kritzer, 2006; Milner et al., 2001; Milner et al.,
2005; Mogi et al., 2015). Estradiol has been shown to reduce Ab levels and reverse
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memory deficits in female GDX 3xTg-AD mice (Carroll et al., 2007; Zhao et al., 2011),
and reduce Ab load in GDX double transgenic (APPswe/PS1) mice (Zheng et al., 2002),
and in APPswe transgenic mice (Levin-Allerhand et al., 2002; Zheng et al., 2002). In
addition to the work in transgenic mouse models of AD, GDX has also 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; Jayaraman et al., 2012; Ramsden et al., 2003).
Androgen deprivation therapy (ADT) for the treatment of androgen-sensitive
prostate cancer in men results in a more drastic reduction of circulating androgen levels
than is observed during normal aging. Several studies have reported impairments on
measures of spatial ability and working memory in men undergoing ADT, while others
report no change on various other aspects of function including overall verbal or spatial
memory (Beer et al., 2006; Cherrier et al., 2003; Alibhai et al., 2010; Bussiere et al.,
2005; Cherrier et al., 2009; Gunlusoy et al., 2017; Marzouk et al., 2018). The reported
impacts of testosterone treatment on cognition in hypogonadal or elderly men with low
testosterone levels are also mixed, although elevating serum testosterone by
exogenous administration appears to be beneficial for spatial and verbal memory
(Alexander et al., 1998; Cherrier et al., 2001; Cherrier et al., 2007). Interestingly, rodent
models of androgen ablation and insensitivity exhibit more consistent declines in various
aspects of cognitive ability. This includes male mice and rats that have either been GDX
to ablate circulating androgen levels (Leonard and Winsauer, 2011), or in those that
have been genetically modified for androgen insensitivity, as is the case in mice and
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rats with the testicular feminization mutation (Tfm) (Zuloaga et al., 2008). In male rats,
these changes have been associated with androgen-dependent alterations to various
aspects of structure and function of hippocampal neurons, including density of dendritic
spines and spine synapses (MacLusky et al., 2006). In general, GDX reduces the
density of dendritic spines and spine synapses in the hippocampus of male rats and
mice, an effect reversed by replacement with androgens (Mendell et al., 2017; Li et al.,
2012; Jacome et al., 2016; Leranth et al., 2003; MacLusky et al., 2004).
In the male brain, the protective effects of testosterone have been primarily
attributed to AR-mediated effects of testosterone and its 5a-reduced metabolite, DHT.
However, other downstream metabolites of testosterone and DHT can be locally
synthesized within the brain. This includes conversion of DHT to the non-androgenic
metabolites 5a-androstane-3a,17b-diol (3a-diol) and 5a-androstane-3b,17b-diol (3bdiol) by 3a-hydroxysteroid dehydrogenase (3a-HSD) and 3b-hydroxysteroid
dehydrogenase (3b-HSD), respectively. As a 3a-hydroxy, 5a-reduced neurosteroid, 3adiol can act as a positive allosteric modulator of g-aminobutyric acid (GABA) A receptor
(GABAAR), while 3b-diol can act as an agonist for ERb (Reddy and Jian, 2010; Handa
et al., 2008).
Although it is one of the principal neurosteroid metabolites of testosterone in the
brain, relatively few studies have evaluated the cognitive and neuroprotective effects of
3a-diol. One group has reported that 3a-diol can increase performance on tasks
evaluating cognitive function and affective behaviour in young GDX and older intact
male rats (Frye et al., 2010). The same group previously reported that long-term
systemic administration or acute intrahippocampal infusion of 3a-diol or its androgenic

129

precursors increased learning and reduced anxiety in GDX male rats (Edinger and Frye,
2004). Several studies have recently demonstrated that 3a-diol can protect neurons and
neuronal-like cells against neurotoxicity induced by Ab in vitro, by opposing the Abmediated dysregulation of signaling pathways (Mendell et al., 2016; Mendell et al.,
2018) and by improving different aspects of mitochondrial bioenergetics (Grimm et al.,
2014; Grimm et al., 2016).
An important consideration of testosterone-mediated neuroprotection in AD is
whether the effects are driven primarily through testosterone itself, or through
conversion to metabolites such as 3a-diol, and whether this could contribute to the sex
differences in development and severity of pathology in AD. In the present study, we
hypothesized that inhibition of 5a-reductase – the rate-limiting enzyme in the synthesis
of 3a-diol from testosterone – would produce impairments in hippocampal-based
memory, dysregulate the structure of hippocampal neurons, and increase pathology in
3xTg-AD male mice to levels comparable to 3xTg-AD females.

MATERIALS AND METHODS
Animals
Colonies of wild-type (B6129SF2/J; The Jackson Laboratory, Bar Harbor, ME,
USA) and 3xTg-AD (APPswe, 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 with ad
libitum access to water and rodent chow. All procedures involving the use of animals in
this study were approved by the Animal Care Committee of the University of Guelph
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and followed the guidelines of the Canadian Council of Animal Care. At six months of
age, animals began receiving daily intraperitoneal (i.p.) injections of either vehicle [18%
w/v 2-hydroxypropyl-β-cyclodextrin (Sigma-Aldrich, Oakville, ON, Canada) in 0.9%
saline solution; β-CD solution] or finasteride [50mg/kg in β-CD solution; a dose that
substantially reduces peripheral and CNS neurosteroid concentrations with acute and
chronic use (Finn et al., 2006)]. Injection volumes were equivalent to 1% of the body
weight (v/bw). Animals were weighed daily immediately prior to injection. Male wild-type
and 3xTg-AD mice received either vehicle (denoted wtm-V and 3xm-V, respectively) or
finasteride (denoted wtm-F and 3xm-F, respectively) injections (n=10-11 mice/group),
while female wild-type and 3xTg-AD mice only received vehicle injections (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 injection on day 20. Animals were sacrificed either by deep
anesthetization with carbon dioxide (CO2) followed by decapitation, or by euthansol
injection followed by transcardial perfusion, depending on the follow-up application. 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 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 being immediately stored at -80°C. The
respective samples within each group included approximately equal samples from each
side of the brain, eliminating lateralization as a factor in the final analysis.
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Object recognition memory task
The object recognition memory (ORM) task was performed in an open field made
of white corrugated plastic with dimensions of 45cm (length) x 45cm (width) x 30cm
(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 identically as on testing days, except no objects were placed in the
open field. On testing days, mice were placed into the centre of the open field that
contained two identical objects in adjacent corners of the apparatus and allowed to
explore for 10 minutes (sample phase). At the end of the sample phase, mice were
removed from the open field apparatus and placed back into their home cage 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 Figure 5.2 A). The
two objects were located in the same positions as in the sample phase. All animals
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 remove the confound of olfactory cues.
Due to the natural novelty preference of mice, they explore familiar objects less
than they explore novel objects (Ennaceur and Delacour, 1988). Therefore, if the
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animals have impaired memory, they will not be 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)].

Tissue preparation for neuromorphological analysis
Golgi-Cox solution [1% potassium dichromate (Fisher Scientific, Ottawa, ON,
Canada), 0.8% potassium chromate (Sigma-Aldrich), 1% mercuric chloride (SigmaAldrich); Louth et al., 2017] was prepared fresh, filtered through Whatman grade 1 filter
paper (Fisher Scientific), and stored at room temperature in the dark until time of use
(within one week of preparation). Half brains from a subset of the mice used in this
study (n=5=6 mice/group) were placed into 20mL scintillation vials containing 20mL of
Golgi-Cox solution and stored in the dark at room temperature for 25 days. After the 25
day staining period, samples were placed in 30% sucrose solution in 0.1M phosphate
buffer (PB) for 48 hours at 4°C. Samples were then blocked in 3% agar (Fisher),
vibratome-sectioned in the coronal plane (300µm thickness) using a Leica VT1000S
vibrating blade microtome (Leica Biosystems, Concord, ON, Canada) in 30% sucrose
solution, and placed in 6% sucrose solution protected from light at 4°C for 24 hours.
Sections were then sequentially processed by rocking at room temperature in 2%
paraformaldehyde (PFA; Sigma-Aldrich) for 15 minutes, ammonium hydroxide (SigmaAldrich) for 15 minutes, and Kodak Fixative A (Sigma-Aldrich) for 25 minutes, with brief
rinses in double-deionized water between each processing step. Sections were then
mounted onto gelatin-coated microscope slides, dehydrated in ethanol (50% for 2
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minutes, 75% for 2 minutes, 95% for 2 minutes, and 2 steps of 100% ethanol for 5
minutes), cleared in xylene (2 steps for 5 minutes each), and cover-slipped 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.

Analysis of dendritic structure
Dendritic branching analysis
Image stacks were taken for the CA1 and CA3 hippocampal subfields throughout
the entire z-axis thickness (images captured every 2µm) 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 300µm 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 20µm, starting at the cell body. Apical and basal dendritic
arbours were analyzed separately. A schematic of the hippocampus displaying
sampling areas within CA1 and CA3, along with a representative tracing of a CA3
pyramidal neuron, is shown in Figure 5.1 A and B.
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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 magnification (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 based on
previously described criteria (Mendell et al., 2017). Briefly, for inclusion, dendrites had
to be continuously traceable from the cell body to the tip of the apical dendrites with no
breakages, and at least 10µm of well-delineated dendrite with clear, distinct spines had
to be present for each area of analysis. Images containing secondary dendrites 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 (n=4-6
animals/group). Images were analyzed using ImageJ (NIH), and dendritic spine density
was calculated as average number of spines per 10µm length of dendrite. Sampling
areas for dendritic segments aligned along the apical dendritic tree are shown in Figure
5.1 B.
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A

B
Distal (70-90% from soma)

Medial (40-60% from soma)

Proximal (10-30% from soma)

