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ABSTRACT  

THE EFFECT OF CONTINUOUS TREATMENT WITH 5α ANDROSTANE-3α, 17-Β 
DIOL (3α-DIOL) ON PROTEIN MARKERS IN THE TRIPLE TRANSGENIC MOUSE 
MODEL OF ALZHEIMER’S DISEASE   
 
Simran Bhullar       Advisor: 
University of Guelph, 2021     Dr. Neil J. MacLusky 

Age-related decrease in testosterone levels has been associated with an 

increased risk of developing Alzheimer’s Disease (AD). Supplementation with 

testosterone and dihydrotestosterone has been shown to improve AD-related 

neuropathology. Recently, their metabolite 5α-androstane-3α,17β-diol (3α-diol) has also 

shown to improve cognitive dysfunction in rodent models, and attenuate dysregulated 

extracellular signal-regulated kinase phosphorylation associated with β amyloid 

neurotoxicity in vitro. The role of continuous treatment with 3α-diol in an AD-animal 

model remains largely understudied. This thesis investigated the effect of continuous 

3α-diol treatment on ERK and its phosphatase DUSP6, protein markers associated with 

AD, and on astroglial and microglial markers in 6- and 9-month 3xTg-AD and wild-type 

male and female mice. No direct treatment effect of 3α-diol was seen, although multiple 

significant interactions were reported for certain markers. For the first time, the results 

present in the thesis provide evidence of the impact of 3α-diol supplementation on 

molecular markers associated with AD.  
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Chapter 1: Review of the literature 

Sex differences in Alzheimer’s Disease  

Neurodegenerative disorders such as Alzheimer’s disease (AD), Parkinson’s 

disease (PD), and multiple sclerosis (MS) involve the gradual and progressive loss of 

neurons within the central nervous system (CNS) (Gitler, Dhillon, and Shorter 2017). 

Although they are pathophysiologically different from each other, onset of these 

disorders is linked to memory and cognitive impairments in the affected individuals 

(Gitler, Dhillon, and Shorter 2017). There is considerable evidence about the sexual 

dimorphic nature of these diseases (Hanamsagar and Bilbo 2016). For example, the 

incidence and prevalence of PD is greater in men compared to women (McCombe and 

Henderson 2010; Reekes et al. 2020).  On the other hand, women make up over two-

thirds of the AD and MS cases (Alzheimer’s Association 2020; Beam et al. 2018; S. Gao 

et al. 1998; Harbo, Gold, and Tintora 2013; Seshadri et al. 1997). Sex differences are 

evident in the severity of the disorders as well, with women experiencing greater 

cognitive deterioration across multiple domains compared to men in AD, but exhibiting a 

slower deterioration in PD (Haaxma et al. 2007; Irvine et al. 2012).  

Women manifest more extensive clinical symptoms of dementia and 

neuropathology associated with AD than men (Barnes et al. 2005). They seem to 

perform worse on selective neuropsychological tasks, show greater overall brain 

atrophy, and have significantly reduced hippocampal volume – a brain region essential 

for memory formation, compared to their male counterparts (Apostolova et al. 2006; 

Henderson and Buckwalter 1994; Holland et al. 2013; Ryan et al. 2018). According to 
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the World Health Organization, AD alone contributes 60-70% to the 50 million global 

cases of dementia (Dementia 2020). With the burden of disease affecting women twice 

as much as men, it becomes important to address the role of sex differences in its 

development to improve the efforts of finding therapeutic targets for the treatment 

and/or prevention of AD.  

Although the etiology of AD is multifactorial and involves both environmental and 

genetic factors, changes in the levels of circulating steroid hormones can begin to 

explain some of the observed sex differences. Both male and female brains exhibit 

significant structural and functional differences which are established during prenatal 

development, and can be attributed to circulating and brain levels of the major steroid 

hormones including testosterone, 17β-estradiol/E2 (estradiol), and their metabolites 

(Vest and Pike 2013). Overall, steroid hormones including estrogens and androgens 

have been shown to be neuroprotective and improve neuron viability by ultimately 

reducing oxidative stress, apoptosis, and inflammation within the brain (Garcia-Segura 

and Balthazart 2009; Pike et al. 2009). Therefore, age-related decreases in the levels of 

these primary steroid hormones can in turn lead to diminished neuroprotective effects 

(Rosario et al. 2011). Following menopause, females experience a sharp decline in the 

levels of estradiol - the primary female estrogen. Estrogens plays a key role in 

neuroprotection, with some of the roles including inhibition of neuronal apoptosis, 

suppression of reactive glial responses associated with neurodegeneration, and 

specifically, reduction of β-amyloid (Aβ) toxicity in vitro (Green, Gridley, and Simpkins 

1996; Mook-Jung et al. 1997; Pike et al. 2009). Thus, the abrupt and rapid loss of 

estrogens during menopause leaves the female brain particularly vulnerable to 
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neurodegenerative disorders like AD through the loss of its neuroprotective effects 

(Tang et al. 1996). Despite this, the use of estrogen replacement therapy (ERT) as a 

treatment of AD remains controversial. Some studies demonstrate significant 

improvement in select cognitive functions in postmenopausal AD women, while others 

show no effect on cognition in postmenopausal women with AD (Almeida et al. 2006; 

Asthana et al. 2001; Binder et al. 2001; Henderson et al. 2000; Wharton et al. 2011). 

The Women’s Health Initiative Memory Study further complicates the situation as it 

showed that women receiving conjugated equine estrogen showed a trend towards 

increased risk of dementia compared to the placebo group (Shumaker et al. 2003). As 

such, confounding evidence fails to establish ERT as a viable therapeutic for AD.  

 Similar to estrogens in females, androgens are neuroprotective in the male brain. 

Aging men naturally experience a slow, gradual decline in the circulating levels of 

androgens, including the major androgen testosterone (Pike et al. 2009). This loss of 

testosterone with advancing age is shown to be a major risk factor of AD in males 

(Hogervorst, Combrinck, and Smith 2003; Hsu et al. 2015). Circulating levels of both 

free and total testosterone are shown to be significantly lower in men with AD compared 

to men without dementia (Hogervorst et al. 2001, 2004; Hogervorst, Combrinck, and 

Smith 2003). Recent studies have attempted to answer the question of whether 

testosterone depletion is a consequence of or a contributing factor to AD pathology. The 

Baltimore Longitudinal Study of Aging found reduced levels of circulating free 

testosterone both 5- and 10-years prior to AD diagnosis in men suggesting that 

testosterone reduction occurs before the onset of AD (Moffat et al. 2004). Another study 

found similar levels of testosterone in the post-mortem brains of a group displaying mild 
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neuropathology relating to very early AD and a severe AD group (Rosario et al. 2004). 

The brain levels of testosterone in both groups however, were significantly lower 

compared to the control group (Rosario et al. 2004). These findings suggest that 

testosterone loss contributes to the development of AD and occurs before the 

development of AD neuropathology, and the loss of both estrogens and androgens in 

females and males, respectively is a risk factor for the development of AD.  

AD and Neuroinflammation  

AD is characterized by two core pathologies, the presence of Aβ plaques, and 

neurofibrillary tangles (NFTs) resulting from hyperphosphorylation of the microtubule 

associated protein tau. An imbalance in the cleavage of the amyloid precursor protein 

(APP) by β- and γ-secretases leads to the increased formation of Aβ monomers, which 

aggregate to form Aβ oligomers and eventually Aβ fibrils and plaques (Kinney et al. 

2018). Enhanced phosphorylation of the microtubule associated protein tau at multiple 

sites causes their collapse and the resulting hyperphosphorylated tau forms paired 

helical filaments (PHFs) which eventually form NFTs (Kinney et al. 2018). In the last few 

decades, the topic of ‘AD and neuroinflammation’ has gained traction as brain regions 

exhibiting high amounts of AD pathology (i.e. the frontal neocortex and the limbic 

cortex) show high expression of inflammatory mediators (Akiyama et al. 2000).  

The initial acute phase of the inflammatory response acts in a protective manner 

to repair damaged tissue and remove cellular debris (González-Reyes et al. 2017). 

Injury or insult to the brain leads to the activation of the glial immune cells called 

microglia and astrocytes. Microglia primarily function as immune-surveillance cells and 
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perform macrophage-like activities within the CNS, including cell proliferation following 

migration to the site of injury, and the production of cytokines and chemokines 

(DiSabato, Quan, and Godbout 2016; Walters et al. 2016). Similarly, astrocytes are 

activated following microglial activation and help maintain homeostasis during the early 

stages of injury by producing pro-inflammatory cytokines such as tumor necrosis factor 

α (TNFα), interleukin 6 (IL-6) and interleukin 8 (IL-8), and an upregulation in the 

expression of structural proteins such as glial fibrillary acidic protein (GFAP) (Mrak, 

Sheng, and Griffin 1995). Interestingly, these immune cells are highly expressed in the 

brain regions affected in AD. Microglia are distributed in a heterogenous manner within 

the mouse brain, with an overall high density in the hippocampus, basal ganglia, and 

olfactory telencephalon (Lawson et al. 1990). Astrocytes are mainly found within the 

hippocampus and the cerebral cortex and have ramified cell bodies (Matias, Morgado, 

and Gomes 2019). 

It is hypothesized that the primary reason microglia are activated in AD is to 

facilitate migration to the Aβ plaques in an attempt to clear them through receptor-

mediated phagocytosis (Bolmont et al. 2008; Chakrabarty et al. 2010; Kinney et al. 

2018; Simard et al. 2006; Stalder et al. 1999). Microglial exposure to fibrillary forms of 

Aβ leads to the synthesis and secretion of cytotoxic agents including cytokines, 

proteolytic enzymes such as neprilysin, plasminogen, matrix metalloproteinase 9, 

reactive oxygen species (ROS) and nitric oxide (NO) in an attempt to increase Aβ 

clearance (Hickman, Allison, and El Khoury 2008; Kinney et al. 2018; Mandrekar-

Colucci and Landreth 2012; Yoon and Tong 2006). Consistent with this, deficiency of C-

C motif chemokine receptor 2, a chemokine receptor expressed on microglia 
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accelerated Aβ deposition in the Tg2568 transgenic mouse model of AD through 

decreased microglial accumulation (El Khoury et al. 2007). Similarly, astrocytes localize 

near the Aβ plaques in order to degrade them by increasing the expression of different 

proteases (González-Reyes et al. 2017; Heppner, Ransohoff, and Becher 2015) .  

Although a transient activation of the microglia and astrocytes can be beneficial 

in preventing exacerbation of AD pathology, their prolonged activation causes chronic 

inflammation which can often worsen the disease (Kinney et al. 2018). Specifically, the 

ability of the microglia to clear Aβ decreases with time and with the progression of AD 

despite an increase in proliferation (Hickman, Allison, and El Khoury 2008). While 

microglia can internalize the soluble and fibrillar forms of Aβ, they have difficulty 

degrading the dense aggregates of Aβ which are evident in the later stages of AD 

(Mandrekar-Colucci and Landreth 2012). For example, although primary murine 

microglia rapidly internalized aggregated Aβ(1-42), their degradation was slow leading 

to an overall accumulation of Aβ within cells (Paresce, Chung, and Maxfield 1997). In 

another study, fibril forms of Aβ were internalized by microglia, but only 20% of them 

degraded over a period of 3 days (Chung et al. 1999). The undegraded Aβ fibrils were 

released back into the culture medium with no further degradation occurring over the 

next 12 days (Chung et al. 1999). This suggests that despite the involvement of 

microglia in clearing Aβ, their chronic activation compromises this ability which can 

further contribute to AD pathology. Hickmen et. al (2008) observed that microglia in a 

transgenic model of AD had reduced expression of Aβ-binding receptors and Aβ-

degrading enzymes but had upregulated expression of the cytokines TNFα and 
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interleukin 1β (IL-1β). It is likely that as AD progresses, microglia phenotype changes 

leading to reduced Aβ degradation despite increasing inflammation.   

 Interestingly, there appear to be sex-specific differences in inflammation, with 

inflammatory dysregulation being stronger in females compared to males (Podcasy and 

Epperson 2016). Females also show greater inflammation during menopause and in 

aging compared to men (Caldwell et al. 2021). While there is a lack of studies looking at 

the differential effects of sex on inflammation in AD, there is evidence of the differential 

activation of microglia in the brain. For example, intranasal administration of 

lipopolysaccharide (LPS) leads to a greater activation of IL-6 and TNFα in the 

hippocampus and brainstem of female rats compared to males (Tonelli, Holmes, and 

Postolache 2008). Contrary to that, males show a stronger activation of cytokines 

including TNFα and IL-1β following stress or systemic LPS injection (Pyter et al. 2013; 

Tronson and Collette 2017). In a similar manner, ischemic injury activates astrocytes in 

a sex-specific manner, and the release of cytokines by astrocytes is markedly higher in 

male rats compared to the female rats (Loram et al. 2012; Santos-Galindo et al. 2011; 

Tronson and Collette 2017). Although it is difficult to make consistent conclusions about 

the sex differences in AD due to the assessment of different inflammatory markers and 

animal models, understanding similarities or contrasts in immune-cell activation in both 

sexes can lead to a greater understanding about factors that exacerbate AD.  

Steroid synthesis within the brain  

It is well known that the brain is a hormone-responsive organ which allows for 

steroid hormones to regulate behavioural, morphological, and molecular aspects of its 
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functioning. Previously, it was believed that steroids were exclusively synthesized in the 

peripheral endocrine glands such as the adrenals, gonads, and the placenta, and 

exerted their effects on the CNS by readily crossing the blood brain barrier (BBB) due to 

their lipophilic nature (Rego et al. 2012). However, evidence in the 80s found that 

steroids such as pregnenolone, dehydroepiandrosterone and their esters accumulated 

within the brains of several mammalian species despite the removal of peripheral 

hormones through the means of adrenalectomy and castration (Corpéchot et al. 1983; 

Jo et al. 1989; Robel et al. 1987; Robel and Baulieu 1985).  