100µm

Figure 5.1: Schematics of sampling areas for morphological analysis of hippocampal neurons. A
schematic of the hippocampal formation is shown, with examples of the principal cell types in each of
the 3 major subfields in red (pyramidal neurons in CA3 and CA1, granule cells in the DG). Sampling
areas for the cell bodies of pyramidal neurons selected for tracing within each of the CA3 and CA1
subfields are outlined (A). A representative tracing of a CA3 pyramidal neuron from this study is
displayed, along with the dendrite segments used for dendritic spine analysis (proximal, medial, and
distal) and their respective alignment along the apical dendritic tree. A scale bar is included in red
(100µm). CA3 = cornu ammonis 3; CA1 = cornu ammonis 1; DG = dentate gyrus.
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Western blot analysis
Hippocampal tissue samples were homogenized in Triton-X protein lysis buffer
[50mM Tris-HCL (pH 7.5), 150mM NaCl, 1% Triton-X 100] with added protease
inhibitors [(1 mM 4-(2-aminoethyl)-benzenesulfonyl fluoride (AEBSF), 10µM leupeptin,
10µM pepstatin A, 25µM aprotinin)], 700U/ml DNase, and the phosphatase inhibitor
sodium orthovanadate (5µM). Homogenates were briefly sonicated on a low setting,
placed on ice for 20 minutes, and centrifuged twice at 17,530 x 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 (25-75µg of total protein, depending on the target)
were loaded onto 10% polyacrylamide gels and subjected to SDS-PAGE using the MiniPROTEAN 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 transfers (depending
on target size – small proteins required shorter transfer times) at 25V 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 albumin 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
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primary antibody overnight in either 5% non-fat milk or 5% BSA at 4°C on an orbital
shaker (see Supplementary Table 5.1 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 Signaling 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 proteins 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
As indicated above, a subset of animals (n=4-6 per group) was transcardially
perfused for immunohistochemistry (IHC) analysis. These animals were perfused with
phosphate-buffered saline (PBS) to clear the blood, followed by 4% PFA. Brains were
then 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, vibratomesectioned (40µm thickness) exhaustively in the coronal plane and placed at 4°C in PBS
with 0.1% sodium azide until IHC analysis.
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All processing steps were performed at room temperature with incubations on an
orbital shaker. The solvent for all solutions was 0.1M 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 placed
in primary antibody solution (0.3% Triton X-100, 10% normal goat serum in KPBS) with
primary antibody for Ab (1:1000; Cell Signaling) for 2 hours at room temperature and
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) 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 3,3′-Diaminobenzidine (DAB) solution (10% DAB, 0.001% H2O2 in KPBS) for 7
minutes. Sections were then 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 2 minutes), cleared in xylene (2 steps for 2
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 for direct quantitative comparison were processed
at the same time, in order to eliminate inter-assay variability in background and staining
intensity.
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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, and also in the anterior basolateral amygdala and layer V of the primary
somatosensory cortex. Quantitative analysis was performed using ImageJ. Briefly,
image stacks were created (separate image stacks were compiled for each region of
interest, with sections matched as closely as possible for coronal level of the brain).
Images were then set at constant minimum and maximum threshold levels to account
for any potential differences in background staining. Depending on the region of
interest, three or four randomly placed, non-overlapping sampling fields were taken for
analysis of staining intensity (the size of each sampling field was identical within and
between images). Values were then obtained within each field for the number of
positively stained pixels, and averages were obtained from these fields for each animal.

Statistical analysis
All statistical analyses were performed using GraphPad Prism version 7.0
(GraphPad Software Inc., La Jolla, California, USA). ORM data were analyzed by twoway ANOVA, with unpaired t-tests used to compare individual group means to zero. All
data obtained for dendritic morphology, western blotting densitometry, and quantitative
IHC were analyzed using one-way or two-way ANOVA, followed by Tukey-Kramer posthoc tests, where appropriate. Komolgorov-Smirnov and Bartlett’s tests were used to
evaluate normality and homogeneity of variance, respectively. Where necessary, data
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were log(x+1) transformed prior to statistical analysis to correct for inhomogeneity of
variance. Statistical significance was set to p£0.05.