“Neurosteroids” is a term used to describe the de novo synthesis of steroids 

within the brain – either from cholesterol imported from peripheral sources, or by the in-

situ metabolism of circulating steroid precursors (Baulieu, Robel, and Schumacher 

2001; Rego et al. 2012). Neurosteroidogenesis in the brain from cholesterol is shown to 

be a highly conserved property across vertebrates (Tsutsui 2011) . Further evidence of 

neurosteroid synthesis comes from the abundant presence of the key enzyme 

cytochrome P-450 cholesterol side-chain cleavage enzyme (P450scc) within neurons 

and astrocytes in various regions of the brain (Reddy 2010). In addition, other 

steroidogenic enzymes including 3β -hydroxysteroid dehydrogenase (3β -HSD), 17β -

hydroxysteroid dehydrogenase (17β-HSD), 3α-hydroxysteroid dehydrogenase (3α-

HSD), and 5α-reductase are also abundantly present in various brain tissues (Furukawa 

et al. 1998; Melcangi, Froelichsthal, et al. 1996; Stoffel-Wagner 2001; Tsuruo 2005). 

The presence of these enzymes allows the brain to produce several different types of 

biologically active steroids through the use of cholesterol as the initial substrate (Tsutsui 

2001).  
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The steroidogenic acute regulatory protein and the 18kDa translocator protein 

(TSPO) work together to mediate the transport of  cholesterol from the outer 

mitochondrial membrane to the inner mitochondrial membrane (Reddy 2010). Activation 

of TSPO, which is expressed in various brain regions including the neocortex, thalamus 

and hippocampus, increases the availability of cholesterol to the CYP450scc enzyme 

(Sierra 2004). CYP450scc converts cholesterol into pregnenolone – a key rate-limiting 

enzymatic step, which ultimately leads to the synthesis of multiple steroids including 

androgens and their metabolites (Reddy 2010).  

Following conversion of cholesterol into pregnenolone, the enzymes 3β -HSD 

and 17α-hydroxylase (17α-OHase) work to metabolize pregnenolone into progesterone 

and 17α-hydroxypregnanolone, respectively (Miller and Auchus 2019). Progesterone 

can be further converted to 17α-hydroxyprogesterone by the enzyme 17α-OHase 

(Handa, Sharma, and Uht 2011). The enzyme 5α-reductase can convert progesterone 

into dihydroprogesterone (DHP), which is then converted into allopregnanolone by the 

enzyme 3α-HSD (Diviccaro et al. 2021; Mellon, Griffin, and Compagnone 2001). In 

parallel pathways, 17,20 lyase works to convert 17α-hydroxypregnanolone and 17α-

hydroxyprogesterone into the androgens dehydroepiandrosterone (DHEA) and 

androstenedione, respectively  (Melcangi, Garcia-Segura, and Mensah-Nyagan 2008). 

DHEA is converted into another testosterone precursor androstenediol by the enzyme 

17β-HSD, and can also be converted into androstenedione by the enzyme 3β -HSD  

(Miller and Auchus 2019). Testosterone synthesis happens through the enzymatic 

conversion of androstenediol and androstenedione by the enzymes 3β -HSD and 17β-

HSD, respectively (Miller and Auchus 2019). The major androgen testosterone can be 
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further locally metabolized into another potent androgen – dihydrotestosterone (DHT) by 

the irreversible action of the enzyme 5α-reductase (Frye et al. 2020). DHT is then 

further metabolized into 5α-androstane-3α, 17β-diol (3α-diol) by the enzyme 3α-HSD 

and to a lesser extent 5α-androstane-3β, 17β-diol (3β-diol) by the enzyme 3β-HSD  

(Frye et al. 2020; Handa, Sharma, and Uht 2011).  

Androstenedione and testosterone can also be aromatized into the estrogens 

estrone and estradiol, respectively by the enzyme aromatase (Stoffel-Wagner 2001; 

Tozzi, Bellingacci, and Pettorossi 2020).  

The Hippocampus  

Memory impairment is a common finding in patients suffering from AD and is one 

of the first reported symptoms (Jahn 2013; Szabo and Hennerici 2014). In addition to 

looking for neuropathological changes such as Aβ plaques and NFTs for confirmation of 

diagnosis, macroscopic observations showing cortical atrophy are also indictive of AD 

(Deture and Dickson 2019). One of the most severely affected regions displaying 

extensive degeneration and atrophy in AD is the hippocampus (Braak and Braak 1998; 

Brun and Gustafson 1976). This is corroborated by longitudinal studies where 

individuals with mild cognitive impairment (MCI) (considered the transitional stage in the 

neuropathological development of AD) have significantly decreased hippocampal 

volume compared to healthy age-matched subjects (Grundman et al. 2002; Jack et al. 

1999; Sabuncu et al. 2011; Schuff et al. 2009). Since increased rate of hippocampal 

loss is correlated with increased cognitive decline, it is important to understand the role 

of this limbic brain structure (Schuff et al. 2009).   
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The hippocampus is an anatomical region within the medial temporal lobe known 

to play a key role in both the persistence and organization of learning and memory, 

including declarative memory, as well as spatial navigation (Anand and Dhikav 2012; 

Eichenbaum et al. 1996; Szabo and Hennerici 2014). It was also shown to play an 

important role in the consolidation of short-term memories into long-term storage 

(Squire et al. 2015). Its role in memory was established in the 1950s, when bilateral 

temporal lobe resection in the patient H.M. in an attempt to treat his epilepsy led to 

profound, but selective memory impairment where he had difficulty converting short-

term memories into long-term memories, but had no loss of general intelligence or 

technical skills (Pattanayak, Sagar, and Shah 2014; Scoville and Milner 2000). The 

patient experienced both impairments in the ability to form new memories (anterograde 

amnesia), and accessing previous memories encoded before undergoing the procedure 

(retrograde amnesia) (Scoville and Milner 2000; Squire and Wixted 2011). These 

findings substantiated the role of the medial temporal lobe in memory formation, and 

established that distinct regions of the brain are required for proper learning and 

memory and that they differ from regions responsible for other cognitive abilities such as 

learning a new skill (Squire 2009; Squire and Wixted 2011).   

The hippocampus is divided into two major regions: dorsal and ventral 

hippocampus, both of which have their own roles in processing memory (Tzakis and 

Holahan 2019). The dorsal hippocampus was shown to be involved in spatial memory 

and learning, whereas the ventral hippocampus is involved in memory processes 

related to anxiety and fear (Bast, Zhang, and Feldon 2001; Moser and Moser 1998; 

Tzakis and Holahan 2019). The hippocampus is also traditionally divided into different 
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sub-regions known as the cornu ammonis 1 (CA1), cornu ammonis 2 (CA2), cornu 

ammonis 3 (CA3), and the dentate gyrus, with CA1 and CA3 shown to have different 

functional roles in encoding and retrieval of spatial and contextual memories (Ji and 

Maren 2008; Schröder, Moser, and Huggenberger 2020).  

The hippocampus expresses high levels of various steroid hormone receptors 

and the binding of steroid hormones to these receptors was shown to have modulatory 

effects on cognitive function, mood and behaviour (Mahfouz et al. 2016; McEwen and 

Milner 2007). These receptors include estrogen receptor α (ERα) and estrogen receptor 

β (ERβ), corticosterone receptors including glucocorticoid and mineralocorticoid 

receptors, as well as androgen receptors (ARs) (Adams et al. 2002; Atwi et al. 2016; 

Milner et al. 2005; Rogalska 2010). The localization of the steroid hormone receptors is 

heterogenous. Within the hippocampus, steroid receptors are expressed in both nuclear 

and extranuclear (cell membrane, mitochondria and synaptic vesicles) compartments 

(Selakovic et al. 2019). For example, estradiol can either bind to ERs in a classical way 

by dimerizing and interacting with DNA sequences to modulate gene transcription, or 

can exert rapid and non-genomic effects through membrane-bound non-classical 

receptors such as the G-protein coupled estrogen receptor (Milner et al. 2005). As 

described below, hippocampal regulation of memory and cognition is at least partly 

dependent on the cellular mechanisms activated when sex steroids bind to their 

respective receptors.   
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Androgen receptors within the brain 

Androgens such as testosterone and DHT exert their effects on neuronal function 

by binding and activating the ARs which are present at multiple sites in the hippocampal 

neurons, including the cell nucleus and at extranuclear sites such as the plasma 

membrane, mitochondria and synaptic vesicles (Beyenburg et al. 2000; Kerr et al. 1995; 

Menard and Harlan 1993; Tabori et al. 2005). ARs belong to the steroid hormone 

nuclear receptor family alongside the ERs, glucocorticoid receptors, progesterone 

receptors and mineralocorticoid receptors, which modulate gene expression in a ligand-

dependent manner (Tan et al. 2015). Interestingly, the binding affinity of DHT for ARs is 

higher and more stable than that of testosterone (Tan et al. 2015).  

Following synthesis by the testes, the majority of testosterone is bound to carrier 

proteins such as sex hormone-binding globulin or albumin (Heemers and Tindall 2007). 

Upon reaching its target tissues, the lipophilic nature of testosterone allows it to diffuse 

across the cell membrane to bind cytosolic ARs within specific brain regions (Heemers 

and Tindall 2007). Following binding, the AR undergoes conformational changes 

leading to the dimerization of the AR complex which then translocates into the nucleus 

(Cunningham, Lumia, and McGinnis 2012). Within the nucleus, the complex binds to 

DNA sequences known as the androgen response elements, ultimately leading to up- or 

down-regulation of gene expression (Davey and Grossmann 2016). Additionally, 

transcriptional co-regulators including coactivators and co-repressors are recruited 

which further ensures proper gene transcription following the binding of androgens 

within their target tissues (Gao, Bohl, and Dalton 2005).  
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The genomic effects of androgens happen slowly and over a period of several 

hours due to the need to synthesize protein through transcription and translation (Deng 

et al. 2017). However, some effects of androgens happen too quickly (within seconds or 

minutes) to be explained by genomic DNA interactions (Heinlein and Chang 2002) . 

This suggests that just like estrogens, androgens can also exert rapid effects in a non-

genomic manner through intracellular kinase cascades (Cunningham, Lumia, and 

McGinnis 2012). This typically involves the activation of second messenger signal 

transduction cascades such as protein kinase A, protein kinase C, increasing free 

intracellular calcium or activation of mitogen-activated protein kinases (MAPKs) 

(Heinlein and Chang 2002).  

Activation and inactivation of ERK signaling  

Of the MAPK superfamily, extracellular signal-regulated kinase (ERK) is one of 

the most widely studied signal transduction pathways and can be activated in response 

to androgens (Peng et al. 2010). The MAPK cascade consists of three protein kinases 

that relay signals: MAPK kinase kinase (MAPKKK), a MAPK kinase (MAPKK) and 

MAPK (Peng et al. 2010). For the ERK pathway, the MAPKKK component involves the 

activation of Raf serine/threonine and tyrosine kinases by ligand-receptor mediated 

stimulation of Ras activation (Roberts and Der 2007). Raf kinases are able to 

phosphorylate and activate MEK1 and MEK2 of the MAPKK component, which then 

phosphorylate and activate ERK 1 and ERK 2 isoforms of MAPKs (Roberts and Der 

2007). Activated ERKs are able to translocate to the nucleus to regulate various 

transcription factors (Roberts and Der 2007). Both ERK 1 and ERK2 are known to play 

an important role in cellular processes including regulation of growth, proliferation and 
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differentiation of neuronal cells which makes it an essential cascade for learning and 

memory. (Buscà, Pouysségur, and Lenormand 2016). A review of the literature shows 

that both testosterone and DHT are capable of inducing ERK activation in cultured 

hippocampal neurons, an effect which can be blocked by the inhibitors of signals 

upstream ERK 1/2 (Pike et al. 2008). Therefore, the neuroprotective effects of 

androgens through MAPK/ERK pathways provide an important interaction for the 

investigation of conditions induced by the depletion of androgens such as AD.  

Although ERK activation under acute conditions of stress and injury is beneficial 

to cells, chronic activation of ERK potentially plays a detrimental role in neurons 

(Subramaniam et al. 2004). In vitro studies show that specific inhibition of MEK1/2 leads 

to reduced neuronal injury in a hippocampal cell culture model of seizure activity 

(Murray et al. 1998). In addition, expression of APP, a precursor to Aβ in neuronal-like 

cells leads to increased Ras expression and the activation of phosphorylated ERK1/2 

(p-ERK), which was concomitantly reduced following APP downregulation (Chaput et al. 

2012; Kirouac et al. 2017). Persistent activation of ERK1/2 is also seen in neuronal 

hippocampal cells subjected to oxidative stress which is commonly seen in patients and 

models of AD (Stanciu et al. 2000). It has been seen that individuals with AD show 

higher ERK activation compared to matched controls (Swatton et al. 2004). In addition, 

astrocytes in patients with early AD exhibit increased activation of ERK compared to 

astrocytes from nondemented subjects (Webster et al. 2006). Since ERK signaling is a 

major pathway involved in learning and memory, understanding its dysregulation can 

shed light on the link between cellular stress and AD.  
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The regulation and outcome of ERK signaling partly relies on the actions of MAP 

kinase phosphatases which constitute a subgroup within the dual specificity 

phosphatases (DUSP) family (Bermudez et al. 2008). Out of the specific phosphatases, 

MAP kinase phosphatase 3 (MKP3)/DUSP6 is cytoplasmic and shows selective 

preference for ERKs in order to dephosphorylate and inactivate this signaling cascade 

(Bermudez et al. 2008; Kim, Rice, and Denu 2003). Activated ERK1/2 binds to the ERK 

binding domain of DUSP6. This consequent conformational change induces 

phosphatase action of the catalytic domain of DUSP6 which dephosphorylates 

serine/threonine and/or tyrosine residues resulting in the inactivation of ERK1/2 (Ahmad 

et al. 2018). At the same time, MAPKs can also influence DUSP6 which forms a 

negative feedback loop (Ahmad et al. 2018; C. Y. Huang and Tan 2012). Following 

inactivation by DUSP6, active ERK accumulates within the cytosol and shifts the 

balance in favour of DUSP6 to dephosphorylate ERK1/2 leading to extinction of ERK 

signaling, thus demonstrating the negative-feedback regulation of ERK signaling by 

DUSP6 (Marchetti et al. 2005).  

Accumulation of ROS under in vitro conditions can degrade DUSP6 which can 

lead to aberrant activation of ERK1/2 (Huang et al., 2017). In cases of familial 

samyloidotic polyneuropathy – a neurodegenerative disorder, DUSP6 was 

downregulated and p-ERK was upregulated leading to cytotoxicity (Monteiro et al. 

2006). Similar results were seen by Labonté et al. (2017) where downregulation of 

DUSP6 was accompanied by an increase in p-ERK 1/2 but not total ERK 1/2 in 

depressive-like phenotypic female mice. This behaviour was rescued following DUSP6 

overexpression (Labonté et al. 2017). However, overexpression of DUSP6 can also be 
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maladaptive if it decreases the protective effects of ERK signaling. For example, in 

ovarian cancer cells, DUSP6 overexpression decreased p-ERK1/2 levels and led to 

increased chemotherapy-resistance by promoting G1 cell cycle arrest (Gao et al., 

2020).  

Oxidative stress, a hallmark seen in AD can lead to the aberrant activation of 

ERK signaling and thus, the role of DUSP6 in regulating ERK is necessary for the 

understanding of this mechanism. MicroRNAs, including microRNA-125b, have been 

shown to target mRNAs and can dysregulate their translation leading to alterations in 

cellular pathways (Banzhaf‐Strathmann et al. 2014). DUSP6 protein levels were 

significantly lower in AD brains expressing elevated microRNA-125b (Banzhaf‐

Strathmann et al. 2014). In addition, microRNA-125b expression, which significantly 

elevates p- and total-ERK1/2, is known to promote tau hyperphosphorylation (Banzhaf‐

Strathmann et al. 2014). Neuronal stem cells showed a decrease in DUSP6 mRNA and 

protein expression following administration of Aβ in a dose dependent manner (Liao et 

al. 2018). Furthermore, transfection of neuron stem cells with DUSP6-overexpression 

plasmid prevented the Aβ-induced increase in cell death and oxidative stress, and 

reversed Aβ 25-35-induced ERK1/2 activation (Liao et al. 2018). However, more 

research is needed to further evaluate the interaction between DUSP6 and ERK1/2 in 

order to explore its effect in AD models.  

Neuroprotective role of testosterone and dihydrotestosterone in AD models 

Low levels of testosterone have been identified as a risk factor for the 

development of AD (Hogervorst et al. 2001). As such, the role of androgens in 
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attenuating the neuropathology associated with AD has been examined. One study 

found testosterone promoted neuron viability and attenuated Aβ-toxicity in vitro (Pike 

2001). The neuroprotective effects of androgens were not just limited to testosterone, 

but also seemed to be displayed by its metabolite DHT (Pike 2001). In order to 

understand how testosterone and DHT contribute to neuroprotection in AD, it is 

imperative to look at animal models displaying cognitive dysfunction and 

neuropathology resembling that seen in AD in humans.  

Perhaps the most important player in the development of AD pathogenesis is the 

accumulation of Aβ. Both in vitro and in vivo models of AD have been used to 

investigate the effect of testosterone and DHT in regulating Aβ. There is extensive 

evidence from in vitro studies that demonstrate that the treatment of neuronal cell 

cultures with testosterone reduced Aβ 40/42 deposition and increased soluble APPα 

levels, corresponding to the non-amyloidogenic α-secretase APP cleavage pathway 

(Goodenough, Engert, and Behl 2000; Gouras et al. 2000; Pike 2001). The regulation of 

Aβ by androgens was demonstrated in gonadectomized (GDX) male rats which had 

significantly higher levels of soluble Aβ compared to sham GDX (Ramsden et al. 2003). 

This increase in Aβ was prevented following subcutaneous treatment with DHT, but 

interestingly no reduction in Aβ levels were observed following estradiol treatment 

(Ramsden et al. 2003). Rosario et al. (2006) found androgen depletion through GDX in 

a 3-month-old triple transgenic mouse model of AD (3xTg-AD) accelerated the 

accumulation of Aβ and increase the number and load of Aβ plaques compared to sham 

operated males. Acceleration of Aβ was prevented with the treatment of DHT at 
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supraphysiological levels (Rosario et al. 2006). Together, these findings provide support 

for the role of testosterone in reducing Aβ pathology. 

Cognitive dysfunction observed in both humans and AD animal models has been 

shown to be attenuated by testosterone and DHT. Testosterone administration 

improved spatial learning and memory in male rats who underwent the Morris maze test 

following bilateral injection of soluble Aβ1-42 in their ventricles (Yan et al. 2019). 

Similarly, androgen depletion through GDX in the 3xTg-AD male mice led to worsened 

performance in the spontaneous alteration behavioural task for working memory 

compared to sham operated controls, an effect which was prevented by DHT treatment 

(Rosario et al. 2006). Testosterone supplementation has also been used in men with 

either AD or MCI. Weekly intramuscular injections of testosterone enanthate for 6 

weeks led to improvement of selective cognitive functions including verbal memory and 

spatial memory compared to the placebo group (Cherrier et al. 2005). Since there were 

no significant changes in testosterone group alone over the period of the study, it was 

difficult to conclude whether the differences were due to improvement due to 

testosterone supplementation or due to a decline in cognition in the placebo group 

(Cherrier et al. 2005). While AD animal models looking at testosterone and DHT 

neuroprotection have mainly been confined to males, some studies demonstrate similar 

improvements in females. For example, a study looking at age-related cognitive decline 

in 22-24-month-old gonadally intact female mice reported improvement in spatial 

memory and passive avoidance memory following testosterone and DHT 

supplementation, respectively compared to placebo which suggests that androgen 

supplementation can enhance certain aspects of cognitive functioning in females 
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(Benice and Raber 2009). Thus, the investigation of the role of androgens in female AD 

models is critical as AD predominately affects women.  

Levels of circulating hormones are known to impact synaptic and structural 

plasticity.  For example, subcutaneous injection of testosterone propionate or DHT in 

male rats rescued the dramatic loss of spine synapse density in pyramidal cells of the 

CA1 hippocampal region observed following GDX (Leranth, Petnehazy, and MacLusky 

2003). One study looking at male rats injected with soluble Aβ 1-42 into bilateral 

ventricles saw an increased number of intact pyramidal cells, along with a significant 

increase in dendritic spine density in the CA1 region of the hippocampus following 

testosterone administration (Yan et al. 2019). Synaptic plasticity assessed through 

protein expression of synaptic markers in the senescence-accelerated mouse prone 8 

(SAMP8) model found that castration reduced the expression of synaptic markers 

including postsynaptic density protein 95 (PSD-95), drebrin and synaptophysin, 

compared to the sham group, but DHT treatment restored expression to that seen in 

sham-operated mice (Pan et al. 2016). In a study using a similar model, castration 

reduced the number of apical dendritic spines in the CA1 region of the hippocampus 

which were reversed by DHT treatment (Li et al. 2013).  

Whether the neuroprotective effects of testosterone are mediated via AR-

dependent or AR-independent pathways is still unclear. The contrasting results are 

often attributed to the fact that testosterone is converted into both DHT and estradiol via 

5α-reductase and aromatase and is thus, able to activate both androgen and estrogen 

pathways (Frye et al. 2020; Goto and Fishman 1977). Some studies show elevated 
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estradiol levels following testosterone treatment, while others find that the 

nonaromatizable DHT is unable to improve memory despite testosterone 

supplementation being able to (Benice and Raber 2009; Cherrier et al. 2005). 

Additionally, administration of the aromatase inhibitor letrozole completely blocked the 

increased CA1 spine density induced by testosterone in ovariectomized female rats 

(Leranth, Hajszan, and MacLusky 2004). These studies together suggest that 

testosterone might be activating androgen-independent pathway through its conversion 

to estradiol. However, other studies have shown the opposite where, DHT 

supplementation, not estradiol reversed GDX-induced increases in Aβ in male rats 

(Ramsden et al. 2003). Furthermore, the neuroprotective effect of testosterone on 

cognitive dysfunction was blocked by the AR antagonist flutamide in male Wistar rats 

which suggests its effect is mediated through ARs (Yan et al. 2019). It is possible that 

the neuroprotective effects mediated by testosterone involve a combined effect of both 

androgen and estrogen receptor pathways.  

Role of testosterone and dihydrotestosterone in neuroinflammation  

Age-related decreases in sex hormones can lead to the development of a mild 

pro-inflammatory state (Maggio et al. 2006). However, the focus of many studies has 

been on the relationship between androgens and inflammation in the peripheral areas of 

the body. While research on the effects of androgens on neuroinflammation are limited, 

in vitro and in vivo studies have documented the potential anti-inflammatory role of 

androgens within the brain.  
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Following mechanical lesions to mimic brain injury, administration of testosterone 

significantly reduced the number of GFAP-immunoreactive astrocytes in the CA1 region 

of the dorsal hippocampus of GDX male rats (Garcia-Estrada et al. 1993). In another 

study, following lesions localized to the hippocampus and cortex, testosterone treatment 

downregulated reactive astrocytes and microglia in GDX male rats (Barreto et al. 2007; 

Pan et al. 2005). This points towards the therapeutic role of testosterone in repairing 

neuronal damage by reducing dysregulated gliosis.  

Testosterone has been demonstrated to play a role in maintaining the integrity of 

the BBB. Increased BBB permeability in GDX male mice induced a significant 

upregulation of microglia, astrocytes and pro-inflammatory cytokines including TNFα, IL-

1β, cyclooxygenase 2 (COX2) and inducible NO synthase (iNOS) (Atallah, Mhaouty-

Kodja, and Grange-Messent 2017). Supplementation with testosterone was able to 

restore the permeability of the BBB and suppressed the pro-inflammatory cytokine 

response (Atallah, Mhaouty-Kodja, and Grange-Messent 2017). Within the brain, 

oxidative stress has been shown to activate the nuclear factor k B (NF-κB)/COX2 

pathway leading to increased neuroinflammation in patients with PD (Holmes et al. 

2016); however an in vitro study reported opposing results. These researchers found 

that under condition of oxidative stress including neurodegeneration or aging, 

testosterone can induce neurotoxicity by triggering apoptosis and death through the 

activation of the NF-KB/COX2 pathway in a dose dependent manner (Holmes et al. 

2016).  
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In addition, DHT has also been implicated in the regulation of inflammatory 

mediators within the CNS. In the SJL mouse model of experimental autoimmune 

encephalomyelitis (EAE), treatment with the subcutaneous implantation of a DHT pellet 

led to an increased production of the anti-inflammatory cytokine IL-10, and a decreased 

production of the pro-inflammatory cytokine interferon y by T lymphocytes (Dalal, Kim, 

and Voskuhl 1997). A recent study showed that castration in the LPS-induced mouse 

model of chronic inflammation led to upregulated levels of TNFα, IL-1β, IL-6, iNOS and 

COX2 which were restored following DHT supplementation (Yang et al. 2018). 

Additionally, LPS treatment increased the expression of proteins within the NF-κB and 

MAPK pathway (including Toll-like receptor 4 (TLR4) p38, phospho-c-Jun N-terminal 

kinase (JNK) and p-ERK which was further exacerbated in the castration group (Yang et 

al. 2020). DHT supplementation however, inhibited the activation of the NF-κB and 

MAPK pathways by regulating phosphorylation of TLR4 p65, p38, ERK and JNK which 

hints towards the role of DHT in suppressing the activation of a reactive 

neuroinflammatory response (Yang et al. 2020).  

The mechanism through which androgens such as testosterone and DHT 

regulate microglia activity is not well understood. Just as the neuroprotective effects of 

testosterone can be either through conversion to estradiol or DHT, it is possible that its 

effect on microglia following injury are also through multiple receptor interactions 

(Arevalo et al. 2013). Previous studies demonstrated that while testosterone treatment 

led to a reduction of reactive microglia and astrocytes following injury to the 

hippocampus, treatment with estradiol produced similar effects (Barreto et al. 2007). 

Additionally, treatment with DHT was able to downregulate reactive microglia but not 
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reactive astrocytes (Barreto et al. 2007). Therefore, while androgens appear to provide 

anti-inflammatory protection, there remains a gap in understanding the exact pathway 

through which inflammatory responses are mediated by androgens, especially in AD.  

3α-hydroxy, 5α-reduced neurosteroids 

Testosterone and DHT have been well-studied in the literature, not only in regard 

to their role in AD, but also in other neurodegenerative diseases. It is well-established 

that testosterone is converted to estradiol and into DHT through an irreversible reaction 

(Frye et al. 2020; Goto and Fishman 1977). However, with multiple studies showing 

discrepancies in the effects of testosterone, DHT and estradiol, it is possible that the 

androgen formed following metabolism of DHT is responsible for the net improvement in 

cognitive function and reduction in pathology associated with AD. Once testosterone 

and progesterone are irreversibly converted into DHT and DHP by the enzyme 5α-

reductase, they are further converted into 3α-diol and allopregnanolone by the enzyme 

3α-HSD (Mellon, Griffin, and Compagnone 2001). In the recent decades, much 

research on allopregnanolone in neurodegeneration has been conducted, but not 

enough is known about the neuroprotective potential of 3α-diol. To have complete 

insight into the role of androgens in AD, it is important to consider other metabolites of 

testosterone including 3α-diol, in a greater detail. 

3α-hydroxy, 5α-reduced neurosteroids – Mechanism of action  

As mentioned above, DHT is converted into 3α-diol by the action of 3α-HSD. 

Evidence of the conversion of DHT to 3α-diol comes from the lack of increase in plasma 

concentrations of DHT following implantation of DHT capsules but an increase in levels 
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of circulating 3α-diol (Frye et al. 1996). In addition, not only is 3α-diol synthesized by the 

conversion of peripheral and neurosteroid androgens, it is also synthesized in the glial 

cells within the brain (Martini, Melcangi, and Maggi 1993). 

Strong binding affinity of testosterone and DHT for the AR has been reported, 

although DHT binds to AR with a much higher affinity (Tan et al. 2015). 3α-diol on the 

other hand, has a low affinity for AR, suggesting that it might be exerting its effects 

through other receptor pathways (Roselli, Horton, and Resko 1987). The other 3α-

hydroxy, 5α-reduced metabolite allopregnanolone is shown to be anxiolytic and this 

effect was blocked by the γ-Aminobutyric acid (GABA) type A (GABAA) receptor 

antagonist, picrotoxin, which suggests that the seen effects are mediated by GABAA 

receptors (Bitran, Hilvers, and Kellogg 1991). Although the  mechanism by which 3α-diol 

acts within the brain is unknown, it is possible that it exerts its effects in a similar 

manner via interactions with GABA receptor complexes (GBR) (Frye et al. 1996). The 

structural similarities between 3α-diol and allopregnanolone suggests that 3α-diol might 

interact with GABAA receptors (Frye et al. 1996; Frye and Duncan 1994; Reddy and 

Jian 2010). In addition, a study done in cats showed administration of 3α-diol led to a 

significant inhibition of brain electrical activity (Kubli-Garfias et al. 1982). Further 

evidence comes from the ability of 3α-diol to inhibit lordosis behaviour induced by 

estradiol and progestin via actions on the GBRs within the medial basal hypothalamus 

and the preoptic area in female rats (Frye et al. 1996).  