RESULTS
Finasteride impaired short-term object recognition memory in male 3xTg-AD mice, while
long-term memory is 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. Significant overall treatment group [Two-way
ANOVA; F(5,90)=2.475, p=0.0378] and time delay effects [Two-way ANOVA;
F(1,90)=4.289, p=0.0412] were observed, with no significant interaction effect
[Treatment*Time Delay - Two-way ANOVA; F(5,90)=0.6565, p=0.6573] (Figure 5.2 B).
Individual t-tests were then performed vs a baseline DR of 0, to determine whether each
of the individual treatment groups had intact (significantly different than DR=0) or
impaired (not significantly different than DR=0) memory.
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
(Unpaired Student’s t-test; 3xm-F, p=0.7964). For long-term ORM, only the vehicletreated wild-type female (Unpaired Student’s t-test; wtf-V, p=0.0364) and male
(Unpaired Student’s t-test; wtm-V, p=0.0021) mice had significantly greater DRs
compared to 0, indicating intact memory. All other groups had impaired long-term
memory (Unpaired Student’s t-tests; 3xf-V, p=0.0733; wtm-F, p=0.3892; 3xm-V,
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p=7880; 3xm-F, p=9158) (Figure 5.2 B). Total exploration times were not significantly
different between groups in either the sample or choice phases (Supplementary Table
5.2).
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Figure 5.2: Object recognition memory (ORM) in wild-type and 3xTg-AD mice. A
schematic for the ORM paradigm in the open field is shown (A). 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 vehicle; 3xm-F = 3xTg-AD males treated with finasteride. * = p<0.05 vs. DR
of zero. The schematic in (A) is adapted with permission from Creighton et al., accepted
manuscript in Scientific Reports.
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Dendritic branching
Finasteride abolished the sex difference in dendritic branching of CA3 pyramidal
neurons in 3xTg-AD mice, reducing branching in males to female levels
Dendritic branching was analyzed separately in the apical and basal dendritic
trees of CA3 pyramidal neurons. In the apical dendritic tree, significant overall treatment
group [Two-way ANOVA; F(5, 720)=20.78, p<0.0001] and Sholl radius effects [Two-way
ANOVA; F(29 720)=217.1, p<0.0001] were observed, with no significant interaction
effect [Treatment*Sholl Radius - Two-way ANOVA; F(145,720)=1.125, p=0.1704]
(Figure 5.3 A). Post-hoc analysis between groups indicated that there were no
significant differences in branching between wild-type groups (Tukey-Kramer tests: wtfV vs. wtm-V, p=0.4916; wtm-V vs. wtm-F, p=0.9970). Compared to their respective wildtype groups, vehicle-treated 3xTg-AD females, but not males, had significantly reduced
apical dendritic branching (Tukey-Kramer tests: wtf-V vs. 3xf-V, p<0.0001; wtm-V vs.
3xm-V, p=0.9548) (Figure 5.3 B). Finasteride treatment in 3xTg-AD males abolished the
sex difference, significantly reducing branching compared to vehicle-treated 3xTg-AD
males (Tukey-Kramer test: 3xm-V vs. 3xm-F, p<0.0001), bringing branching down to
female levels (Tukey-Kramer test: 3xf-V vs. 3xm-F, p>0.9999) (Figure 5.3 C)
In the basal dendritic tree, significant overall treatment group [Two-way ANOVA;
F(5, 336)=3.246, p=0.0071] and Sholl radius effects [Two-way ANOVA;
F(13,336)=317.3, p<0.0001] were observed, with no significant interaction effect
[Treatment*Sholl Radius - Two-way ANOVA; F(65,336)=0.6223, p=0.9892]. Post-hoc
analysis between groups indicated that the vehicle-treated 3xTg-AD females had
significantly less branching than the vehicle-treated 3xTg-AD males (Tukey-Kramer test;
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3xf-V vs. 3xm-V, p=0.0265) (Figure 5.3 D), while no other significant differences were
detected.
Total dendritic length was also analyzed separately in the apical and basal
dendritic trees of CA3 pyramidal neurons. In the apical tree, an overall treatment effect
was present [One-way ANOVA; F(5,24)=6.133, p=0.0009]. Consistent with the Sholl
analysis data, 3xTg-AD females, but not males, had significantly less dendritic length
than sex-matched wild-type mice (Tukey-Kramer tests: wtf-V vs. 3xf-V, p=0.0077; wtmV vs. 3xm-V, p=0.8794), while finasteride treatment significantly reduced overall
dendritic length in the 3xTg-AD males (Tukey-Kramer test: 3xm-V vs. 3xm-F, p=0.0183)
(Figure 5.3 E). No significant differences between wild-type treatment groups were
detected (Tukey-Kramer tests: wtf-V vs. wtm-V, p=0.3875; wtm-V vs. wtm-F, p=0.9740).
No significant treatment effect was detected in total dendritic length in the basal
dendritic tree [One-way ANOVA: F(5,24)=0.8642, p=0.5193) (Figure 5.3 F).
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Figure 5.3: Dendritic branching and length in the CA3 hippocampal subfield. Dendritic branching
of CA3 pyramidal neurons is displayed for all treatment groups (A). 3xTg-AD females, but not males,
had reduced dendritic branching in CA3 (B), while finasteride treatment to 3xTg-AD males abolished the
sex difference (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 mice/group). In panels B-D, * represents p<0.05 for 3xf-V vs. 3xm-V. In panel B, †,
and Δ represent p<0.05 for 3xf-V vs. wtf-V and wtm-V, respectively. In panel C, † represents 3xm-V vs.
3xm-F. In panels E and F, * represents p<0.05 for the comparisons indicated by brackets.
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Both male and female 3xTg-AD mice had reduced dendritic branching of CA1 pyramidal
neurons compared to wild-type animals
Similar to the analysis performed for CA3 in the previous section, dendritic
branching was analyzed separately in the apical and basal dendritic trees of CA1
pyramidal neurons. In the apical dendritic tree, significant overall treatment group [Twoway ANOVA; F(5,625)=11.14, p<0.0001] and Sholl radius effects [Two-way ANOVA;
F(24,625)=173.1, p<0.0001] were observed, with no significant interaction effect
[Treatment*Sholl Radius - Two-way ANOVA; F(120,625)=1.084, p=0.2706] (Figure 5.4
A). Post-hoc analysis between groups indicated that there were no significant
differences in branching between wild-type groups (Tukey-Kramer tests: wtf-V vs. wtmV, p=0.2082; wtm-V vs. wtm-F, p=0.0594). Compared to their respective wild-type
groups, both vehicle-treated 3xTg-AD females and males had significantly reduced
apical dendritic branching (Tukey-Kramer tests: wtf-V vs. 3xf-V, p=0.0381; wtm-V vs.
3xm-V, p<0.0001) (Figure 5.4 B). Finasteride treatment in 3xTg-AD males did not
further reduce dendritic branching compared to vehicle-treated 3xTg-AD males (TukeyKramer tests: 3xm-V vs. 3xm-F, p>0.9999; wtm-V vs. 3xm-F, p<0.0001) (Figure 5.4 C).
In the basal dendritic tree, a significant Sholl radius effect was observed [Twoway ANOVA; F(13,350)=241.7, p<0.0001], but no significant overall treatment group
[Two-way ANOVA; F(5, 350)=1.55, p=0.1737] or interaction effects [Treatment*Sholl
Radius - Two-way ANOVA; F(65,350)=0.6628, p=0.9776] were present (Figure 5.4 D).
Like CA3, total dendritic length was analyzed separately in the apical and basal
dendritic trees of CA1 pyramidal neurons. No significant overall treatment effects were
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observed in the apical [One-way ANOVA; F(5,25)=2.462, p=0.0605] or basal dendritic
trees [One-way ANOVA; F(5,25)=0.449, p=0.8099] (Figure 5.4 E,F).
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Figure 5.4: Dendritic branching and length in the CA1 hippocampal subfield. Dendritic branching
of CA1 pyramidal neurons is displayed for all treatment groups (A). All 3xTg-AD mice had reduced
dendritic branching in CA1 compared to sex-matched wild-type controls (B), while finasteride treatment
to 3xTg-AD males did not further reduce branching (C). 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). * and † represent
p<0.05 for 3xf-V vs. wtf-V and 3xm-V vs. wtm-V, respectively.
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Dendritic spines
Dendritic spine density of CA3 pyramidal neurons was reduced in female 3xTg-AD
mice, and finasteride treatment in males differentially decreased spines throughout the
apical dendritic trees
Afferent inputs to the hippocampus are known to 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 calculated separately for
secondary dendrites in proximal, medial, and distal segments of the apical tree, relative
to the cell body (specific locations of analysis within the dendritic tree are described in
the methods section above). The same approach was taken for analysis in the CA3 and
CA1 hippocampal subfields.
In CA3, significant overall treatment effects were detected in the proximal [Oneway ANOVA; F(5,23)=3.916, p=0.0103], medial [One-way ANOVA; F(5,23)=8.575,
p=0.0001], and distal [One-way ANOVA; F(5,23)=12.52, p<0.0001] segments of the
apical dendritic tree. In the proximal segment, no significant differences between
individual treatment groups were detected by post-hoc analysis (Figure 5.5 B). In the
medial segment, female, but not male 3xTg-AD mice had significantly reduced spine
density compared to sex-matched wild-type mice (Tukey-Kramer tests: wtf-V vs. 3xf-V,
p=0.0075; wtm-V vs. 3xm-V, p=0.8759), while finasteride treatment in 3xTg-AD males
significantly reduced dendritic spine density (Tukey-Kramer test: 3xm-V vs. 3xm-F,
p=0.0309) (Figure 5.5 C). In the distal segment, all 3xTg-AD mice had significantly
reduced dendritic spine density compared to sex-matched wild-type mice (Tukey-
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Kramer tests: wtf-V vs. 3xf-V, p=0.0002; wtm-V vs. 3xm-V, p=0.0211; wtm-V vs. 3xm-F,
p=0.0062) (Figure 5.5 D).
In addition to the analysis performed for individual segments within the dendritic
tree, overall dendritic spine density in CA3 was significantly altered by treatment [Twoway ANOVA; F(5,69)=19.86, p<00001] and differed significantly between segments
[Two-way ANOVA: F(2,69)=4.836, p=0.0108], though there was no significant
interaction effect [Treatment*Dendritic Segment - Two-way ANOVA: F(10,69)=1.423,
p=0.1890]. In order to graphically represent the overall treatment effects detected by
post-hoc tests following the two-way ANOVA in a simplified manner, a “total combined”
dendritic spine density graph is included, where dendritic spine densities for each of the
three subfields were compiled (Figure 5.5 E). The statistics presented on these graphs
are representative of the results of the Two-way ANOVA. With the data analyzed in this
manner, several key declines in dendritic spine density of CA3 pyramidal neurons were
observed: significant reductions in 3xTg-AD females and 3xTg-AD males vs. sexmatched wild-types (Tukey-Kramer test: wtf-V vs. 3xf-V, p<0.0001; wtm-V vs. 3xm-V,
p=0.0304), and significant decreases following finasteride treatment in both wild-type
males and 3xTg-AD males (Tukey-Kramer tests: wtm-V vs. wtm-F, p=0.0030; 3xm-V vs.
3xm-F, p=0.0109) (Figure 5.5 E).
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Figure 5.5: Dendritic spine density in the CA3 hippocampal subfield. Representative micrographs
from the medial segment of CA3 apical dendrites are shown (A). No significant differences were
observed in the proximal segment between groups (B). 3xTg-AD females, but not males, had reduced
dendritic spine density in the medial segment, while finasteride treatment to 3xTg-AD males abolished
the sex difference (C). All 3xTg-AD mice had reduced dendritic spine density in the distal segment
compared to sex-matched wild-type animals (D). When evaluated independently of apical dendritic
segment, all 3xTg-AD mice have reduced dendritic spine density, while finasteride treatment decreases
dendritic spine density further in both wild-type and 3xTg-AD males (E). Bars on graphs represent mean
+/- SEM (n=4-5 mice/group). * represents p<0.05 for the comparisons indicated by brackets.
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Dendritic spine density of CA1 pyramidal neurons was differentially reduced across the
apical dendritic tree of 3xTg-AD mice
In CA1, significant overall treatment effects were detected in the proximal [Oneway ANOVA; F(5,26)=2.625, p=0.0474], medial [One-way ANOVA; F(5,26)=3.968,
p=0.0083], and distal [One-way ANOVA; F(5,26)=4.859, p=0.0029] segments of the
apical dendritic tree. In the proximal segment, dendritic spine density was significantly
reduced in 3xTg-AD females, but not males, compared to sex-matched wild-type mice
(Tukey-Kramer tests: wtf-V vs. 3xf-V, p=0.05; wtm-V vs. 3xm-V, p=0.9142) (Figure 5.6
B). In the medial segment, male 3xTg-AD mice treated with either vehicle or finasteride
had significantly reduced spine density compared to wild-type mice (Tukey-Kramer
tests: wtm-V vs. 3xm-V, p=0.0231; wtm-V vs. 3xm-F, p=0.0068), while female 3xTg-AD
mice did not (Tukey-Kramer test: wtf-V vs. 3xf-V, p=0.8344) (Figure 5.6 C). The same
effect was observed in the distal segment, where male 3xTg-AD mice treated with either
vehicle or finasteride had significantly reduced spine density compared to wild-type
mice (Tukey-Kramer tests: wtm-V vs. 3xm-V, p=0.0052; wtm-V vs. 3xm-F, p=0.0047),
while female 3xTg-AD mice did not (Tukey-Kramer test: wtf-V vs. 3xf-V, p=0.6994)
(Figure 5.6 D).
As with CA3, In addition to the analysis performed for individual segments within
the dendritic tree, overall dendritic spine density in CA1 was significantly altered by
treatment [Two-way ANOVA; F(5,78)=9.896, p<00001], but did not differ significantly
between segments [Two-way ANOVA: F(2,78)=4.836, p=0.1024] and there was no
significant interaction effect [Treatment*Dendritic Segment - Two-way ANOVA:
F(10,78)=1.127, p=0.3532]. With the data analyzed in this manner, several declines in
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dendritic spine density of CA1 pyramidal neurons were observed: significant reductions
in 3xTg-AD females and both vehicle- and finasteride-treated 3xTg-AD males vs. sexmatched wild-types (Tukey-Kramer tests: wtf-V vs. 3xf-V, p=0.0226; wtm-V vs. 3xm-V,
p<0.0001; wtm-V vs. 3xm-F, p<0.0001), and a significant decrease following finasteride
treatment in wild-type males (Tukey-Kramer tests: wtm-V vs. wtm-F, p=0.0036) (Figure
5.6 E).
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Figure 5.6: Dendritic spine density in the CA1 hippocampal subfield. Representative micrographs
from the medial segment of CA1 apical dendrites are shown (A). 3xTg-AD females, but not males, had
reduced dendritic spine density in the proximal segment of CA1 apical dendrites (B). 3xTg-AD males,
but not females, had reduced dendritic spine density in the medial (C) and distal (D) segments, while
finasteride treatment to 3xTg-AD males did not have a significant effect. When evaluated independently
of apical dendritic segment, all 3xTg-AD mice had reduced dendritic spine density, while finasteride
treatment decreased dendritic spine density further in wild-type males, but not in 3xTg-AD males (E).
Bars on graphs represent mean +/- SEM (n=5-6 mice/group). * represents p<0.05 for the comparisons
indicated by brackets.
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Proteins involved in signaling and pathology in AD
3xTg-AD females displayed significantly higher hippocampal Ab levels than 3xTg-AD
males
Levels of Ab were evaluated in whole hippocampal lysate by western blot, and
various hippocampal subfields and regions, as well as the amygdala and cortex, were
evaluated by IHC. In whole hippocampal lysate, a significant overall treatment group
effect on Ab level was detected [One-way ANOVA; F(5,26)=13.99, p<0.0001] (Figure
5.7 A). No Ab was detected in any lysates obtained from wild-type mice, and all 3xTgAD mice had significantly greater Ab levels than the wild-types (Tukey-Kramer tests:
wtf-V vs. 3xf-V, p<0.0001; wtm-V vs. 3xm-V, p=0.0114; wtm-V vs. 3xm-F, p=0.0202).
However, there was not a significant sex difference in overall hippocampal Ab levels in
3xTg-AD mice, and finasteride treatment in males did not impact Ab levels (TukeyKramer tests: 3xf-V vs. 3xm-V, p=0.1045; 3xm-V vs. 3xm-F, p>0.9999) (Figure 5.7 A).
In contrast, significant sex differences were present in several specific
hippocampal subfields at different levels of the hippocampus. 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). Ab
immunoreactivity was also quantified in the anterior basolateral amygdala and layer V of
the primary somatosensory cortex (Supplementary Figure 5.1), as these areas
demonstrated substantial and consistent positive staining in 3xTg-AD mice.
In the CA1 subfield of the anterior hippocampus, 3xTg-AD female mice had
significantly greater positive staining for Ab than wild-type females and 3xTg-AD males
treated with either vehicle or finasteride [One-way ANOVA; F(5,18)=7.928, p=0.0004.
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Tukey-Kramer tests: wtf-V vs. 3xf-V, p=0.0009; 3xf-V vs. 3xm-V, p=0.0042; 3xf-V vs.
3xm-F, p=0.0044], while neither 3xTg-AD male group had significantly higher levels
than wild-type mice (Tukey-Kramer tests: wtm-V vs. 3xm-V, p=0.9767; wtm-V vs. 3xmF, p=0.9740) (Figure 5.7 B,C).
In the middle hippocampus, significant overall treatment group effects on Ab
immunoreactivity were detected in the CA1 subfield [One-way ANOVA; F(5,17)=71.24,
p<0.0001] (Figure 5.7 B,D) and the dorsal subiculum [One-way ANOVA; F(5,16)=14.89,
p<0.0001] (Figure 5.7 E). In both regions investigated, 3xTg-AD female mice had
significantly greater positive staining for Ab than wild-type females and 3xTg-AD males
treated with either vehicle or finasteride [(Tukey-Kramer tests for CA1: wtf-V vs. 3xf-V,
p<0.0001; 3xf-V vs. 3xm-V, p<0.0001; 3xf-V vs. 3xm-F, p<0.0001)(Tukey-Kramer tests
for dorsal subiculum: wtf-V vs. 3xf-V, p<0.0001; 3xf-V vs. 3xm-V, p=0.0007; 3xf-V vs.
3xm-F, p=0.0034)], while neither 3xTg-AD male group had significantly higher levels
than wild-type male mice [(Tukey-Kramer tests for CA1: wtm-V vs. 3xm-V, p=0.7550;
wtm-V vs. 3xm-F, p=0.7504)(Tukey-Kramer tests for dorsal subiculum: wtm-V vs. 3xmV, p=0.7318; wtm-V vs. 3xm-F, p=0.1126)] (Figure 5.7 D,E).
In the posterior hippocampus, significant overall treatment group effects on Ab
immunoreactivity were detected in the ventral subiculum [One-way ANOVA;
F(5,19)=4.264, p=0.0091] (Figure 5.7 B,H) and the dorsal subiculum [One-way ANOVA;
F(5,19)=6.44, p=0.0012] (Figure 5.7 G), but not in the CA1 subfield [One-way ANOVA;
F(5,19)=2.454, p=0.0708] (Figure 5.7 F). In the ventral subiculum, 3xTg-AD female mice
had significantly greater positive staining for Ab than wild-type females, and vehicletreated 3xTg-AD males, but not finasteride-treated 3xTg-AD males (Tukey-Kramer
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tests: wtf-V vs. 3xf-V, p<0.0001; 3xf-V vs. 3xm-V, p=0.0275; 3xf-V vs. 3xm-F,
p=0.1417), while neither 3xTg-AD male group had significantly higher levels than wildtype mice (Tukey-Kramer tests: wtm-V vs. 3xm-V, p>0.9999; wtm-V vs. 3xm-F,
p=0.8053) (Figure 5.7 H). In the dorsal subiculum, 3xTg-AD female mice had
significantly greater positive staining for Ab than wild-type females, but not 3xTg-AD
males treated with either vehicle or finasteride (Tukey-Kramer tests: wtf-V vs. 3xf-V,
p=0.0085; 3xf-V vs. 3xm-V, p=0.7341; 3xf-V vs. 3xm-F, p=0.7680), while neither 3xTgAD male group had significantly higher levels than wild-type mice (Tukey-Kramer tests:
wtm-V vs. 3xm-V, p=0.1420; wtm-V vs. 3xm-F, p=0.0848) (Figure 5.7 G). Ab
immunoreactivity was not detected in the CA3 subfield at the anterior, middle, or
posterior levels of the hippocampus. Data for the anterior basolateral amygdala and
layer V of the primary somatosensory cortex are included in Supplementary Figure 5.1.
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Figure 5.7: Amyloid β levels were differentially elevated in the hippocampus of 3xTg-AD mice.
Representative western blots and quantitative densitometric analysis for amyloid β (Aβ) levels in whole
hippocampal lysate, demonstrating elevated Aβ in all 3xTg-AD mice (A). Representative micrographs of
immunostained sections from anterior CA1, middle dorsal subiculum, and posterior ventral subiculum
from 3xTg-AD mice (B). In all cases, 3xTg-AD mice had detectable staining, while wild-type animal did
not. Aβ immunostaining 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 Aβ staining were present between 3xTg-AD females and males in posterior
CA1 or posterior dorsal subiculum (F-G). 3xTg-AD females had significantly elevated Aβ staining in
posterior ventral subiculum compared to 3xTg-AD males treated with vehicle, but not finasteride. All
bars on graphs represent mean +/- SEM (n=4-6 mice/group). * and † represent p<0.05 for 3xf-V vs.
3xm-V and 3xm-F, respectively.
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Finasteride treatment increased hippocampal ERK phosphorylation and site-specific
hyperphosphorylation of Tau in male 3xTg-AD mice
We have previously demonstrated that 3a-diol was able to protect neurons and
neuronal cells in culture from neurotoxicity induced by Ab and oxidative stressors, and
this protection was associated with inhibition of aberrant ERK phosphorylation and
reduction of caspase-3 cleavage, leading to reduced cell death (Mendell et al., 2016;
Mendell et al., 2018). As the experimental design of this study used finasteride to
differentiate between protection conferred by testosterone itself and the relative
contribution of its 5a-reduced metabolites, we investigated whether any differences in
hippocampal ERK phosphorylation were present between treatment groups. A
significant overall treatment group effect on ERK phosphorylation was observed [Twoway ANOVA; F(5,52)=7.285, p<0.0001], as well as a significant difference in overall
ERK phosphorylation between ERK isoforms [Two-way ANOVA; F(1,52)=34.35,
p<0.0001], with no significant interaction effect [Treatment*ERK Isoform – Two-way
ANOVA; F(5,52)=1.374, p=0.2491] (Figure 5.8 A). The data shown in Figure 5.8 are
corrected across ERK isoforms, as no significant interaction effect was observed. While
there were no significant differences in hippocampal ERK phosphorylation observed
between vehicle-treated 3xTg-AD mice and vehicle-treated wild-type mice for either sex
(Tukey-Kramer test: wtm-V vs. 3xm-V, p=0.1794; wtf-V vs. 3xf-V, p=0.9859), 3xTg-AD
males treated with finasteride had increased ERK phosphorylation compared to wildtype males treated with either vehicle or finasteride (Tukey-Kramer tests: wtm-V vs.
3xm-F, p=0.0010; wtm-F vs. 3xm-F, p<0.0001) (Figure 5.8 A).
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In addition to ERK phosphorylation, other kinases are also dysregulated in AD.
One of these kinases, glycogen synthase kinase 3b (GSK-3b), has been widely
associated with increased production of Ab and with hyperphosphorylation of Tau in AD
(reviewed in Grimes and Jope, 2001; Jope and Johnson, 2004). We therefore
investigated whether any changes in hippocampal GSK-3b phosphorylation were
present. No significant changes between treatment groups were detected [One-way
ANOVA; F(5,26)=1.067, p=0.4009] (Figure 5.8 B).
Hyperphosphorylation of Tau results in destabilization of this structural protein,
eventually resulting in the formation of neurofibrillary tangles (Grundke-Iqbal et al.,
1986; Alonso et al., 1996; Gotz et al., 2001). In 3xTg-AD mice, tangle pathology has
been shown to occur around 12 months of age (Oddo et al., 2003), with
hyperphosphorylated 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. A significant overall
treatment effect was detected for P-Tau Ser202 (One-way ANOVA; F(5,26)=7.556,
p=0.0002), and post-hoc analysis revealed a significant increase in P-Tau Ser202 in
3xTg-AD females, but not males, compared to sex-matched wild-type mice (TukeyKramer tests: wtf-V vs. 3xf-V, p=0.0327; wtm-V vs. 3xm-V, p=0.2380) (Figure 5.8 C).
Finasteride-treated male 3xTg-AD mice had elevated P-Tau Ser202 levels compared to
both vehicle- and finasteride-treated wild-type males (Tukey-Kramer tests: wtm-V vs.
3xm-F, p=0.0019; wtm-F vs. 3xm-F, p=0.0033) (Figure 5.8 C).
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No significant differences between treatment groups were detected for P-Tau
Ser396 [One-way ANOVA; F(5,26)=2.18, p=0.0873] (Figure 5.8 D) or total Tau [Oneway ANOVA; F(5,26)=1.247, p=0.3162] (Figure 5.8 E).
Upregulation of kinases can contribute to Tau hyperphosphorylation in AD
(Takashima, 2006; Ferrer et al., 2005). As both ERK and GSK-3b can directly
phosphorylate specific residues of Tau, and have been found to be upregulated in the
AD brain (Roder and Ingram, 1991; Drewes et al., 1992; Pei et al., 2002; La Corre et al.,
2006; Arnaud et al., 2011), we sought to determine whether phosphorylation levels of
these kinases were correlated to phosphorylated levels of Tau. For this analysis, the
individual measures for each animal, regardless of treatment group, were used to
compare the animal-specific levels of hippocampal ERK, GSK-3b, and P-Tau Ser202.
Phosphorylation of ERK2 [Linear regression; slope=0.6586 +/- 0.3169, y-int=0.9199 +/0.1691, R2=0.1258, F(1,30)=4.318, p=0.0464], but not ERK1 [Linear regression;
slope=0.3211 +/- 0.1813, y-int=0.5316 +/-0.0968, R2=0.0947, F(1,30)=3.137, p=0.0867]
or GSK-3b [Linear regression; slope=-0.0106 +/- 0.0379, y-int=0.0869 +/-0.0203,
R2=0.0026, F(1,30)=0.0786, p=0.7811], displayed a significant positive correlation with
P-Tau Ser202 (Figure 5.8 F,G). Other correlations evaluated by linear regression are
included in Supplementary Figure 5.2.
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Figure 5.8: ERK and tau phosphorylation were elevated by finasteride treatment in the
hippocampus of male 3xTg-AD mice. Representative western blots and quantitative densitometric
analysis of whole hippocampal lysate for ERK (A) and GSK-3β (B), demonstrating elevated ERK
phosphorylation in finasteride-treated male 3xTg-AD mice, and no significant changes in GSK-3β
phosphorylation between groups. Representative western blots and quantitative densitometric analysis
for tau phosphorylated at Serine 202 (C), Serine 396 (D) and for total Tau (E), demonstrating increased
P-Tau Ser202, but not P-Tau Ser396 or total Tau, in female 3xTg-AD mice and finasteride-treated male
3xTg-AD mice. Significant positive correlations were observed between P-ERK2 and P-Tau Ser202, but
not between P-ERK1 or GSK-3β and P-Tau Ser202 (F,G). Bars on graphs represent mean +/- SEM
(n=5-6 mice/group). Points on graphs in panels F and G represent individual measures from each
animal. * represents p<0.05 for the comparisons indicated by the brackets on each graph.
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Finasteride treatment reduced hippocampal PSD-95 levels in wild-type males, while no
differences in GFAP or NeuN levels were detected
PSD-95 is a scaffolding protein that is present in the post-synaptic density, which
has important roles in synaptic plasticity and the maintenance of excitatory synapses
(Chen et al., 2011). It has also been found to be dysregulated in AD (Shao et al., 2011),
and can be an indication of synaptic dysfunction. We therefore investigated whether any
changes in hippocampal PSD-95 levels were present in the animals used in this study.
An overall treatment effect on PSD-95 levels was detected [One-way ANOVA;
F(5,26)=4.103, p=0.007] (Figure 5.9 A), with wild-type males exhibiting higher levels
compared to wild-type females, and finasteride treatment in males eliminating this sex
difference (Tukey-Kramer tests: wtf-V vs. wtm-V, p=0.0475; wtm-V vs. wtm-F,
p=0.0234; wtf-V vs. wtm-F, p=0.9970). No significant differences were found in any of
the 3xTg-AD mice compared to their wild-type counterparts (Tukey-Kramer tests: wtf-V
vs. 3xf-V, p=9565; wtm-V vs. 3xm-V, p=0.6528, wtm-V vs. 3xm-F, p=0.1253) (Figure 5.9
A).
Glial cell infiltration and neuronal cell death are two prominent aspects of AD
pathophysiology (reviewed in Mattson, 2004; Smale et al., 1995). We therefore sought
to evaluate whether differences in hippocampal levels of glial fibrillary acidic protein
(GFAP) and NeuN levels – markers of glial cells and mature neurons, respectively –
were altered in the animals used in this study. No significant differences between
treatment groups were detected for either GFAP [One-way ANOVA; F(5,26)=0.7627,
p=0.5849] (Figure 5.9 B) or NeuN [One-way ANOVA; F(5,26)=0.3951, p=0.8476]
(Figure 5.9 C).
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Finasteride treatment reduced hippocampal levels of 3a-HSD3, but not 17b-HSD10, in
male mice
3a-hydroxysteroid dehydrogenase type 3 (3a-HSD3) and 17b-hydroxysteroid
dehydrogenase type 10 (17b-HSD10) are essential for the forward and backward
interconversion between DHT and 3a-diol, respectively (reviewed in Porcu et al., 2016).
As finasteride inhibits 5a-reductase – the rate-limiting enzyme in the conversion from
testosterone to DHT – we sought to determine whether the hippocampal levels of the
downstream enzymes in the conversion between DHT and 3a-diol were impacted by
finasteride treatment.
No significant overall treatment group effects were detected for either 3a-HSD3
[One-way ANOVA; F(5,22)=1.773, p=0.1602] or 17b-HSD10 [One-way ANOVA;
F(5,22)=1.807, p=0.1531] (Figure 5.9 D). However, when all males treated with vehicle
and finasteride were collapsed into two groups (independent of genotype – wtm-V +
3xm-V = male vehicle; wtm-F + 3xm-F = male finasteride), a significant decrease in 3aHSD3 levels was detected after finasteride treatment (Unpaired Student’s t-test,
p=0.0496) (Figure 5.9 E).
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Figure 5.9: Changes in levels of PSD-95, GFAP, NeuN and biosynthetic enzymes were not
detected in 3xTg-AD mice. Representative western blots and quantitative densitometric analysis of
whole hippocampal lysate are displayed for PSD-95 (A), GFAP (B), and NeuN (C). No changes were
observed in 3xTg-AD mice for any of the markers shown in panels A-C, though finasteride reduced
PSD-95 levels in wild-type males. Representative western blots and quantitative densitometric analysis
are displayed for 3α-HSD3 and 17β-HSD10 (D), demonstrating no significant differences between
experimental groups. When males were pooled by treatment, removing genotype as a variable,
finasteride significantly reduced steady state protein levels of 3α-HSD3, but not 17β-HSD10 (E). Bars
on graphs represent mean +/- SEM (n=5-6 mice/group). * represents p<0.05 for the comparisons
indicated by the brackets on each graph.
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DISCUSSION
The results presented in this study establish an important role for 5a-reduced
neurosteroids in the relative protection of 3xTg-AD male mice compared to females.
Several important studies have demonstrated that exogenously administered
testosterone and DHT can protect against various aspects of pathology and cognitive
impairments in GDX 3xTg-AD mice (Rosario et al., 2006; Rosario et al., 2010; Rosario
et al., 2012; George et al., 2013), and there is substantial evidence that AR-mediated
neuroprotection contributes to the sex differences in the development and severity of
AD. However, to the best of our knowledge, this is the first study establishing that
endogenous synthesis of testosterone-derived neurosteroids plays an important role in
the maintenance of normal short-term memory, hippocampal structure and function, and
prevention of pathology in a 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 (Chen et
al., 2011; Singh et al., 2012; Wang et al., 2010). 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 allopregnanolone is more potent through this mechanism (Reddy and Jian,
2010). However, both neurosteroids have also been reported to improve various
aspects of cellular function through GABAAR-independent mechanisms in vitro (Mendell
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et al., 2016; Mendell et al., 2018; Grimm et al., 2014; 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 and have been shown to be relatively
unchanged during aging and advancing stages of pathology in male 3xTg-AD mice
(Caruso et al., 2013a). However, it should be noted that allopregnanolone, but not 3adiol, was reported to decrease in the brains of both men and women with AD (Bernardi
et al., 2000; Marx et al., 2006; Naylor et al., 2010; Smith et al., 2006; Yang & He, 2001).
Overall, both could act to oppose the toxic effects of AD-related pathology.
One of the most striking findings of this study is that sex differences in
dysregulation of dendritic morphology in 6-7 month old 3xTg-AD mice are hippocampal
subfield-specific, with females having reduced dendritic branching in both the CA1 and
CA3 subfields, while males only have reduced branching in CA1. There is some
disparity about the relative roles of these two subfields in hippocampal memory
processes, but overall it appears that 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 (Kesner, 2013; Cherubini and Miles, 2015; Lee
and Kesner, 2004; Rolls, 2013). Meanwhile, the CA1 subfield 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 (Lee and Kesner, 2004; McClelland and Goddard, 1996). Interestingly, some
studies have suggested that the CA3 subfield is relatively less affected or unaffected in
AD (Braak and Braak, 1991; West et al., 1994; Price et al., 1991; reviewed in Small et
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al., 2011), while other studies suggest that synaptic dysfunction, morphological
dysregulations, pathophysiological markers, and apoptotic cells are present 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). Our present findings
suggest that subfield-specific effects on dendritic morphology are present in male 3xTgAD mice, but that females have impairments in both subfields.
Though the female 3xTg-AD mice did not display any further deficits in ORM
compared to the males, they displayed significant dendritic atrophy and reductions in
dendritic spine density of CA3 pyramidal neurons, while the male 3xTg-AD mice did not
display any dendritic atrophy and only had reduced spine density in the distal segment
of the apical dendrites in CA3. These findings can potentially be reconciled by previous
work suggesting that functional stabilization and reorganization can occur within the
hippocampal formation to compensate for circuitry disruptions in humans with AD
(Geddes et al., 1985; Hyman et al., 1987; reviewed in Cotman and Anderson, 1988) and
rodent models (Deller and Frotscher, 1997). Such reorganization may account for the
lack of further ORM deficit in the female 3xTg-AD mice, though this is speculative as the
data presented herein do not provide insight into changes to the circuitry of the
hippocampus itself.
Dendritic spine density was differentially reduced in 3xTg-AD female and male
mice in both the CA3 and CA1 subfields, in different segments of the dendritic tree. In
the CA3 subfield, female 3xTg-AD mice had reduced spine density in the medial and
distal segments of the apical dendritic tree, while males had reduced spine density in
the distal segment, and finasteride treatment decreased spine density in 3xTg-AD
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males in the medial segment. In the CA1 subfield, spine density was reduced in the
proximal segment of the apical dendritic tree in female 3xTg-AD mice, while males had
reductions in the medial and distal segments, with no significant impact of finasteride
treatment. The differential reductions in spine density across dendritic segments could
provide some further insight into potential disruptions to the circuitry within the
hippocampus. The mossy fiber projections from the dentate gyrus (DG) granule cells to
the CA3 pyramidal neurons primarily terminate near the soma (Amaral and Witter, 1989;
Andersen et al., 1971; Witter, 2007; Witter and Amaral, 1991), a part of the dendritic
tree that did not display any significant alterations in spine density between groups.
Meanwhile, the medial and distal segments of the CA3 pyramidal neurons are largely
innervated by recurrent collaterals within CA3 and projections from the entorhinal
cortex, respectively (Amaral and Witter, 1989; Witter, 2007; Witter and Amaral, 1991).
As we observed alterations to morphology of CA3 neurons in 3xTg-AD females and
finasteride-treated males, this could be associated with disruptions to the recurrent
collaterals within CA3, resulting in spine loss in the medial segment. Meanwhile,
findings regarding the impact of AD on entorhinal cortex circuitry and function are
somewhat equivocal (Small et al., 2011). If a deficit is present in the entorhinal cortical
inputs to CA3 at this stage of pathology in 3xTg-AD mice, this could possibly account for
the reduction in spines in both females and males in the distal segment of the apical
dendrites. However, such conclusions cannot be made directly from this study, as the
entorhinal cortex was not investigated.
The proximal and medial segments of apical dendrites of CA1 pyramidal neurons
are primarily innervated by the Schaeffer collaterals from CA3, while the distal
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segments are innervated by the entorhinal cortex (Amaral and Witter, 1989; Witter and
Amaral, 1991). The pattern of spine density changes in CA1 of the 3xTg-AD mice can
be partially explained with respect to the CA3-CA1 projections in females, though this is
more difficult to reconcile in males. However, the CA1 subfield of the hippocampus also
receives robust input from basal forebrain cholinergic structures (McKinney et al., 1983)
and mesolimbic/mesencephalic dopaminergic projections (Gasbarri et al., 1994;
Gasbarri et al., 1997), which are implicated in degenerative processes in AD
(Whitehouse et al., 1981; Whitehouse et al., 1982; Auld et al., 2002; Mann et al., 1987;
Guzman-Ramos et al., 2010; Perez et al., 2011). Changes in these areas, if present in
the 3xTg-AD mice, could potentially contribute to the observed pattern of dendritic spine
loss that we observed.
In this study, we observed elevated hippocampal Ab levels in all 3xTg-AD mice,
whereas wild-type mice did not have detectable levels of Ab. Female 3xTg-AD mice had
significantly greater immunoreactivity than males in several different specific parts of the
dorsal and ventral hippocampus, consistent with other reports in both the hippocampus
and other areas of the brain in this mouse model (Carroll et al., 2010; Hirata-Fukae et
al., 2008; Perez et al., 2011). Ab immunoreactivity was considerably higher and more
widely dispersed throughout the ventral hippocampus (middle and posterior levels of the
brain in this study), while the dorsal hippocampus (anterior level) had considerably
lower immunoreactivity, which was primarily localized to the CA1 subfield. These
findings are consistent with a study that evaluated the spatial and temporal pattern of
Ab deposition in 3xTg-AD mice, reporting that pathology was more prominent at an
earlier age in the caudal/posterior parts of the hippocampus
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(Mastrangelo and Bowers, 2008). Finasteride treatment in male 3xTg-AD mice did not
appear to significantly alter Ab, though in the ventral subiculum of the ventral
hippocampus (posterior level), female 3xTg-AD mice had significantly greater Ab
immunoreactivity compared to vehicle-treated 3xTg-AD male mice, but not those treated
with finasteride. 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 CA1 subfield at all levels of the
hippocampus, it is possible that a spatial progression of Ab deposition throughout the
hippocampus occurs, originating 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 that were influenced by finasteride
treatment. The limited Ab deposition at early-mid disease stages in CA3 is consistent
with earlier reports of the progression of pathophysiology in AD (Braak and Braak, 1991;
West et al., 1994; Price et al., 1991; reviewed in Small et al., 2011), and it appears that
the dysregulation of dendritic morphology of CA3 pyramidal neurons induced by
finasteride may occur through mechanisms not directly related to Ab.
Dysregulated phosphorylation of intracellular signaling kinases, including GSK-3b
and ERK, is an aspect of AD pathology that has been shown to contribute to
downstream Tau hyperphosphorylation and neuronal death (Kirouac et al., 2017;
Zhuang and Schnellman, 2006; Young et al., 2006; Feld et al., 2014; Drewes et al.,
1992; Arora et al., 2015; Li and Qian, 2016; Pei et al., 2002; Chu et al., 2004; Grimes
and Jope, 2001; Jope and Johnson, 2004; Harris et al., 2004). In this study, we did not
find significant changes in GSK-3b phosphorylation, or a significant correlation between
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GSK-3b phosphorylation and Tau phosphorylation. In the absence of finasteride
treatment, no differences in ERK phosphorylation were observed between wild-type and
3xTg-AD mice. However, male 3xTg-AD mice treated with finasteride had significantly
higher ERK phosphorylation compared to both vehicle-treated and finasteride-treated
wild-type male mice. This could be explained by the reduction in 3a-diol synthesis
following finasteride treatment, as we have previously demonstrated that 3a-diol
protects neurons from Ab-induced toxicity through the inhibition of aberrant ERK
phosphorylation (Mendell et al., 2016; Mendell et al., 2018). Furthermore, in the present
study, finasteride treatment in male mice (combined wild-type and 3xTg-AD groups)
decreased hippocampal levels of 3a-HSD3 – the primary enzyme in the brain that
catalyzes the conversion of DHT to 3a-diol (Porcu et al., 2016) – providing more
evidence that these changes could be driven by reduced 3a-diol levels. A previous
study demonstrated that elevated ERK phosphorylation was correlated with ORM
deficits in 6-month old 3xTg-AD mice, and that inhibition of ERK phosphorylation
reversed memory impairments (Feld et al., 2014). As finasteride-treated male 3xTg-AD
mice were the only group with elevated ERK phosphorylation and impaired short-term
ORM in the present study, it is possible that these two findings are related. This
provides further evidence for a protective role of 3a-diol and other 5a-reduced
neurosteroids in maintaining normal signaling and cognitive function.
In this study, we also detected elevated Tau phosphorylation at Ser202, but not
Ser396, in female 3xTg-AD mice and finasteride-treated male 3xTg-AD mice. No
changes in total Tau were observed. Hyperphosphorylation of these residues has been
widely associated with Tau pathology in AD (Lee et al., 1991; Bramblett et al., 1993;
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Maccioni et al., 2006; De Felice et al., 2008), and has been observed in 3xTg-AD mice
(Oddo et al., 2003; Carroll et al., 2007; Caccamo et al., 2007). In addition, Ser202 has
been shown to be a direct phosphorylation target of activated ERK (Lambourne et al.,
2005; Harris et al., 2004; Qi et al., 2016). Linear regression analysis demonstrated that
the level of phosphorylated ERK2 was significantly correlated with that of
phosphorylated Tau at Ser202, demonstrating an association between these two
proteins. This association has previously been shown in a colocalization study in postmortem AD brains (Pei et al., 2002), and suggests that the elevated ERK
phosphorylation induced by finasteride treatment may contribute to the increase in Tau
phosphorylation observed in the male 3xTg-AD mice. However, this cannot be
concluded as the only direct cause, as several intracellular signaling proteins that were
not investigated in this study have also been proposed as potential modulators of Tau
phosphorylation. Nonetheless, the finasteride-induced elevation in Tau phosphorylation
may be a driving factor of the morphological changes observed in this study. Though
minimal Ab immunoreactivity was detected in the CA3 subfield of the hippocampus, as
discussed above, whole hippocampal Tau phosphorylated at Ser202 was significantly
negatively correlated with total CA3 dendritic material, and trended toward a significant
negative correlation with CA3 total dendritic spine density (Supplementary Figure 5.2).
In addition, though no significant overall differences were observed between groups for
Ser396 Tau phosphorylation, whole hippocampal Tau phosphorylated at Ser396 was
negatively correlated with CA3 dendritic spine density (Supplementary Figure 5.2).
These findings suggest that 5a-reduced neurosteroid metabolites of testosterone may
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prevent dysregulation of CA3 dendritic morphology in males by suppressing Tau
hyperphosphorylation, as opposed to regulating Ab levels.
In addition to Ab and Tau phosphorylation, several other aspects of AD-related
pathology were investigated in the hippocampus. No changes in GFAP or NeuN levels
were detected, which were used as markers of astrogliosis and neuronal loss,
respectively. Changes in these factors have been reported in aged 3xTg-AD mice in
some studies (Oddo et al., 2003; Caruso et al., 2013; Janelsins et al., 2008) but not
others (Mastrangelo and Bowers, 2008), but as the mice used in this study were 6.5-7
months of age at the time of sacrifice, it is likely that they were too young to have
developed detectable changes in GFAP or NeuN. PSD-95 levels were also investigated,
though no changes were observed between wild-type and 3xTg-AD mice.
Unexpectedly, wild-type male mice had significantly greater PSD-95 levels compared to
wild-type females, and finasteride treatment in males reversed this sex difference. The
sex difference in the wild-type animals is surprising, as PSD-95 is a post-synaptic
density protein, and females have been reported to have higher numbers of dendritic
spines and spine synapses in the hippocampus compared to males in rats and nonhuman primates (Shors et al., 2001; Leranth et al., 2004; Mendell et al., 2017). The
effect of finasteride is consistent with the decline in overall dendritic spine density in
both CA1 and CA3 following finasteride treatment in wild-type mice in this study, though
the same treatment in male 3xTg-AD mice reduced dendritic spine density without
affecting PSD-95 levels. These findings could potentially be reconciled if the number of
dendritic spines in these animals does not directly correlate with active, PSD-95
containing synapses (Phan et al., 2015; Hanse et al., 2013). However, further work is
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necessary to investigate whether spine synapse density is also altered by finasteride
treatment, as synapses are sensitive to circulating androgen levels (Leranth et al., 2003;
MacLusky et al., 2004; Mendell et al., 2014).
While the main focus of this study was to evaluate the role of endogenous 5areduced neurosteroid synthesis on factors related to AD, we also found that wild-type
male mice treated with finasteride had impaired long-term ORM and reduced
hippocampal dendritic spine density. 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 (Melcangi et al., 2017; Ganzer et al., 2015). Reduced dendritic
spine density (a factor that was significantly correlated with both short- and long-term
ORM; Supplementary Figure 5.2 A-D) may contribute to the development of cognitive
and psychological symptoms (reviewed in Qiao et al., 2016) observed in patients with
post-finasteride syndrome. However, substantially more work will be necessary in order
to elucidate the underlying causes of this condition.