Inhibitory transmission within the mammalian brain is mostly mediated by GABA 

which plays an important role in regulating neuronal excitability (Wang 2011). Out of the 
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two major types of GABA receptors, GABAA- and GABAB-receptors, neurosteroids 

almost exclusively target the GABAA receptor which is a ligand-gated anion-selective 

channel (Wang 2011). GABAA receptor is a pentamer composed of two α subunits, two 

β subunits, and one subunit that is one of the γ-, δ-, ε-, π-, or θ-type, and are 

abundantly expressed in the hippocampus  (Reddy 2004; Reddy and Jian 2010). The 

3α-hydroxy, 5α-reduced metabolites of neurosteroids, including allopregnanolone and 

3α-diol, are positive modulators of GABAA receptors and increase chloride flux which 

results in increased inhibition of neuronal activity (Wang 2011). Unlike 3α-hydroxy 

steroids, 3β-hydroxy steroids either inhibit or have no effect at the GABAA receptor 

(Wang 2011). Neurosteroids bind to discrete sites located within the transmembrane 

domain of the α and β subunits of the GABAA receptor (Hosie et al. 2006). Although the 

exact binding site for 3α-diol is unknown, the glutamine position 241 in the M1 domain 

of the α subunit is shown to play a key role in its modulation (Hosie et al. 2009). 

Furthermore, co-application of GABA and 3α-diol on hippocampal CA1 pyramidal 

neurons led to a concentration-dependent increase in current responses evoked by 

GABA, the results of which are comparable to allopregnanolone (Reddy and Jian 2010). 

 Finally, 3α-diol is also known to weakly bind ERβ (Kuiper et al. 1997). Both DHT 

and 3α-diol, which cannot be aromatized to estradiol, were more effective in increasing 

performance of GDX rats in the inhibitory avoidance task compared to testosterone, and 

the administration of ER antisense oligonucleotides for ERβ to the hippocampus of 3α-

diol-replaced rats decreased learning in the task (Edinger and Frye 2007). This 

suggests that 3α-diol might be enhancing learning and memory through its actions at 

ERβ within the dorsal hippocampus. However, another study by Ryan and Frye (2008) 
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reported that 3α-diol had significant anti-seizure effects in both wild-type and 

heterozygous or homozygous ERβ knockout mice, suggesting that the ERβ might not 

be necessary for 3α-diol’s neuroprotective effects. In addition, negligible affinity of 3α-

diol for AR was confirmed as administration of flutamide had no effect on reducing 3α-

diol’s anti-seizure effects in male rats (Frye, Ryan, and Rhodes 2009). Thus, although 

the mechanism of action through which 3α-diol acts is unclear, it seems to modulate 

GABAA receptor and weakly bind ERβ to exert its effects.  

Role of 3α-diol in neuroprotection  

Although the majority of studies looking at 3α-hydroxy, 5α-reduced metabolites 

have focused on allopregnanolone, recent in vitro and in vivo evidence has expanded to 

suggest that 3α-diol might also play a role in neuroprotection. It has been found that 

dysregulated ERK signaling and reduced cell viability, commonly seen following 

exposure to Aβ or hydrogen peroxide (H2O2) was inhibited following administration of 

both 3α-diol and allopregnanolone in the primary cortical neurons and SH-SY5Y human 

neuroblastoma cells. 3α-diol demonstrated a higher potency for reducing ERK 

phosphorylation compared to allopregnanolone (Mendell et al. 2016, 2018). Pre-

treatment of primary cortical cells with picrotoxin prevented 3α-diol from reducing Aβ-

mediated prolonged ERK phosphorylation (Mendell et al. 2018). However, picrotoxin 

pre-treatment in the SH-SY5Y cells, did not inhibit 3α-diol from reducing ERK 

phosphorylation which suggests that effects of 3α-diol on ERK phosphorylation can be 

through both GABA-dependent and -independent pathways (Mendell et al. 2018), A 

follow-up study discovered that the effects of 3α-diol on inhibiting oxidative stress-

induced ERK phosphorylation was prevented by pre-treatment with the DUSP6 
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antagonist (E)-2-benzylidene-3-(cyclohexylamino)-2,3-dihydro-1H-inden-1-one (BCI) 

(Mendell and MacLusky 2019). Furthermore, oxidative stress resulted in the decreased 

expression of DUSP6 and this was prevented by co-treatment with 3α-diol (Mendell and 

MacLusky 2019). These studies suggest that the protective effects of 3α-diol on 

regulating ERK phosphorylation might be through modulation of DUSP6 which is a 

known regulator of ERK1/2 (Mendell and MacLusky 2019).  

  Neuroprotective effects of 3α-diol in vivo have also been observed. 

Administration of either testosterone, DHT or 3α-diol on adrenalectomized female rats 

resulted in a reduction of apoptotic neurons in the dentate gyrus of the hippocampus 

compared to vehicle-treated rats (Frye and McCormick 2000). Subcutaneous 

administration of 3α-diol was shown to protect rats and mice against seizures induced 

by PTZ in a dose dependent manner (Frye, Ryan, and Rhodes 2009; Reddy 2004). 

Interestingly, the stereoisomer of 3α-diol, 3β-diol did not have a protective effect on the 

PTZ-induced seizures in mice which signifies the stereoselective anti-convulsant actions 

of 3α-diol (Reddy 2004). Furthermore, it was also found that 3α-diol, but not DHT was 

able to inhibit 4-AP-induced epileptiform bursting in a rat hippocampal slice which 

suggests that conversion of DHT into 3α-diol is necessary for its anticonvulsant effects, 

at least in vitro (Reddy 2004).  

The majority of the studies looking at the effect of 3α-diol on cognitive outcomes 

have been conducted in GDX animals. Intra-hippocampal administration of 

indomethacin, a 3α-HSD enzyme inhibitor reduced cognitive performance of both DHT-

replaced and gonadally- intact rats in the inhibitory avoidance task, and reduced 
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hippocampal levels of 3α-diol, suggesting that the cognitive-enhancing effects are due 

to the action of 3α-diol (Frye et al. 2004). In another study, testosterone and 3α-diol 

treatment improved cognitive and affective behaviour in intact aged mice by decreasing 

anxiety-like behaviour on the elevated plus maze, zero maze and Vogel task and 

improved cognitive performance in the inhibitory avoidance and conditioned contextual 

fear task (Frye, Edinger, and Sumida 2008). In addition, levels of 3α-diol within the 

hippocampus were increased in both testosterone- and 3α-diol – administered groups 

(Frye, Edinger, and Sumida 2008). Notably, 3α-diol administration was significantly 

more effective in enhancing GABA-stimulated chloride influx in mouse cortical 

synaptoneurosomes compared to both vehicle or testosterone administration (Frye, 

Edinger, and Sumida 2008). In another study, GDX male rats administered 

testosterone, DHT or 3α-diol through silastic capsules or intrahippocampal infusions 

displayed decreased anxiety-like and fear-like behaviour, greater analgesic measures, 

and increased learning compared to the control animals. Interestingly, there were 

significantly more beneficial behavioural outcomes in 3α-diol-treated groups compared 

to testosterone or DHT (Edinger and Frye 2005). As well, only 3α-diol levels were 

consistently elevated and correlated with enhanced behavioural task scores which 

implies that the improvements in cognition and behaviour were due to testosterone and 

DHT’s metabolism to 3α-diol (Edinger and Frye 2005). Finally, the same group saw 

increasingly impaired performances on hippocampus-related affective and cognitive 

tasks with increased age and in GDX rats (Frye et al. 2010). These effects were 

reversed with testosterone treatment in younger rats and correlated with increased 

plasma and hippocampal levels of 3α-diol (Frye et al. 2010). Notably, acute 
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administration of 3α-diol and not testosterone improved performance on cognitive and 

affective tasks in older rats, and only those rats with increased levels of 3α-diol showed 

improvements in cognition (Frye et al. 2010). Administration of 3α-diol has also been 

shown to decrease anxiety-related behaviours in rats (Frye and Edinger 2004; Frye and 

Lacey 2001). Collectively, these results suggest that the role of 3α-diol in improving 

performance in multiple behavioural tests could be indictive of its protective effects in 

neurodegenerative diseases involving cognitive dysfunction.  

Role of 3α-diol in inflammation   

 Despite the growing body of evidence for the neuroprotective role of 3α-diol, only 

a few studies have discussed its role in relation to modulating immune/inflammatory 

pathways. In one study, GDX male rats showed reduced expression of peripheral 

myelin protein 22 (PMP22) and Po in their sciatic nerve (Magnaghi et al. 2004). 

Administration of both DHT and 3α-diol were able to increase the expression of Po, 

however, only 3α-diol was effective in increasing the expression of PMP22 (Magnaghi et 

al. 2004). Similar effects were seen in cultures of rat Schwann cells, where 3α-diol 

increased the mRNA levels of PMP22 in the glial Schwann cells, but showed no effect 

on Po (Melcangi et al. 2000). Since both Po and PMP22 play important roles in the 

development of myelin sheaths and levels decrease with aging in the sciatic nerve, the 

results suggest that the 3α-hydroxy, 5α reductase steroids might play a role in building 

myelin. Other studies have assessed the role of 3α-diol and DHT in relation to 

streptozotocin-induced diabetic neuropathic pain (Calabrese et al. 2014). Both 

neurosteroids exhibited analgesic effects; DHT and 3α-diol reduced glutamate release, 

the number of GFAP-immunoreactive cells and the expression of IL-1β (Calabrese et al. 
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2014). They differed on other parameters, with DHT increasing the mechanical 

nociceptive threshold whereas 3α-diol increased tactile allodynia threshold (Calabrese 

et al. 2014). Continuing their converging effects, DHT reduced levels of pre- and post-

synaptic proteins, whereas 3α-diol reduced the mRNA expression of TLR4, TNFα, 

TSPO and Transforming growth factor-1β (Calabrese et al. 2014).  

 It is clear that 3α-diol modulates aspects of learning and memory in a manner 

which is divergent from its parent hormones testosterone and DHT.  Despite the 

progress made in understanding its role in cognition, there remains a lack of information 

about the direct effect of 3α-diol on onset and continuation of AD in an appropriate 

disease model. 
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Rationale 

It has been well established that the female sex is at a greater risk of developing 

AD compared to males (Barnes et al. 2005; Henderson and Buckwalter 1994). This has 

been partly attributed to the differences in lifespan as well as the loss of circulating 

levels of steroid hormones including estrogens and androgens (Vest and Pike 2013). In 

addition, individuals with AD have lower levels of circulating testosterone well before the 

diagnosis of the disease, suggesting that the loss of testosterone is one of the major 

risk factors for AD development (Hogervorst et al. 2001, 2004). As such, testosterone, 

and its major metabolite DHT have been extensively studied for their role in cognitive 

decline. Although testosterone, estradiol and DHT are able to offer some protection 

from cognitive decline, other studies show no effect on AD pathology following 

supplementation (Rosario et al. 2006; Rosario, Carroll, and Pike 2010).  

Additionally, the transient activation of ERK 1/2 seems to play an important role 

in neuroprotection in AD and is activated by steroid hormones (Pike et al. 2008). 

Despite this protection, dysregulated and aberrant activation of ERK signaling is 

common in AD as the disease pathology progresses over time (Swatton et al. 2004). 

The phosphatase responsible for the regulation of ERK – DUSP6 was shown to be 

reduced under conditions of stress and neurodegeneration and failed to keep 

dysregulated ERK signaling in control (Banzhaf‐Strathmann et al. 2014; Labonté et al. 

2017). Finally, chronic activation of glial cells in AD neuropathology leads to increased 

inflammation which can further exacerbate the severity and progression of the disease 

(Kinney et al. 2018).   
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In the recent decades, the role of 3α-hydroxy, 5α-reduced neurosteroid 

metabolites has gained traction in the understanding of neurodegeneration. Although 

the neurosteroid metabolite of progesterone, allopregnanolone, has been studied in 

detail, much less is known about the testosterone metabolite - 3α-diol. Previous work in 

our lab has shown that 3α-diol significantly reduces the Aβ -induced dysregulated ERK 

signaling in both SH-SY5Y and primary cortical neuronal cell lines through DUSP6 

(Mendell et al. 2016; Mendell and MacLusky 2019). Other studies have shown that 3α-

diol is able to attenuate cognitive decline in aged and GDX rats and improved learning 

and memory through decreasing anxiety and fear-like behaviour (Frye et al. 2004, 

2010). The impact of 3α-diol on the CNS remains to be elucidated. This thesis will 

investigate the role of the 3α-hydroxy, 5α-reduced neurosteroid metabolite of 

testosterone, 3α-diol in the progression of AD pathology in the triple transgenic mouse 

model of AD by assessing various molecular and neuroinflammatory markers 

associated with AD. 
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Hypothesis  

Continuous treatment of both male and female triple transgenic mice with 3α-diol is 

protective against neuropathology and neuroinflammation associated with AD.  

In order to assess the hypothesis, three objectives were performed:  

Objectives 

To determine the effect of continuous 3α-diol treatment on: 

1. ERK signaling and DUSP6  

2. pathophysiological markers of AD (Aβ and tau) and PSD-95 

3. microglial and astrocytic markers 

in 6- and 9-month-old 3xTg-AD and wild-type mice. 
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Chapter 2: Effect of continuous 3α-diol treatment on ERK and DUSP6 in 6- and 9-
month 3xTg-AD and wild-type male and female mice 

Introduction:  

Mitogen-activated protein (MAP) kinases including extracellular signal-regulated 

kinase (ERK) 1/2 are highly expressed in the central nervous system (CNS) and are 

localized in the soma and dendrites of hippocampal neurons (Fiore et al. 1993). An 

increase in the ratio of phosphorylated to total ERK 1/2 has been shown to play an 

important role in long-term potentiation through synaptic plasticity, and allows for the 

modulation of learning and memory in the hippocampus (Sun and Nan 2017). However, 

ERK signaling can also play a detrimental role in neurons in response to stress, as 

indicated by studies where inhibition of ERK phosphorylation protected primary cell 

cultures and neuronal cell lines from oxidative stress - a feature of many neurological 

diseases (Oh-Hashi et al. 1999; Satoh et al. 2000; Stanciu et al. 2000). Elevated levels 

of ERK1/2 have been observed in the brains of Alzheimer’s Disease (AD) individuals 

and AD mouse models, with prolonged activation associated with β-amyloid (Aβ) 

neurotoxicity (Giovannini et al. 2008; Pei et al. 2002). Aβ is known to induce the 

activation of the ERK cascade in vitro (Mendell et al. 2016, 2018). Furthermore, 

sustained activation of ERK 1/2 signaling pathway induced by Aβ can lead to the 

hyperphosphorylation of tau as both isoforms of ERK are capable of phosphorylating 

tau at sites identified on PHF-tau (Arora, Cheng, and Nichols 2015; Pei et al. 2002).  