CONCLUSIONS AND LIMITATIONS
Overall, this study investigated the role of endogenous synthesis of testosteronederived neurosteroids in cognitive and pathological processes in 3xTg-AD mice, with an
emphasis on the relative protection of the male brain. The data support the hypothesis
that at least some of the protective effects conferred by testosterone can be attributed to
its 5a-reduced metabolites, specifically 3a-diol, and suggest that this neurosteroid could
be beneficial in slowing the progress of AD. However, caution must be taken in this
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approach, as systemically administered 3a-diol could potentially be converted to its
androgenic precursor, DHT. Therefore, moving forward, it may be necessary to develop
synthetic analogs of 3a-diol that maintain biological activity while preventing backconversion – an approach that has recently been taken with the progesterone-derived
analog of 3a-diol, allopregnanolone (Karout et al., 2016; Taleb et al., 2018). Another
approach could be to target the enzymes responsible for the reverse metabolism
between DHT and 3a-diol themselves, in an attempt to avoid exogenous administration
of steroids and instead attempt to modulate endogenous neurosteroidogenesis.
An important limitation in interpreting the present findings is that finasteride
treatment may act to alter more than endogenous testosterone metabolism, as 5areductase is also the rate limiting enzyme in the formation of allopregnanolone from
progesterone. This was an especially important consideration in the experimental
decision to only administer finasteride to male mice included in this study, as female
rodents do not appear to have considerable brain levels of DHT or 3a-diol, but they do
have substantial allopregnanolone levels (Caruso et al., 2013b; Giatti et al., 2010), and
so the relative impact of testosterone-derived 5a-reduced neurosteroids in
neuroprotection could not be effectively evaluated using this approach in females. As
progesterone and allopregnanolone are also both present in the brain of male 3xTg-AD
mice (Caruso et al., 2013a), this consideration must be taken into account.
Nonetheless, this study provides important initial findings that justify future work to
better understand and characterize the protective potential of 5a-reduced neurosteroids
in AD.
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CHAPTER 6
SUMMARY AND GENERAL DISCUSSION