Regulation of ERK 1/2 is partially maintained by dual specificity phosphatase 

(DUSP) 6, a member of the dual-specificity protein phosphatase family that 

demonstrates substrate specificity for ERK 1/2 and is a negative feedback regulator of 
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ERK (Kidger and Keyse 2016). Just as oxidative stress in AD results in aberrant ERK 

signaling, impaired DUSP6 signaling is also evident in AD. Post-mortem samples 

obtained from individuals with AD show downregulation of DUSP6, while studies from 

neural stem cell cultures found that overexpression of DUSP6 restored normal ERK 

signaling, cell vitality and mitochondrial function following exposure to Aβ(25-35) 

peptides (Liao et al. 2018). Recent work by Labonté et al. (2017) revealed sex-specific 

differences in DUSP6 regulation, where chronically stressed female but not male mice 

demonstrated reduced expression of DUSP6 and a significant increase in p-ERK 1/2 in 

the ventromedial pre-frontal cortex. This pattern of sexual dimorphism of DUSP6 

expression was similarly observed in females suffering from major depressive disorder, 

an effect that was not seen in males (Labonté et al. 2017).  

Androgens including testosterone and dihydrotestosterone (DHT) inhibit Aβ-

induced neurotoxicity in hippocampal neuronal cell cultures through a transient 

activation of the MAPK/ERK pathway (Nguyen, Yao, and Pike 2005). This activation of 

ERK by DHT was also seen in non-neuronal cell types such as osteocytes and 

osteoblasts where it inhibited gonadectomy (GDX)- induced cell apoptosis in both males 

and females (Kousteni et al. 2001). Similarly, previous in vitro work has looked at the 

role of 5α-androstane-3α, 17β-diol (3α-diol) on ERK phosphorylation. Although 3α-diol 

had no effect on ERK signaling in the SH-SY5Y female neuroblastoma cells on its own, 

physiological concentrations of 3α-diol were able to prevent the sustained increase in 

ERK phosphorylation following DHT treatment, oxidative stress, or exposure to Aβ(1-42) 

(Mendell et al. 2016). This inhibition of ERK phosphorylation was also observed in 

primary cortical neurons and led to improved cell viability and decreased activation of 
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caspase 3 (Mendell et al. 2016). In a follow up study, H2O2- induced oxidative stress 

increased ERK phosphorylation and decreased DUSP6 expression in the SH-SY5Y 

cells (Mendell and MacLusky 2019) . Pre-treatment with BCI, an MKP3/DUSP6 inhibitor 

reduced this effect of 3α-diol, suggesting that ERK and DUSP6 work together to 

regulate the activity of one another under conditions of oxidative stress (Mendell and 

MacLusky 2019). 

Although in vitro studies suggest a protective role of 3α-diol in preventing 

dysregulated ERK phosphorylation, these results cannot necessarily be extrapolated to 

the brain. This calls for the need to understand the role of 3α-diol on ERK and DUSP6 

protein expression in the context of an in vivo experiment where oxidative stress is 

apparent due to the pathology of a disease. Brains of AD patients exhibit significant 

oxidative stress both due to Aβ and neurofibrillary tangles (NFT) which in turn leads to 

apoptotic neuronal death (Huang, Zhang, and Chen 2016). By using an animal model 

where AD-related cognitive dysfunction and molecular pathologies are apparent and 

comparing the results to age-matched wild-type animals, the molecular role of 3α-diol 

can be elucidated in an in vivo setting.  

Materials and Methods:  

The triple transgenic model of AD  

The 3xTg-AD animal model expresses three genes associated with AD – 

(APP)Swe, PS1M146V and TauP301L which allow the animal to display both the amyloid 

and the tau pathologies associated with AD in the CNS (Oddo et al. 2003). These mice 

exhibit age-related progressive development of the neuropathologies in brain structures 
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including the hippocampus, amygdala and the cerebral cortex (Oddo et al. 2003). 

Intracellular accumulation of Aβ begins at around 6 months of age with the formation of 

Aβ plaques developing around 9-12 months of age; accumulation of phosphorylated-tau 

(p-tau) and NFTs is obvious between 12 to 15 months (Kitazawa, Medeiros, and 

LaFerla 2012; Oddo et al. 2003). Other hallmarks detected in the model include 

activated microglia, astrocytes and loss of synapses (Kitazawa, Medeiros, and LaFerla 

2012). The 3xTg model also depicts functional phenotypes of AD including cognitive 

impairments and behavioural alterations which become evident around 2-5 months and 

2.5 months of age, respectively (Roda et al. 2020). The age- and pathology-dependent 

cognitive impairments as well as evidence of neuropathology within the hippocampus 

makes this an ideal model to understand the role of 3α-diol in AD.  

Subjects and Housing:  

All animal procedures received prior approval from the Animal Care Committee 

(University of Guelph, ON, Canada) and were carried out in accordance with the 

Canadian Council on Animal Care.  Wild-type (B6129SF2/J) and 3xTg-AD (APPswe, 

PS1M146V, TauP30IL ) mice obtained from the Jackson Laboratory (Bar Harbor, ME, 

USA ) and were housed and bred at the Central Animal Facility (University of Guelph, 

ON, Canada). Due to the sexual dimorphic nature of AD, both males and females were 

used in the study. An n of 6 for the 6-month group, and an n of 7 for the 9-month group 

was used for all the experiments mentioned in this thesis.  Mice were maintained on a 

12-hour light/dark cycle with ad libitum access to both water and 14% non-soy rodent 

chow. Four mice were housed per cage in clear polyethylene cages (16 cm x 12cm x 
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26cm) with crinkI’Nest, cotton-nest squares and corncob bedding in a temperature-

controlled room (22 ± 2°C).  

Subject allocation and capsule preparation:  

Animals were housed until 3 months of age before undergoing any surgical 

procedure and testing. Male and female 3xTg-AD and wild-type mice were randomly 

allocated to either the treatment group or the control group. Both treatment and control 

groups were subcutaneously implanted with 1.2 cm long Silastic capsules made from 

sterile Silastic medical tubing. (outer diameter: 3.18 mm, inner diameter: 1.57mm) 

(Dow-Corning, Michigan, US). Neurosteroids have been previously delivered using 

silastic capsules for hormonal treatment of rodents including rats and mice, and silastic 

capsules allow for a consistent uniform subcutaneous release of the intended hormone 

(Jones et al. 2012; Majewski et al. 2018).   

For the treatment group, crystalline 3α-diol dipropionate (Steraloids, Rhode 

Island, US), an ester derivative of 3α-diol was firmly packed into the capsule using a 

blunt ended rod. Both ends were sealed with Silastic medical adhesive glue (Dow 

Corning, Michigan, USA) and the capsules were left overnight to allow the adhesive to 

cure and harden. Capsules were then examined to check for any signs of leakage. 

Twenty-four hours before surgical implantation, the capsules were placed in 1% bovine 

serum albumin (BSA) solution in deionized water and left overnight at 4°C, to prevent a 

sudden spike in hormone release following implantation in mice and to establish a 

stable gradient of hormone release. All capsules were inspected again for signs of 

leakage and any leaking capsules were discarded. Control capsules had the same 
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dimensions and length as the treatment capsule and were made with empty sterile 

Silastic medical tubing.  

As mentioned above, two separate cohorts of animals were bred for 6- and 9-

month timepoints. The 6-month cohort received their allocated capsule at 3-months of 

age and underwent behavioural testing at 6-months of age. The 9-month cohort 

received their allocated capsule at 3-months of age, received their 2nd capsule at 6-

months of age and underwent behavioural testing at 9 months of age. These time points 

were chosen to observe if the continuous treatment of 3α-diol had an effect on the 

3xTg-AD mouse model before extensive neuropathology of the disease is evident (see 

Figure 1).  

Surgical Procedure:  

All mice received a subcutaneous implantation of either the control capsule or a 

capsule containing 3α-diol dipropionate between their shoulder blades on the back. 

Anesthesia was induced using an oxygen and 5% isoflurane mixture and maintained for 

the duration of the surgery (Isoflurane: Benson Medical Industries, Markham, ON). The 

procedure was continued if the mouse reached the surgical plane and showed no 

withdrawal reflex to a toe pinch. Each mouse received a subcutaneous injection of the 

analgesic meloxicam (5mg/kg; Boehringer Ingelheim, Burlington, ON) and 0.5 ml of 

0.9% of physiological saline prior to the surgery. Once the mouse was anesthetized, it 

was placed on its stomach, and the hair between the shoulder blades closer to the neck 

was shaved. The shaved area was then swabbed with 4% chlorhexidine gluconate 

antimicrobial cleanser, 70% isopropyl alcohol and betadine respectively. A small 
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incision was made along the midline between the shoulder blades. Each animal 

received two drops of 20mg/kg lidocaine at the site of the incision to minimize post-

operative pain. Blunt-ended scissors were used to separate the skin from the underlying 

fascia and connective tissue, in order to make a small pocket to either the left or right 

side of the incision to implant the capsule away from the site of the incision and to 

prevent mobility issues for the animal. Following implantation of either the control or 

treatment capsule, the wound was closed with two 9mm long stainless-steel surgical 

clips (Stoelting, Illinois, USA). Animals were transferred to a heated recovery cage 

before being placed back into their home cages and monitored daily post-surgery. All 

animals were weighed, and the estrous cycle of female mice was tracked through 

vaginal lavage daily for 2 weeks following surgeries.  

Behavioural testing and euthanasia:  

The 6- and 9-month mice underwent the object recognition (OR) behavioral task 

which evaluates recognition memory and demonstrates cross-species generalization 

since individuals with AD experience a decline in declarative memory (Antunes and 

Biala 2012).  All animals were sacrificed between 24 hours and one month of their 

behavioural endpoint. Animals were sacrificed by cervical dislocation and the 

hippocampus was extracted alternating left and right for each animal to prevent 

lateralization effect, within 2-3 minutes. The brains were flash frozen using liquid 

nitrogen and stored in -80°C until further use.   
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Figure 1. Schematic timeline of mice used for the study. A) 3-month-old 3xTg-AD 
and wild-type mice were subcutaneously implanted with either 3α-diol dipropionate or 
control capsules. At 6 months of age, animals underwent OR testing. Animals were 
sacrificed beginning 24 hours following their behavioural endpoint and within a month of 
the start of their behavioural testing date. B) 3-month-old 3xTg-AD and wild-type mice 
were subcutaneously implanted with either 3α-diol dipropionate or control capsules. At 6 
months of age, the animals received their second capsule implantation to replenish the 
supply of 3α-diol to allow for a continuous release. When animals were 9-month-old, 
they underwent OR testing. Animals were sacrificed beginning 24 hours following their 
behavioural endpoint and within a month of the start of their behavioural testing date.  

Protein preparation 

Hippocampal half-brain tissues were removed from storage at -80°C to be 

weighed and homogenized using Triton-X lysis buffer [50mM Tris-HCL (pH 7.5), 150mM 

NaCl, 1% Triton-X 100] containing protease inhibitor tablets (Sigma-Aldrich, Oakville, 

ON) and 5µM sodium orthovanadate (New England BioLabs, Whitby, ON). The samples 

were then sonicated on a low setting for a few seconds and rocked on ice for 20 

minutes. Samples were subsequently centrifuged at 17,530g rpm at 4°C for 15 minutes 

and the supernatant was then transferred to an Eppendorf tube and the pellet was 
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discarded. Next, protein concentrations were determined using the Bradford assay 

(Bradford 1976) and samples were aliquoted accordingly for storage at -20°C. These 

aliquots were subsequently used to perform all experiments listed in Chapter 2, 3 and 4.  

Western blotting procedure 

Lysates for each sample were combined with MilliQ water to contain a total of 

30µg of protein in a final volume of 30µL. Samples were then mixed with 15µL of 3x 

Laemmli buffer (6% SDS, 0.1875 M Tris-HCl pH 6.8, 30% glycerol, and 0.015% 

bromophenol blue) containing 7.5% β-mercaptoethanol, vortex mixed and heated at 95° 

C for 4 minutes while shaking at 400 rpm. Samples were then loaded on to a 10-well 

10% polyacrylamide gel (consisting of 10% mini separating gel and 4% mini stacking 

gel). The proteins were subjected to sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE) using the Mini-PROTEAN system (Bio-Rad, Mississauga, 

ON, Canada) for 2 hours at 100V in running buffer (0.1% SDS, 1.44% glycine, and 0.3% 

Tris in MilliQ water). Following gel electrophoresis, proteins were transferred onto a 0.45 

µm nitrocellulose membrane using a semi-dry transfer apparatus (Trans-SD Turbo, Bio-

Rad) with the conditions set at 25V, 1.5A for 30 minutes in transfer buffer (0.582% tris, 

0.293 % glycine, 0.0107% SDS, and 20% methanol in MilliQ water). Membranes were 

rinsed in 0.1% Tween-20 tris buffered saline (0.1% TBS-T) (2.42% tris and 8% NaCl in 

MilliQ water, 0.1% Tween), and blocked at room temperature in a combination of 5% 

BSA + 3% non-fat milk made in 0.1% TBS-T for 1 hour for both ERK and p-ERK. For 

DUSP6, membranes were blocked in 3.5% non-fat milk for 1 hour. Following blocking, 

membranes were rinsed twice for 5 minutes in 0.1% TBS-T and incubated with primary 

antibody ERK (1:2000; p44/42 MAPK ERK1/2) antibody #9102, Cell Signaling 
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Technology; New England BioLabs), p-ERK (1:2000; phospho-p44/42 MAPK (ERK1/2) 

(Thr202/Tyr204) antibody #9101, Cell Signaling Technology; New England BioLabs) or 

DUSP6 (1:500; Recombinant Anti-DUSP6 antibody [EPR129Y] ab76310; Abcam, 

Toronto, ON) at 4°C overnight. Both ERK and p-ERK primary antibodies were made in 

3% BSA in 0.1% TBS-T, and the DUSP6 antibody was made in 3.5% non-fat milk in 

0.1% TBS-T. See Appendix 1 for antibody details.  

The following day, the membranes were rinsed on the rocker in 0.1% TBS-T for a 

total of 10 minutes and incubated with goat anti-rabbit secondary antibody (1:2500; Cell 

Signaling Technology; New England BioLabs) made in 0.1% TBS-T containing 3% BSA 

for p-ERK and ERK and 3.5% non-fat milk for DUSP6, for 1 hour at room temperature. 

Membranes were rinsed thrice for 10 minutes each (total of 30 minutes) in 0.1% TBS-T. 

The membranes were subsequently visualized on the ChemiDocTM MP imaging system 

(Bio-Rad) with Luminata Forte Western HRP Substrate (Millipore, Oakville, ON). 

Following visualization, the membranes were rinsed in 0.1% TBS-T on the rocker for 1.5 

hours and re-probed for housekeeping protein (α-tubulin or β-actin) overnight at 4°C. 

The next day, nitrocellulose membranes were rinsed in 0.1% TBS-T, incubated with the 

goat anti-mouse secondary antibody (1:2500; Cell Signaling Technology; New England 

BioLabs) and the bands visualized as described previously. Densitometric analysis were 

performed using the Image Lab 6.0 software (Bio-Rad) to compare the expression of 

44kDa and 42kDa isoforms of ERK and p-ERK by normalizing them to their 

housekeeping protein (α-tubulin or β-actin) from the same blot. The analysis was used 

to compare p-ERK fold changes within groups. Similarly, DUSP6 expression was 
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analyzed by comparing it to its housekeeping protein β-actin to look for changes within 

the groups.  

Statistical analysis  

Following semi-quantitative densitometric analyses on the western blot data 

using the Image Lab 6.0 software, inter-blot corrections were performed. Fold changes 

for 44 and 42 kDa isoforms of p-ERK relative to total ERK, and DUSP6 relative to their 

house-keeping protein were compared for sex, genotype, and treatment. Outliers were 

removed if the values were outside of ±2 standard deviations from the mean. Normality 

test was conducted using the Shapiro-Wilk’s test, and the Levene’s test was used for 

homogeneity of variance. Natural log transformation was applied to account for 

inhomogeneity of variance among groups. A three-way analysis of variance (ANOVA) 

was used to assess the effect of treatment, sex, and genotype among the groups, 

followed by Tukey’s post-hoc test for multiple comparisons. Statistical significance was 

set for p<0.05. All statistical analyses were performed using GraphPad Prism Version 

8.4.3, IBM SPSS 26, and Microsoft Excel 2016. Statistical analysis was performed in 

this manner for all experiments listed in Chapters 2 to 4 unless stated otherwise. 

Graphs for semi-quantitative densitometric analysis depict wild-type females as wtf, 

3xTg-AD females as tgf, wild-type males as wtm, and 3xTg-AD males as tgm 

throughout the thesis.  
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Results 

3xTg-AD animals have higher ERK phosphorylation at 6 months compared to wild-type 
animals  

Densitometric analysis depicting p-ERK relative to total ERK for the 44 and 42 

kDa isoforms in 6-month animals are shown in Figure 2B and C, respectively. To 

determine the interaction effect between genotype, sex, and treatment, three-way 

ANOVA analysis was performed. The 6-month-old 3xTg-AD males and females had 

significantly higher 42kDA ERK phosphorylation compared to wild-type male and 

females (three-way ANOVA; F(1,40) =4.356, p=0.0433), but there was no effect of 

genotype on ERK phosphorylation for the 44kDa isoform (three-way ANOVA; F(1,40) 

=1.967 p=0.1685). Tukey post-hoc test revealed no further differences between groups. 

There was no statistically significant overall effect of 3α-diol treatment in the wild-type or 

3xTg mice for either the 44kDa isoform (three-way ANOVA; F(1,40)= 1.735, p=0.1953) 

or the 42kDa isoform (three-way ANOVA; F(1,40), p=0.2030).  
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Figure 2: ERK phosphorylation in the 6-month-old wild-type and 3xTg-AD mice 
following 3α-diol treatment. A) Representative western blots depicting ERK 
phosphorylation (p44 and p42) in 6-month-old 3xTg-AD and wild-type mice treated with 
3α-diol. Semi-quantitative densitometric measurements for fold changes of B) p44 and 
C) p42 of p-ERK relative to total ERK and normalized to α-tubulin are shown 
graphically. Three-way ANOVA revealed significantly higher overall ERK 
phosphorylation in 3xTg-AD vs wild-type animals in p42 (three-way ANOVA; F(1,40) 
=4.356, p=0.0433), but not in p44 (three-way ANOVA; F(1,40) =1.967 p=0.1685). All 
other interactions not significant (p >0.05). Bars on the graph represent mean ± SEM 
(n=6 mice/group). * represents p<0.05 for comparisons indicated by brackets in the 
legend. 
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Females have overall higher ERK phosphorylation compared to males at 9 months of 
age  

Densitometric analysis depicting p-ERK relative to total ERK for the 44 and 

42kDa isoforms in the 9-month animals are shown in Figure 3B and C, respectively. A 

three-way ANOVA revealed significantly higher overall ERK phosphorylation in the wild-

type and 3xTg-AD females compared to wild-type and 3xTg-AD males in the 44 kDa 

isoform (three-way ANOVA; F(1,40) =19.58, p<0.0001) and the 42kDa isoform (three-

way ANOVA; F(1,40) =5.051, p=0.0302). Tukey post-hoc tests revealed no further 

significances among the groups. There was no statistically significant overall effect of 

3α-diol treatment in the wild-type or 3xTg mice for either the 44kDa isoform (three-way 

ANOVA; F(1,40)=2.454 , p=0.1251) or the 42kDa isoform (three-way ANOVA; 

F(1,40)=0.03050, p=0.8622) at 9 months.  
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Figure 3: ERK phosphorylation in the 9-month-old wild-type and 3xTg-AD mice 
following 3α-diol treatment. A) Representative western blots depicting ERK 
phosphorylation (p44 and p42) in 9-month-old 3xTg-AD and wild-type mice treated with 
3α-diol. Semi-quantitative densitometric measurements for fold changes of B) p44 and 
C) p42 of p-ERK relative to total ERK and normalized to their loading control β-actin are 
shown graphically. Both isoforms of ERK had revealed significantly higher overall ERK 
expression in females compared to males (p(44):three-way ANOVA; F(1,40) =19.58, 
p<0.0001; p(42):three-way ANOVA; F(1,40) =5.051, p=0.0302), although Tukey post-
hoc test revealed no further differences. Bars on the graph represent mean ± SEM (n=6 
mice/group). **** represents p<0.0001 and * represents p<0.05 on the graphed results.  
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No changes in DUSP6 expression in either 3xTg-AD or wild-type animals at 6 months of 
age   

Densitometric analysis depicting DUSP6 expression relative to β-actin in the 6-

month animals is shown in Figure 4B. Although there appear to be differences in band 

intensity on the representative blot, statistical tests in the form of a three-way ANOVA 

revealed no significant difference. There was no significant effect of 3α-diol on DUSP6 

expression at 6 months (three-way ANOVA; F(1,40) =1.174e-007, p=0.9997). All other 

interactions were also non-significant.    

 

 

 

 

 

 

 
 
 
 
Figure 4: DUSP6 expression in 6-month-old wild-type and 3xTg-AD animals 
following 3α-diol treatment. A) Representative western blot depicting DUSP6 
expression in 6-month-old 3xTg-AD and wild-type mice treated with 3α-diol B) Semi-
quantitative densitometric measurements of DUSP6 normalized to the loading control β-
actin is displayed in graph form. 3α-diol had no effect on DUSP6 expression at 6 
months (three-way ANOVA; F(1,40) =1.174e-007) p=0.9997). Bars on the graph 
represent mean ± SEM (n=6 mice/group).  
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Control 3xTg-AD females had higher DUSP6 expression compared to all other control 
groups at 9 months of age  

Densitometric analysis depicting DUSP6 expression relative to β-actin in the 9-

month animals is shown in Figure 5B. Three-way ANOVA looking at the effect of 3α-diol 

on DUSP6 expression on 9-month animals revealed a significant overall effect of sex 

(three-way ANOVA; F(1,40) =8.110) p=0.0069), genotype (three-way ANOVA; F(1,40) 

=16.50) p=0.0002), sex and genotype (three-way ANOVA; F(1,40) =4.916) p=0.0324) 

and treatment, sex, and genotype (three-way ANOVA; F(1,40) =4.433 p=0.0416). Tukey 

post-hoc test revealed that DUSP6 expression in 3xTg-AD female control was 

significantly higher than wild-type female control (p=0.0021), wild-type female 3α-diol 

(p=0.0038), wild-type male control (p=0.0021) and 3xTg-AD male control (p=0.0023). 

Although blot intensity among the 3xTg-AD male groups appears to be significantly 

different, and 3xTg-AD female groups appear to show greater intensity than the wild-

type female groups on the representative blot, no overall statistical differences were 

reported.  
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Figure 5: DUSP6 expression in 9-month-old wild-type and 3xTg-AD animals 
following 3α-diol treatment. A) Representative western blot depicting DUSP6 
expression in 9-month-old 3xTg-AD and wild-type mice treated with 3α-diol B) Semi-
quantitative densitometric measurements of DUSP6 normalized to the loading control β-
actin is displayed in graph form. Three-way ANOVA revealed significant sources of 
variation between sex and genotype (mentioned above). Tukey post-hoc test revealed 
significantly higher DUSP6 expression in 3xTg-AD female controls compared to wild-
type female control and 3α-diol-treated groups (p=0.0021 and p=0.0038, respectively), 
and compared to wild-type and 3xTg-AD male control (p=0.0021 and p=0.0023, 
respectively). Bars on the graph represent mean ± SEM (n=6 mice/group). ** represents 
p<0.01 for comparisons indicated by brackets in the legend. 
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Discussion 

The present objective aimed to investigate the effect of continuous 3α-diol 

treatment of wild-type and 3xTg-AD mice on ERK phosphorylation and its main 

regulatory phosphatase DUSP6. The 6-month-old 3xTg-AD animals had significantly 

higher ERK phosphorylation compared to wild-type animals. Besides the presence of 

pathological hallmarks, oxidative damage from reactive oxygen species (ROS) is widely 

reported amongst AD patients (Huang, Zhang, and Chen 2016; Yao et al. 2004). In 

addition, the 3xTg-AD mouse model has been shown to mimic the mitochondrial 

dysfunction associated with AD and other age-related diseases, with an observed 

increased oxidative stress beginning at 3 to 5-months of age (Garciá-Mesa et al. 2015; 

Resende et al. 2008). Since chronic oxidative stress leads to dysregulated ERK 

signaling in AD, the results of the present study where 6-month 3xTg-AD mice 

demonstrate higher ERK phosphorylation compared to wild-types is consistent with the 

established literature (Arora, Cheng, and Nichols 2015; Pei et al. 2002). In the 9-month 

animals, ERK phosphorylation was significantly upregulated overall in the females 

compared to males. Although there appears to be no gender differences in parameters 

of oxidative stress in the early stages of AD, menopause in females is shown to worsen 

the oxidative status (Padurariu et al. 2010; Puertas et al. 2012). It is therefore possible 

that the increased levels of ERK phosphorylation in 3xTg-AD females compared to 

males are due to a combination of increased oxidative stress due to their developing 

pathology in addition to the female 3xTg-AD mice reaching the human equivalent of 

perimenopause age by 9-10 months of age at the time of sacrifice (Brinton 2012). The 

increased ERK phosphorylation in the wild-type females, however, can likely be 
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attributed to the estrogenic effects of estradiol in ERK signaling. The animals in the 

present study are intact females which leaves their hippocampus sensitive to the levels 

of circulating steroid hormones, including estradiol. The binding of estradiol to ERα, 

ERβ and G protein-coupled estrogen receptor was shown to increase ERK activation in 

hippocampal cell lines and in estrogen-responsive tissues including the hippocampus 

(Filardo et al. 2000; Improta-Brears et al. 1999). In addition, treatment with estradiol in 

GDX mice was shown to increase the phosphorylation of p42 ERK isoform, but not p44 

(Fernandez et al. 2008; Lewis et al. 2008). In the current study, although 

phosphorylation of both p42 and p44 ERK isoforms were higher in wild-type females 

compared to males, p42 ERK phosphorylation was modest compared to the p44 

isoform. Therefore, it is possible that the circulating estradiol levels in the 9-month wild-

type female group contributed to the observed increase in ERK phosphorylation, 

compared to males who have lower levels of circulating estradiol (Nilsson et al. 2015).  

The results showed that treatment with 3α-diol had no effect on ERK 

phosphorylation at either the 6 month or the 9-month time-point. Previously, results from 

an in vitro study by Mendell et al. (2016) showed that treatment of SH-SY5Y cells with 

3α-diol alone had no effect on ERK phosphorylation; however, 3α-diol was able to 

inhibit dysregulated ERK phosphorylation following exposure to Aβ peptides which 

suggests that oxidative stress is required for 3α-diol to inhibit chronic ERK activation, at 

least under cell culture conditions (Mendell et al. 2016). Despite this, ERK 

phosphorylation among the 3xTg-AD groups remained unaffected by 3α-diol. Since 

previous experiments in our laboratory looking at the effects of 3α-diol were performed 

under controlled and restricted in vitro conditions, the physiological conditions within the 
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animals of the present experiment may involve other factors not previously considered. 

Much of the animal research involving AD is conducting in GDX models which excludes 

the role of sex hormones and the potential effect of different steroid treatments in 

conjunction to the already-present hormonal levels. In the current study, the animals 

were left gonadally intact in order to study the impact of 3α-diol in presence of other 

circulating hormones. Presumably, majority of the human AD cases will be intact which 

helps model the current study to the aging human population. Thus, it is important to 

keep in mind that in the present study, levels of circulating steroid hormones both in the 

periphery and in the brain could impact ERK phosphorylation which cannot be 

accounted for due to the intact status of the mice.  