General discussion modified and expanded from the literature review publication:
Mendell, A.L., MacLusky, N.J. (2018) Neurosteroid metabolites of gonadal steroid
hormones in neuroprotection: implications for sex differences in neurodegenerative
disease. Frontiers in Molecular Neuroscience 11:359. doi: 10.3389/fnmol.2018.00359
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SUMMARY AND FUTURE DIRECTIONS
Study 1 – Chapter 2
In the first study discussed in this thesis, the potential neuroprotective effects of
the testosterone-derived neurosteroid 3α-diol were investigated in SH-SY5Y human
female neuroblastoma cells and primary cortical neurons isolated from male and female
mice. The results demonstrated that a physiological concentration of 3α-diol is capable
of inhibiting ERK phosphorylation under a variety of conditions. This included inhibition
of rapid ERK phosphorylation induced by DHT and EGF, as well as inhibition of
aberrant, prolonged ERK phosphorylation induced by the oxidative stressor H2O2 or by
the AD-related protein Aβ42. Furthermore, 3α-diol inhibited caspase-3 activation and
reduced neurotoxicity induced by Aβ42. As dysregulated ERK phosphorylation and
neurotoxicity are associated with Aβ accumulation in AD, these findings suggest that
3α-diol may contribute to the neuroprotection conferred by its precursor, and may also
play an important role in the relative protection of the male brain against the
development of AD.
While this study provided an important framework establishing a role for 3α-diol
in neuroprotection, potential mechanisms by which these effects might occur remained
uncharacterized. As 3α-diol is perhaps best known as an allosteric modulator of
GABAAR activity, the next chapter in this thesis included experiments designed to
determine whether the protective effects of 3α-diol were dependent on this receptor,
and included a similar characterization of its progesterone-derived analog,
allopregnanolone.
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Study 2 – Chapter 3
In the second study discussed in this thesis, it was demonstrated that the
neuroprotective effects of 3α-diol and allopregnanolone include both GABAARdependent and -independent mechanisms. Using a combination of electrophysiology
and conventional PCR, and western blotting, we demonstrated that SH-SY5Y cells
express minimally functional GABAARs, including only the β3 subunit, which is
characteristic of a neurosteroid-insensitive GABAAR that requires very high
concentrations of GABA to exert any biological activity. In addition, it was demonstrated
that allopregnanolone can exert effects similar to 3α-diol with respect to inhibiting
prolonged ERK phosphorylation and neurotoxicity induced by H2O2 or Aβ42. However,
a ten-fold higher concentration of allopregnanolone was required in order to exert the
same degree of protection as 3α-diol in SH-SY5Y cells. These effects were not blocked
by pre-treatment with the GABAAR antagonist, picrotoxin, further establishing that there
is a GABAAR-independent mechanism by which these neurosteroids may protect
neuronal-like cells. The same effects were then evaluated in primary cortical neurons,
which expressed all 5 GABAAR subunits that were investigated. It was demonstrated
that, in the presence of functional neurosteroid-sensitive GABAARs, both
allopregnanolone and 3α-diol were effective at low and high doses, but only the effects
of allopregnanolone were blocked by picrotoxin.
These results suggested that 3α-diol and allopregnanolone may both contribute
to neuroprotection in the normal brain, by differentially acting through GABAARdependent and -independent mechanisms. These findings are especially important for
conditions like AD, where both allopregnanolone levels and GABAAR expression have
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been shown to decline in the brain. In such situations, these neurosteroids may still be
able to exert neuroprotection in the brain through alternative mechanisms. These
findings also provide further evidence for a role of reduced testosterone metabolites in
the relative protection of the male brain, as 3α-diol levels have not been shown to
decline in AD.
While the results presented in chapter 2 demonstrate that 3α-diol is capable of
providing neuroprotection through a mechanism that did not appear to involve GABAAR,
the precise mechanism by which it could exhibit these effects remained elusive,
especially since additional receptor targets of this particular neurosteroid have not been
explored. However, it became apparent that the protective effects of 3α-diol were
associated with its ability to inhibit ERK phosphorylation, and so molecular and cellular
systems controlling ERK phosphorylation in physiological and disease conditions were
further explored. This led to the experiments performed in the next chapter of this
thesis, investigating a role for the ERK-directed phosphatase MKP3/DUSP6 in the
inhibitory effects of 3α-diol on aberrant ERK phosphorylation.