In the future, the present study can be improved upon by recording the estrous 

cycling of the female mice through vaginal smears before the time of their sacrifice to 

assess their estrous cycle stage. The stages of the estrous cycle influence the female 

brain in different ways. Since female mice often cycle synchronously, outcomes of the 

currents study could either be biased towards an estrogen-dominant (proestrus or 

estrous) or a progesterone-dominant (metestrus or diestrus) result (Dubal, Broestl, and 

Worden 2012). These results may also help clarify the lack of effect of 3α-diol treatment 

in the 9-month wild-type and 3xTg-AD females. If the wild-type or 3xTg-AD females 

were in the proestrus stage of cycling which corresponds to high estradiol 

concentrations (Nilsson et al. 2015), it is possible that 3α-diol was unable to counteract 

the increased ERK phosphorylation induced by estradiol. Additionally, 3α-diol is a weak 

ligand for ERβ (Kuiper et al. 1997). In the females receiving 3α-diol supplementation, 

the increase in ERK phosphorylation could be due to the ability of 3α-diol to weakly bind 
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to ERβ. However, this is unlikely due to the ability of the circulating estradiol in the intact 

females to be able to outcompete 3α-diol as a ligand for ERβ.  

DUSP6 is a potent regulator of ERK1/2. MAP kinase activation promotes the 

expression of DUSP6 which in turn reduces ERK signaling by dephosphorylating it 

(Pérez‐Sen et al. 2019) . In addition to aberrant ERK signaling in neurodegenerative 

diseases, its regulator DUSP6 has also been implicated in neurodegeneration. Indeed, 

brain lysates from individuals with AD show a significant downregulation of DUSP6, with 

a decrease of over 50% in the frontal cortex (Banzhaf‐Strathmann et al. 2014). In line 

with these results, knockdown of DUSP6 increased the levels of p-ERK leading to a 

subsequent increases in tau phosphorylation (Banzhaf‐Strathmann et al. 2014). DUSP6 

was also shown to be downregulated following oxidative stress conditions in vitro, which 

is accompanied by prolonged ERK signaling (Mendell and MacLusky 2019). 3α-diol co-

treatment was able to prevent the aberrant ERK signaling in these cellular conditions by 

recovering the DUSP6 expression (Mendell and MacLusky 2019).  

The importance of the relationship between DUSP6 and ERK has also been 

shown under conditions of chronic stress where DUSP6 is downregulated in stressed 

female mice, with a subsequent increase in ERK 1/2 phosphorylation (Labonté et al. 

2017). In the present study, while there were no significant changes in DUSP6 

expression at 6 months, 3xTg-AD control females had significantly higher expression of 

DUSP6 compared to all other control groups at 9 months. These results are 

contradictory to those established in the literature where DUSP6 expression is 

decreased under conditions of oxidative stress and in AD, but in line with previous work 
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conducted in our laboratory. Pacosz (2021) found that female cycling rats treated with 

dexamethasone (Dex) showed significant upregulation of DUSP6 expression in the CA1 

and CA3 regions of the hippocampus 1- and 5-days following Dex treatment 

respectively. Since these animals had high estradiol concentrations due to their 

proestrus cycle stage in combination with glucocorticoid exposure, it could mean that 

the upregulation of DUSP6 is an adaptive response to the glucocorticoid and estradiol 

induced increase in ERK signaling. This suggests that the upregulation of DUSP6 in 

response to situations of stress can be modulated differently in the presence of 

estradiol. The current study used gonadally intact females and as such had variable 

circulating levels of steroid hormones which may play an important role in the responses 

observed.  

Since elevation of ERK in wild-type females may be a physiological response to 

circulating hormones and the elevation of ERK phosphorylation in transgenic females is 

a pathological response, it is possible that the upregulation of DUSP6 seen in 3xTg-AD 

females is due to oxidative stress and circulating estradiol concentrations. The wild-type 

female group lacks the pathological stressor present in the 3xTg-AD group, and thus 

does not show significant upregulation of DUSP6 compared to their genotypic 

counterpart. In fact, the results show that females had overall higher ERK 

phosphorylation compared to males at 9 months. Since DUSP6 was upregulated in the 

3xTg-AD female group only, it is also possible that this upregulation was an attempt to 

regulate the significantly higher ERK phosphorylation in the 3x-Tg female group. 

Transcription induction of DUSP6 by MAPK signaling mediators can be induced with 
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delayed kinetics (Pérez‐Sen et al. 2019). There is a possibility that an increase in both 

ERK and DUSP6 in the 9-month 3xTg-AD female group is due to the delayed induction 

of DUSP6 in an attempt to inhibit ERK i.e., DUSP6 expression had been enhanced in 

response to ERK signaling but had not yet decreased ERK due to delayed 

transcriptional kinetics. This is difficult to confirm however, because Tukey post-hoc 

tests for 9-month-old mice did not reveal significantly upregulated ERK activation in 

wild-type females or 3xTg-AD females, but only reveal an overall higher ERK 

phosphorylation in females compared to males. 

 

 

 

 

 

 

 

 



59 

 

 

Chapter 3: Effect of continuous 3α-diol treatment on markers of AD 
pathophysiology in 6- and 9-month-old 3xTg-AD and wild-type male and female 

mice 

Introduction 

Within the brains of Alzheimer’s Disease (AD) patients, pathological changes 

including the presence of extracellular β-amyloid (Aβ) plaques and paired helical 

filaments (PHFs) of hyperphosphorylated-tau are shown to progressively develop within 

multiple brain regions (Kinney et al. 2018). The accumulation of Aβ plaques and 

hyperphosphorylated-tau within the hippocampus contributes to synaptic dysfunction, 

neuron loss and memory deficits often seen in AD patients due to this brain region’s 

critical role in learning and memory (Furcila, DeFelipe, and Alonso-Nanclares 2018).  

Age-related loss of testosterone has been identified as a risk factor in the 

development of AD (Hogervorst et al. 2001, 2004). As such there have been several 

studies in the 3xTg-AD mice showing that loss of testosterone through either 

gonadectomy (GDX) or through the use of gonadotropin releasing hormone inhibitor 

exacerbated Aβ load, and increased levels of phosphorylated tau (p-tau)  in the brain 

(Rosario et al. 2006; Rosario, Carroll, and Pike 2010, 2012). Treatment with either 

testosterone or dihydrotestosterone (DHT) reduced the accumulation of Aβ throughout 

the brains of these animals, while testosterone, but not DHT was able to reduce tau 

hyperphosphorylation in these animals (Rosario et al. 2006; Rosario, Carroll, and Pike 

2010). The impact of gonadal steroid is not only seen in AD-mouse models, but also in 

aged mice, where long-term depletion of gonadal hormones through GDX increased the 

expression of Aβ and phosphorylated tau (p-tau) in geriatric males and females. 
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Therefore, this suggests that gonadal hormone depletion can increase the vulnerability 

of the aging brains to AD (Hou et al. 2011). 

  Individuals with AD also display a loss of synaptic connections within the 

hippocampus. Since synaptic communication is necessary for proper learning and 

memory, the loss in synaptic connectivity might underlie the memory loss present in the 

disease. Particularly, postsynaptic density protein 95 (PSD-95) is an important 

postsynaptic scaffolding protein which plays a role in structural and functional integrity 

of excitatory synapses (Chen et al. 2011; Shao et al. 2011). AD post-mortem brains and 

AD-transgenic mouse neurons display reduced levels of synaptic PSD-95 and this 

disruption might worsen AD pathology and promote cognitive impairments  (Sultana, 

Banks, and Butterfield 2010; Yuki et al. 2014). Administration of testosterone and DHT 

was shown to increase protein levels of PSD-95 in both GDX and SAMP8 mice, 

suggesting that androgen therapy might be useful in modulating structural changes in 

the hippocampus to improve cognition (Karatsoreos et al. 2011; Pan et al. 2016).  

Although testosterone and DHT have been established to regulate the direct 

pathology associated with AD, and synaptic processes (Karatsoreos et al. 2011), the 

role of their metabolite 3α-diol has not been studied in AD-animal models in relation to 

neuropathology. The objective of the experiments in this chapter is to better understand 

the role of 3α-diol on Aβ, p-tau and PSD-95 protein expression at 6 and 9 months in a 

3xTg-AD and wild-type mice of both sexes.  
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Materials and Methods  

Common Procedures  

Animals, animal housing and treatments, as well as behavioural testing, euthanasia and 

protein preparation was done in the same manner as described in Chapter 2.  

Western blotting 

 
Western blotting was performed in the same manner as listed in Chapter 2 except for 

the following changes:  

Samples analyzed for Aβ content were loaded on to a 10-well 16% 

polyacrylamide gel (consisting of 16% mini separating gel and 4% mini stacking gel). 

The semi-dry transfer for Aβ was done using 0.2 µm nitrocellulose membrane (Cytiva 

Amersham Protran, FischerSci, Ottawa, ON) with transfer conditions of 25V and 1.5A 

for 10 minutes. Membranes for p-tau (Ser202), p-tau (Ser214), total tau and Aβ were 

blocked in 5% non-fat dry milk. The primary antibodies for both p-tau locations 

((Ser202) 1:1000; MN1020, ThermoFisher; Mississauga, ON) and ((Ser214) 1:1000; 

MN1060, ThermoFisher) were made in 3% BSA in 0.1% TBS-T. The antibodies for total 

tau (1:1000; Tau46; antibody #4019, Cell Signaling Technology; New England BioLabs) 

and β- Amyloid (1:1000; (D54D2) |XP; antibody #8243, Cell Signaling Technology; New 

England BioLabs) were prepared in 0.1% TBS-T containing 5% non-fat milk or 5% BSA, 

respectively. Goat anti-mouse secondary antibody (1:2500; Cell Signaling Technology; 

New England BioLabs) was used for p-tau, total tau, and β-actin antibodies. Goat anti-

rabbit secondary antibody (1:2500; Cell Signaling Technology; New England BioLabs) 

was used for β- Amyloid. Antibody details can be found in Appendix 1.  
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Statistical Analysis  

Statistics were performed in the same manner as listed in Chapter 2 except for 

the following changes:  

A two-way ANOVA was performed for Aβ instead of a three-way ANOVA as only 

control and 3α-diol-treated 3xTg-AD males and females were assessed through western 

blotting (i.e., sex and treatment effect only). The recommended Sidak’s multiple 

comparison test was performed when statistical significance was detected.  

Results 

No changes in p-tau at Serine 202 residue were observed in the 6-month animals 

Densitometric analysis depicting p-tau (Ser202) relative to total tau in the 6-

month animals is shown in Figure 6B. Both p-tau and total tau were quantified relative to 

their loading controls before being compared relative to each other. Although band 

intensities among groups on the representative blot is different, statistical tests in the 

form of a three-way ANOVA revealed no significant differences in p-tau (Ser202 

residue) in the 6-month animals for any interactions. In particular, no significant effect of 

3α-diol treatment was observed (three-way ANOVA; F(1,37) = 0.009272, p=0.9238) 
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Figure 6: Protein expression of p-tau at Ser 202 residue in the 6-month-old wild-
type and 3xTg-AD mice following 3α-diol treatment. A) Representative western blot 
depicting p-tau (Ser 202) expression relative to total tau expression in 6-month-old 
3xTg-AD and wild-type mice treated with 3α-diol. B) Semi-quantitative densitometric 
measurements for fold changes of p-tau (Ser202) to total tau normalized to their loading 
control are shown graphically. All interactions non-significant. Bars on the graph 
represent mean ± SEM (n=5-6 mice/group).   
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No changes in p-tau at Serine 202 residue were observed in the 9-month animals  

Densitometric analysis depicting p-tau (Ser202) relative to total tau in the 9-

month animals is shown in Figure 7B. Both p-tau and total tau were quantified relative to 

their loading controls before being compared relative to each other. Although band 

intensities among groups on the representative blot is different, statistical tests in the 

form of a three-way ANOVA revealed no significant differences in p-tau (Ser202 

residue) in the 9-month animals for any interactions. No significant effect of 3α-diol 

treatment was observed (three-way ANOVA; F(1,48) = 0.3457, p=0.5593) 

 

 

 

 

 

 

 

Figure 7: Protein expression of p-tau at Ser 202 residue in the 9-month-old wild-
type and 3xTg-AD mice following 3α-diol treatment. A) Representative western blot 
depicting p-tau (Ser 202) expression relative to total tau expression in 9-month-old 
3xTg-AD and wild-type mice treated with 3α-diol.  B) Semi-quantitative densitometric 
measurements for fold changes of p-tau to total tau normalized to their loading control 
are shown graphically. All interactions non-significant. Bars on the graph represent 
mean ± SEM (n=7 mice/group).   
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Wild-type 3α-diol males have greater phosphorylation at Ser214 residue compared to 
3xTg-AD 3α-diol males  

Densitometric analysis depicting p-tau (Ser214) relative to total tau in the 9-

month animals is shown in Figure 8B. Statistical analysis in the form of a three-way 

ANOVA revealed a significant effect of genotype in the 9-month animals phosphorylated 

at Ser214 residue (three-way ANOVA; F(1,45)=10.77,p=0.0020) and a significant 

interaction between sex and genotype (three-way ANOVA; F(1,45)=4.642,p=0.0366). 

Tukey post-hoc multiple comparison analysis revealed that wild-type 3α-diol males have 

significantly higher phosphorylated tau (Ser214) compared to 3xTg-AD 3α-diol-treated 

males (p=0.0227) 
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Figure 8: Protein expression of p-tau at Ser 202 residue in the 9-month-old wild-
type and 3xTg-AD mice following 3α-diol treatment. A) Representative western blot 
depicting p-tau (Ser 214) expression relative to total tau expression in 9-month-old 
3xTg-AD and wild-type mice treated with 3α-diol. B) Semi-quantitative densitometric 
measurements of p-tau relative to total tau normalized to the loading control β-actin is 
displayed in graph form. There was a significant effect of genotype (Three-way ANOVA; 
F(1,45)=10.77,p=0.0020) and a significant interaction between sex and genotype 
(Three-way ANOVA; F(1,45)=4.642,p=0.0366). Tukey post-hoc analysis revealed that 
wild-type 3α-diol-treated males have significantly higher p-tau (Ser214) compared to 
3xTg-AD 3α-diol males (p=0.0227). Bars on the graph represent mean ± SEM (n=6-7 
mice/group). * represents p<0.05 on the graphed results. 
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No changes in Aβ expression at 9 months in 3α-diol-treated 3xTg-AD animals  

Densitometric analysis depicting Aβ relative to β-actin in the 9-month 3xTg-AD 

male and female control and 3α-diol-treated animals is shown in Figure 9B. Although 

the representative blot shows obvious differences between 3xTg-AD male and female 

Aβ protein expression, the mean value of 3xTg-AD male and female control animals 

was set to 1 to allow for a treatment comparison. The raw values of Aβ expression 

compared between 3xTg-AD males and females can be found in Appendix 2.  