Study 3 – Chapter 4
In the third study discussed in this thesis, the potential role of the ERK-directed
phosphatase MKP3/DUSP6 in 3α-diol-mediated neuroprotection was investigated in
SH-SY5Y cells. This study demonstrated that pharmacological inhibition of
MKP3/DUSP6 prevents the protective effects of 3α-diol against H2O2-induced ERK
phosphorylation and neurotoxicity. Furthermore, MKP3/DUSP6 levels were found to be
decreased by H2O2, and co-treatment with 3α-diol prevented this effect, without
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impacting MKP3/DUSP6 levels under basal (non-neurotoxic) conditions. These findings
strongly suggest that the ability of 3α-diol to protect neurons and neuronal-like cells
under neurotoxic conditions is dependent on its ability to inhibit toxin- and oxidative
stress-induced ERK phosphorylation, an effect which is exerted through its regulation of
MKP3/DUSP6.
These findings have implications for many conditions that involve oxidative
stress. This not only includes neurodegenerative diseases that have been shown to
involve abnormal or constitutive kinase pathway activation due to the inhibition of
phosphatases, but also neurological conditions such as depression, and potentially
some cancers due to the highly oxidative tumour environment. Further work is
necessary to determine whether the same effects on ERK phosphorylation,
phosphatase levels, and aspects of neurotoxicity are present in vivo, and whether the
protective effects of 3α-diol can translate to the much more complicated environment of
the brain. In addition, it remains to be determined whether other steroid hormones with
similar structures to 3α-diol could impact the same molecular mechanisms. All principal
steroid hormones are metabolized to other neuroactive steroids within the brain, and so
determining whether similar effects investigated in this study may be exerted by other
metabolites could provide important insight into the overall role of neurosteroid
synthesis in normal physiology. Finally, establishing the target receptor by which 3α-diol
is able to modulate the levels of MKP3/DUSP6 and the associated changes presented
herein will be essential in characterizing the extent of potential applications of this
neurosteroid.
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Study 4 – Chapter 5
The final study presented in this thesis investigated the impact of inhibiting
synthesis of testosterone-derived neurosteroids on object recognition memory, neuronal
structure, and pathology in the hippocampus of male 6-month old 3xTg-AD mice. Daily
treatment with finasteride, an inhibitor of 5α-reductase, for 20 days resulted in impaired
short-term object recognition memory in male 3xTg-AD mice, while all other mice had
intact short-term memory. Finasteride treatment also reduced dendritic branching and
dendritic spine density of pyramidal neurons in the CA3 subfield of the hippocampus to
levels comparable to female 3xTg-AD mice, while all 3xTg-AD mice had reduced
branching and spine density of pyramidal neurons in the CA1 subfield of the
hippocampus. With respect to pathophysiology, female 3xTg-AD had significantly
greater Aβ levels throughout the hippocampus compared to males, with minimal effect
of finasteride treatment in the male mice. Residue-specific tau hyperphosphorylation
was detected in the hippocampus of female 3xTg-AD mice, but not in the males, while
finasteride treatment in males increased tau phosphorylation, which was associated
with increased ERK phosphorylation. Various other aspects of AD pathology were not
altered in 3xTg-AD mice at this age, including astrogliosis, neuronal cell death, or postsynaptic density marker reduction.
The results from this study highlight the importance of 5α-reduced neurosteroids
in contributing to neuroprotection against certain aspects of pathology and associated
cognitive deficits in AD, with the main actions appearing to combat downstream
consequences of Aβ accumulation, but not Aβ levels. However, several aspects of the
experimental design must be considered when interpreting this data. Firstly, mice were
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treated daily for 20 days, which is a sub-chronic treatment course. Because of this,
long-term effects of manipulating neurosteroid levels were not investigated, and as an
age-related condition, AD is known to progress over time. Next, finasteride treatment
was chosen because it specifically inhibits the enzyme necessary for the formation of
DHT and 3α-diol from testosterone, which leaves androgen effects intact while removing
any effects of 3α-diol. This approach eliminates the consideration of backward
conversion to DHT, which could present a potential confound if 3α-diol was exogenously
administered. However, a caveat to this approach is that the formation of
allopregnanolone from progesterone is also inhibited by finasteride. Allopregnanolone
has been shown to protect 3xTg-AD mice against various aspects of AD-related
pathology and cognitive impairments, and so the effects of finasteride in this study could
possibly be due in part to effects beyond inhibition of 3α-diol synthesis. Now that these
results have established the importance of 5α-reduced neurosteroids, the immediate
next steps will be to administer 3α-diol in a long-acting form both before and during the
onset of pathology in 3xTg-AD mice. By taking this approach and examining the
longitudinal development of the same outcome measures that were investigated in this
study, the potential use of 3α-diol for the prevention and/or treatment of AD can be
elucidated in a preclinical context. Additionally, together with the data presented in this
chapter, these follow up experiments will provide a more complete assessment of the
specific role of 3α-diol in the development of AD-like pathology in the 3xTg-AD mice.
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GENERAL DISCUSSION
The findings presented in this thesis establish important roles for 3α-hydroxy, 5αreduced neurosteroids in neuroprotection. In addition, these findings suggest potentially
important roles for these neurosteroids in sex differences in the development of AD. In
both men and women with AD, allopregnanolone has been found to decline in
circulation and in various brain regions compared to normal control subjects (Bernardi et
al., 2000; Marx et al., 2006; Naylor et al., 2010; Smith et al., 2006; Yang & He, 2001). In
contrast, the available evidence suggests that neurotoxicity, including neurotoxicity
associated with exposure to Ab, may not reduce 3α-diol levels. In SH-SY5Y human
neuroblastoma cells, 3α-diol is not reduced following H2O2-induced oxidative stress or
exogenous Ab exposure (Schaeffer et al., 2006; Schaeffer et al., 2008), but increases in
cells over-expressing APP (Schaeffer et al., 2006). In vivo, limbic brain region
concentrations of 3α-diol increase with age in wild-type and 3xTg-AD male mice
(Caruso et al., 2013a). Consistent with these results, a divergence between plasma
levels of allopregnanolone and 3α-diol has been reported in patients with AD, the former
being significantly reduced in patients with the disease, while the latter does not appear
to change, compared to normal age-matched controls (Smith et al., 2006). Taken
together, these observations suggest that differences in the relative production rates of
neurosteroids could affect susceptibility to AD. Brain concentrations of allopregnanolone
in individuals with AD decline in both sexes, but there is relatively little change in 3α-diol
levels in the plasma of human AD patients (Smith et al., 2006), and potentially a
compensatory increase in the brain of aged male 3xTg-AD mice (Caruso et al., 2013a).
Higher levels of free androgen in the circulation of males could exacerbate the situation,
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by providing higher concentrations of testosterone as a substrate for local 3α-diol
biosynthesis. If so, females could be at higher risk for disease development as a result
of a relatively greater net loss of 3α-hydroxy, 5α-reduced neurosteroids with age. While
this hypothesis remains speculative, because there is as yet insufficient direct
comparative data on brain levels of different neurosteroids in males and females during
both normal and pathological aging, further study of 3α-diol levels in relation to sex
differences in the onset and progress of AD is warranted.
Aside from their potential role in normalizing pathology-related proteins and
intracellular signaling pathways in disease, 3α-hydroxy, 5α-reduced neurosteroids may
also act in normal physiological circumstances to dampen cellular responses to their
parent hormones, thereby providing an intrinsic regulatory mechanism by which the
powerful and potentially harmful actions of steroid hormones may be controlled.
An important aspect of gonadal hormone action that has been referred to
throughout this thesis is their ability to exert neurotrophic and neuroprotective actions
through rapid and transient activation of intracellular signaling pathways. As discussed
in chapters 2 and 3, the neurosteroids 3α-diol and allopregnanolone inhibit ERK
phosphorylation when it becomes dysregulated in response to neurotoxins. Under
normal conditions, the same inhibitory mechanisms may limit excessive activation by
their precursor hormones – testosterone and progesterone, respectively. In chapter 2,
ERK phosphorylation was rapidly activated by DHT, and this effect was inhibited by cotreatment with 3α-diol in SH-SY5Y cells. As progesterone has been shown to increase
ERK phosphorylation in both in vitro neuronal models (Nilsen & Brinton, 2003; Singh,
2001) and in vivo in the brain (Orr et al., 2012), it is possible that a similar mechanism
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exists for progesterone metabolites in the regulation of effects driven by their precursor.
While this concept presents an intriguing endogenous regulatory system, further work is
necessary to determine whether these mechanisms operate in the brain, and whether
any sex differences in these effects may exist.
While the primary focus of the study presented in chapter 5 of this thesis was to
evaluate the effects of inhibiting 5α-reduced neurosteroid synthesis in 3xTg-AD mice,
some intriguing and somewhat unexpected findings regarding the wild-type male
animals were also observed. These effects included reduced hippocampal dendritic
spine density and impaired long-term object recognition memory in wild-type males that
were treated with finasteride, suggesting that 5α-reduced neurosteroids are not only
involved in the prevention of cognitive decline in AD, but may play an important role in
normal cognitive function. This is highly relevant for patients with post-finasteride
syndrome – a condition that is traditionally characterized by sexual dysfunction (Gur et
al., 2013; Traish et al., 2011), but more recently has been identified to include cognitive
and psychological disorders (Ganzer et al., 2015; Melcangi et al., 2017). These
neurological symptoms are widely reported by patients after the cessation of finasteride
use, and could be related to alterations in hippocampal structure and function. The fact
that these symptoms are primarily reported when patients are no longer taking
finasteride is especially interesting, as it suggests that interfering with endogenous
neurosteroid synthesis can have long-lasting effects beyond the period of intervention.
Identifying underlying mechanisms for post-finasteride syndrome could have important
implications for this condition, in addition to improving our understanding of how
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neurosteroids may regulate different aspects of cognition in the normal, non-diseased
brain.

CONCLUSIONS
This research has demonstrated that the testosterone-derived neurosteroid 3αdiol exerts neuroprotection against toxicity induced by oxidative stressors and the ADrelated protein Ab, by preventing dysregulated signaling that results in detrimental
downstream effects. It has further established the role of 3α-diol and related
neurosteroids in maintaining cognitive function, supporting normal neuronal structure,
and preventing pathology in 3xTg-AD mice. Taken together, these findings identify 3αdiol as an important contributing factor to the protection exerted by its precursors, and to
the sex differences in development and severity of AD.
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Supplementary Table 2.1: Antibody table. Antibodies used for western blotting experiments.
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Supplementary Figure 3.1: Dose-dependent inhibition of H2O2-induced ERK
phosphorylation by Allo in SH-SY5Y cells. Representative western blots of phosphorylated
ERK (top panel), total ERK (middle panel), and the housekeeping protein tubulin (bottom
panel) are shown for SH-SY5Y cells treated with 100µM H2O2 +/- 5, 10, 50, or 100nM Allo (A).
Quantitative densitometric analysis is displayed below (B). Data represent mean +/- SEM
(n=4-5 independent observations/treatment group), presented as a fold change compared to
the control group. * and † represent p<0.05 compared to the control and H2O2-treated groups,
respectively.
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Supplementary Table 3.1: Primer sequences for PCR studies of GABAAR subunit
expression. This table lists the primer sequences used for the investigation of GABAAR
subunit expression by PCR amplification, and the expected product sizes. Separate primer
sets were used for SH-SY5Y human neuroblastoma cells (“human”) and cortical tissue
isolated from postnatal day 0 (P0) mice, or murine primary cortical neuron cultures (“mouse”).

221

Supplementary Figure 4.1: BCI pre-treatment did not significantly impact H2O2-induced
ERK phosphorylation or reduced MKP3/DUSP6 levels. SH-SY5Y cells pre-treated for one
hour with 100nM BCI prior to 24 hour treatment with 100M hydrogen peroxide (H2O2) exhibited
a similar increase in ERK phosphorylation (A) and decrease in MKP3/DUSP6 levels (B) as
cells treated with H2O2 alone (Figures 2 and 4A, respectively). * indicates a statistically
significant difference (p<0.05) vs. vehicle. Data represent mean +/- SEM (n=4 independent
observations per treatment group for A; n=8 independent observations/treatment group for B).
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Chapter 5 Supplementary results
Ab immunoreactivity is differentially elevated in 3xTg-AD females and males in the
amygdala and cortex
Significant overall treatment group effects on amyloid b (Ab) immunoreactivity
were detected in the anterior basolateral amygdala (ABA) [One-way ANOVA;
F(5,18)=5.098, p=0.0044] (Supplementary Figure 5.1 A and B) and in layer V of the
primary somatosensory cortex (SSC) [One-way ANOVA; F(5,18)=7.423, p=0.0006]
(Supplementary Figure 5.1 A and C). In the ABA, 3xTg-AD female mice had significantly
greater positive staining for Ab than wild-type females, but not 3xTg-AD males treated
with either vehicle or finasteride (Tukey-Kramer tests: wtf-V vs. 3xf-V, p=0.0358; 3xf-V
vs. 3xm-V, p=0.2383; 3xf-V vs. 3xm-F, p>0.9999). While 3xTg-AD male mice treated
with vehicle did not have significantly higher levels than wild-type mice, those treated
with finasteride did (Tukey-Kramer tests: wtm-V vs. 3xm-V, p=0.9019; wtm-V vs. 3xm-F,
p=0.05). In the SSC, 3xTg-AD female mice had significantly greater positive staining for
Ab than wild-type females, and 3xTg-AD males treated with vehicle but not finasteride
(Tukey-Kramer tests: wtf-V vs. 3xf-V, p=0.0013; 3xf-V vs. 3xm-V, p=0.0133; 3xf-V vs.
3xm-F, p=0.0650), while neither 3xTg-AD male group had significantly higher levels
than wild-type mice (Tukey-Kramer tests: wtm-V vs. 3xm-V, p=0.8774; wtm-V vs. 3xmF, p=0.4457).
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Supplementary Figure 5.1: Amyloid β immunoreactivity is differentially elevated in the amygdala
and cortex of 3xTg-AD mice. Representative micrographs (A) and quantification for amyloid β (Aβ)
immunostaining in the anterior basolateral amygdala (amygdala; B) and layer V of the primary
somatosensory cortex (cortex; C). No significant changes between 3xTg-AD mice were detected in the
amygdala, while Aβ levels were elevated in the cortex of 3xTg-AD females compared to 3xTg-AD males
treated with vehicle, but not finasteride. All bars on graphs represent mean +/- SEM (n=4-6 mice/group).
* represents p<0.05 for 3xf-V vs. 3xm-V.
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Object recognition memory, hippocampal dendritic morphology, pathology, and
signaling factors are differentially correlated
Linear regression analysis was performed on a number of factors to determine
whether significant correlations existed. Significant positive correlations were detected
between 5 minute object recognition memory (ORM) and CA3 total dendritic spine
density (TDSD) [Linear regression; slope=1.76 +/- 0.758, y-int=9.33 +/- 0.347,
R2=0.1825, F(1,24)=5.358, p=0.030] (Supplementary Figure 5.2 A), 3 hour ORM and
CA3 TDSD [Linear regression; slope=1.55 +/- 0.632, y-int=9.353 +/- 0.291, R2=0.1885,
F(1,26)=6.041, p=0.021] (Supplementary Figure 5.2 C), and P-Tau Ser396 and PERK2/ERK2 [Linear regression; slope=0.241 +/- 0.106, y-int=0.112 +/- 0.141,
R2=0.1466, F(1,30)=5.153, p=0.031] (Supplementary Figure 5.2 R). Significant negative
correlations were detected between Ab levels and CA3 TDSD [Linear regression;
slope=-4.878 +/- 2.103, y-int=10.11 +/- 0.333, R2=0.1662, F(1,27)=5.381, p=0.028]
(Supplementary Figure 5.2 E), Ab levels and CA1 TDSD [Linear regression; slope=-6.00
+/- 2.01, y-int=13.27 +/- 0.311, R2=0.2295, F(1,30)=8.938, p=0.006] (Supplementary
Figure 5.2 F), Ab levels and CA1 total apical dendritic material (ADM) [Linear
regression; slope=-1086 +/- 420.7, y-int=1547 +/- 66.2, R2=0.1869, F(1,29)=6.67,
p=0.015] (Supplementary Figure 5.2 H), P-Tau Ser202 levels and CA3 ADM [Linear
regression; slope=-365.8 +/- 136.4, y-int=1677 +/- 73.4, R2=0.2043, F(1,28)=7.19,
p=0.012] (Supplementary Figure 5.2 I), P-Tau Ser202 levels and CA1 TDSD [Linear
regression; slope=-2.04 +/- 0.878, y-int=13.61 +/- 0.469, R2=0.1517, F(1,30)=5.366,
p=0.028] (Supplementary Figure 5.2 L), P-Tau Ser396 levels and 5m ORM [Linear
regression; slope=-0.552 +/- 0.185, y-int=0.548 +/- 0.102, R2=0.2476, F(1,27)=8.886,

225

p=0.006] (Supplementary Figure 5.2 M), P-Tau Ser396 levels and CA3 TDSD [Linear
regression; slope=-1.773 +/- 0.769, y-int=10.37 +/- 0.412, R2=0.1645, F(1,27)=5,316,
p=0.029] (Supplementary Figure 5.2 N), P-ERK2/ERK2 levels and CA3 ADM [Linear
regression; slope=-168.4 +/- 74.86, y-int=1715 +/- 98.8, R2=0.1531, F(1,28)=5.06,
p=0.033] (Supplementary Figure 5.2 P), and P-ERK2/ERK2 levels and CA3 TDSD
[Linear regression; slope=-1.235 +/- 0.460, y-int=11.11 +/- 0.603, R2=0.211,
F(1,27)=7.22, p=0.012] (Supplementary Figure 5.2 Q).
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Supplementary Figure 5.2: Correlations between memory, morphology, pathology, and signaling.
Graphs demonstrating linear regression analysis for correlations between various within-subject
measures, independent of experimental group. All data points are individual measures for the two
factors indicated on the graph (n=27-32 total comparisons). R2 values for the linear regressions are
shown on each graph, along with the associated p-values. * represents p<0.05 for linear regression
analysis between the two factors indicated on each graph (A-R).
[5m/3h ORM = 5 minute / 3 hour delay, object recognition memory. CA1/CA3 ADM = CA1 or CA3 total
apical dendritic material. CA1/CA3 TDSD = CA1 or CA3 total dendritic spine density. Aβ = hippocampal
amyloid β levels. P-Tau Ser202/Ser396 = phosphorylated tau in at residues Ser202 or Ser396 in
hippocampus. P-ERK2/ERK2 = phosphorylated ERK2 / total ERK2 in the hippocampus].
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Supplementary Table 5.1: Antibody table. Antibodies used for western blotting experiments
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Supplementary Table 5.2: Exploration times for the Object Recognition Memory Task. Total
exploration times (time exploring both objects) in the sample and choice phases of the object
recognition memory experiments are displayed. Group means are presented, with SEM in brackets.
No significant differences in exploration time were present between groups within either the sample or
choice phases.

230