A two-way ANOVA was conducted to look at the interaction between sex and treatment 

in the 9-month 3xTg-AD animals. No effect of 3α-diol was observed (Two-way ANOVA; 

F(1,23)=2.397, p=0.1352).  
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Figure 9: Aβ protein expression in the 9-month-old 3xTg-AD male and female 
mice following 3α-diol treatment. A) Representative western blot depicting Aβ 
expression in the 9-month-old 3xTg-AD mice treated with 3α-diol. B) Semi-quantitative 
densitometric measurements of Aβ relative to loading control β-actin. There was no 
significant effect of 3α-diol on Aβ at 9 months (Two-way ANOVA; F(1,23)=2.397, 
p=0.1352). Bars on the graph represent mean ± SEM (n=6-7 mice/group).  
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3xTg-AD males treated with 3α-diol had greater PSD-95 expression compared to other 
groups at 6 months 

Densitometric analysis depicting PSD-95 relative to actin in the 6-month-old wild-

type and 3xTg-AD control and 3α-diol-treated males and females is shown in Figure 

10B. A three-way ANOVA revealed multiple sources of variation in PSD-95 at 6 months. 

There was a significant effect of treatment (three-way ANOVA; F(1,32)=8.585, 

P=0.0062), sex (three-way ANOVA; F(1,32)=31.46, P<0.0001) and genotype (three-way 

ANOVA; F(1,32)=10.72, P=0.0026). There was also a significant treatment and sex 

interaction (three-way ANOVA; F(1,32)=7.391, P=0.0105), and an interaction between 

sex and genotype (three-way ANOVA; F(1,32)=9.609, P=0.0040). Tukey post-hoc 

analysis revealed greater PSD-95 expression in 3xTg-AD 3α-diol males compared to all 

other groups: wild-type control female (p<0.0001), wild-type 3α-diol female (p<0.0001), 

3xTg-AD control female (p<0.0001), 3xTg-AD 3α-diol female (p<0.0001), wild-type 

control male (p<0.0001), wild-type 3α-diol male (p=0.0170) and 3xTg-AD control males 

(p=0.0413).  
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Figure 10: PSD-95 expression in 6-month-old wild-type and 3xTg-AD animals 
following 3α-diol treatment. A) Representative western blot depicting PSD-95 
expression in 6-month-old 3xTg-AD and wild-type mice treated with 3α-diol. B) Semi-
quantitative densitometric measurements of PSD-95 relative to loading control β-actin. 
3xTg-AD male treated with 3α-diol had higher levels of PSD-95 expression compared to 
all other groups with varying significances. Bars on the graph represent mean ± SEM 
(n=5 mice/group). # on the graph represents varying significances (listed above) 
 
 

 

 

 

 



71 

 

 

No changes in the expression of PSD-95 were seen at 9 months of age 

Densitometric analysis depicting PSD-95 relative to β-actin in the 9-month-old 

wild-type and 3xTg-AD control and 3α-diol-treated males and females is shown in 

Figure 11B. A three-way ANOVA revealed no significant interactions among any groups 

for sex (three-way ANOVA; F(1,48)=3.043, P=0.0875), genotype (three-way ANOVA; 

F(1,48)=0.2008, P=0.6561), and treatment (three-way ANOVA; F(1,48)=2.600, 

P=0.1134).  

 

 

 

 

 

 

 

Figure 11: PSD-95 expression in 9-month-old wild-type and 3xTg-AD animals 
following 3α-diol treatment. A) Representative western blot depicting PSD-95 
expression in 9-month-old 3xTg-AD and wild-type mice treated with 3α-diol. B) Semi-
quantitative densitometric measurements of PSD-95 relative to loading control β-actin. 
No significant changes were observed, and no effect of treatment was seen in the 9-
month animal groups. Bars on the graph represent mean ± SEM (n=7 mice/group). 
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Discussion  

Within the CNS, the two most commonly studied 3α-hydroxy, 5α-reduced 

neurosteroid metabolites are allopregnanolone and 3α-diol synthesized from 

progesterone and testosterone, respectively (Mellon, Griffin, and Compagnone 2001). 

While the role of allopregnanolone on AD pathology has been studied in more detail, 

research on the effects of 3α-diol is limited. Allopregnanolone has been shown to 

reduce p-tau (Ser202) and Aβ oligomer accumulation in the 3xTg-AD mice (Chen et al. 

2011). With levels of both allopregnanolone and 3α-diol remaining unchanged during 

the process of aging (Caruso et al. 2013), the present chapter attempted to see whether 

3α-diol had an effect on 3xTg-AD pathology at 6- and 9- months. 

Hyperphosphorylation of the Ser202 and Ser214 residues has been widely 

associated with tau pathology in AD, with the phosphorylation of the Ser202 residue 

being observed early in the hippocampus of 3xTg-AD mice (Goedert et al. 1993; Götz et 

al. 2010; Oddo et al. 2003). Although phosphorylation at Ser202 is fully apparent in 

3xTg-AD mice at 6-months, tau phosphorylated at Ser214 is only apparent in half of 

3xTg-AD mice at 6 months, and thus its expression was only analyzed in the 9-month 

animals (Belfiore et al. 2019). There were no detectable differences in Ser202 

phosphorylation relative to total tau between any of the groups of mice at either 6-

months or 9-months of age. This is surprising because 3xTg-AD mice have been shown 

to have increased levels of phosphorylated tau at Ser202 compared to their wild-type 

counterparts starting at 6-months of age (Belfiore et al. 2019). Although no studies have 

examined p-tau following continuous treatment with 3α-diol in rodents, inhibition of the 

5α-reductase enzyme by its selective inhibitor finasteride was shown to slightly increase 
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tau hyperphosphorylation (Mendell et al. 2020). Although this suggests a 

neuroprotective role of 5α-reduced metabolites in within AD models, no difference in tau 

phosphorylation was observed in the current study for either males or females at the 

two time points examined.         

Although no significance in p-tau for Ser202 was observed at 9-months, there 

was a significant effect of genotype for p-tau at Ser214 residue. Surprisingly, wild-type 

males had consistently elevated p-tau (Ser214) levels compared to 3xTg-AD males. 

Post-hoc analysis showed that between the male groups, wild-type 3α-diol-treated 

males had significantly higher p-tau (Ser214) compared to 3xTg-AD 3α-diol-treated 

males. There is a normal age-related increase in tau phosphorylation in the male 3xTg 

mice (Rosario, Carroll, and Pike 2010). This elevation in tau phosphorylation has been 

shown to be suppressed by treatment with testosterone and estradiol alike (Rosario, 

Carroll, and Pike 2010). On the other hand, the immediate predecessor of 3α-diol, DHT 

had no significant effect on p-tau (Rosario et al. 2006; Rosario, Carroll, and Pike 2010). 

If testosterone itself suppresses elevation of tau phosphorylation, but DHT is unable to 

have the same effect, it can be speculated that in the males, tau phosphorylation is 

primarily regulated through the estrogenic pathways through the aromatization of 

testosterone to estradiol. As such, it is possible that 3α-diol treatment might have 

resulted in a negative feedback effect on testosterone, leading to its suppression within 

the males. This could have led to decreased local estrogen biosynthesis through the 

reduction of the substrate necessary for aromatization. Decreased levels of estradiol 

could have exacerbated tau pathology as seen in the 9-month wild-type with 3α-diol-

treated males. Another possibility of 3α-diol treatment is that it was back converted into 
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DHT. Since DHT cannot be further backconverted to testosterone (Frye et al. 2020), 

and DHT itself seems to play only a modest role in tau phosphorylation regulation 

compared to testosterone, indirect increase in DHT levels following 3α-diol treatment in 

wild-type males would have no effect on regulating p-tau expression.  

Another speculation about the increase in tau phosphorylation in the wild-type 

male 3α-diol group can be due to the ability of the drug to act as a positive modulator for 

GABAA (Wang 2011). Nykänen et al. (2012) found that activation of the GABAA receptor 

increased tau phosphorylation at Ser202 residue in cortical neurons which is suggestive 

of its role in the regulation of tau phosphorylation. In context of the current study, 3α-diol 

treatment to the wild-type male group could have positively modulated GABAA receptor, 

which indirectly lead to increased tau phosphorylation at Ser214 in that group. This 

speculation, however, does not explain why the 3xTg-AD 3α-diol-treated males do not 

see an increase in tau phosphorylated at Ser202 compared to their controls as 

previously, 8-month-old wild-type and 3xtg-AD mice have been shown to have similar 

levels of GABA in their hippocampus (Neves et al. 2020). 

In the current study, the hippocampal expression of Aβ in 6- and 9-month 3xTg-

AD animals was assessed following treatment with 3α-diol. No significant differences 

were detected in the expression of Aβ between 3xTg-AD males or females whether they 

were treated with 3α-diol or not. In the past, treatment with either testosterone, DHT or 

estradiol was shown to significantly reduce GDX-induced Aβ accumulation in the 

subiculum, hippocampal CA1 and amygdala of the 3xTg-AD male mice, however 

estradiol treatment showed only a modest reduction of Aβ in the amygdala and 
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subiculum (Rosario, Carroll, and Pike 2010). Other studies using GDX 3xTg-AD females 

saw a similar reduction in Aβ accumulation solidifying the role of estrogen in regulating 

AD-pathology (Carroll et al. 2007). Since estradiol is not an effective agonist for ARs, 

the significant reduction of Aβ in the CA1 hippocampus points towards an ER-

dependent pathway for its regulation, in addition to the AR-dependent pathway through 

DHT activation. 3xTg-AD males have been shown to have higher levels of estradiol and 

the aromatase enzyme compared to wild-type mice (Caruso et al. 2013). In addition, 

testosterone levels in the 3xTg-AD model are positively correlated with estradiol levels, 

therefore supporting the notion that locally synthesized is involved in the 

neuroprotective response to Aβ in these animals (Caruso et al. 2013). Thus, it is 

possible that no significant differences between 3xTg-AD control and 3α-diol groups 

were observed due to the elevated levels of estradiol preventing the exacerbated 

accumulation of Aβ pathology at 9 months in both groups. Since 3α-diol is a weak 

androgen, it could have inhibited testosterone production through a negative feedback 

loop and thus prevented its aromatization into estradiol. However, Aβ accumulation in 

3α-diol treated mice was not significantly different from control groups in both males and 

females. Another pathway that could be speculated to play a role is the back conversion 

of 3α-diol into DHT. As mentioned above, DHT has been shown to significantly reduce 

Aβ accumulation in the hippocampus of GDX 3xTg-AD animals (Rosario et al. 2006). 

Despite this, there was no reduction in Aβ in 3α-diol-treated groups in the present study 

which may indicate that activation of AR-dependent pathways might not be enough to 

circumvent the loss of ER-dependent pathways for reducing Aβ.   
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PSD-95 is a major scaffolding protein in the excitatory post-synaptic density and 

is known to play major roles in synaptic plasticity within the hippocampus (Chen et al. 

2011). Since PSD-95 expression is diminished in AD, this chapter examined the impact 

of 3α-diol on its expression in wild-type and 3xTg-AD mice at both 6- and 9-months of 

age. Although no treatment effect of 3α-diol was observed on PSD-95 expression at 9 

months, 3xTg-AD 3α-diol-treated males had significantly higher PSD-95 expression 

compared to all other groups at 6 months. This is surprising because studies done in 

transgenic animal models of AD report a general decrease in the expression of PSD-95 

at various ages (Oakley et al. 2006; Shao et al. 2011) . In the current study the reason 

for the increased PSD-95 expression in 3xTg-AD 3α-diol males can only be speculated. 

Firstly, the increase in expression in 3xTg-AD 3α-diol males at 6 months but not 9 

months could reflect a compensatory effect in response to pathological changes. 

Indeed, increased postsynaptic proteins have been observed in earlier stages of AD 

(Savioz, Leuba, and Vallet 2014). In addition, it has been suggested that an increase in 

PSD-95 reflects a non-functional attempt to prevent synaptic loss in the transgenic 

males (Preissmann et al. 2012). Since PHFs were shown to impair mechanisms of 

protein transport and degradation, others have speculated that this can lead to 

redistribution of PSD-95 in the dendritic shafts which might show up as increased 

protein expression (Leuba et al. 2008, 2008) detected by western blotting, an effect 

which seems to disappear in the animals by 9 months of age. This may suggest that the 

number of synapses is progressively decreasing leading to similar levels of PSD-95 in 

3xTg-AD 3α-diol as seen in other groups at 9 months.  
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The second possible pathway responsible for the increase PSD-95 expression in 

the 3α-diol treated 3xTg-AD males stems from the modulating effects of 3α-diol on 

GABAA receptors. The phosphorylation of cAMP response element binding protein 

(CREB) was shown to be necessary for synaptic strengthening (Luo et al. 2016). An 

analogue of the drug chlomethiazole, methyl-5-(2-(nitrooxy) ethyl) thiazol-3-ium chloride 

(NMZ) retains attributes of chlomethiazole including positive modulation of the GABAA 

receptor site (Luo et al. 2015). NMZ was able to significantly increase phosphorylation 

of CREB as well as increase PSD-95 expression in 4-month old E4FAD transgenic male 

mice compared to controls (Luo et al. 2015, 2016). Since the mechanism of action of 

both NMZ and 3α-diol is through potentiation of GABA receptor, it is possible that 3α-

diol increased PSD-95 expression in 3xTg-AD males by inducing phosphorylation of 

CREB mediated by GABAA receptor. This hypothesis can be tested by looking at 

changes in CREB phosphorylation between 3xTg-AD control males and 3xTg-AD 3α-

diol males. Another mechanism of action could be that 3α-diol modulates GABAA 

signaling to decrease excitotoxicity in the males. Animal models of AD report aberrant 

increases in excitatory neuronal activity within the brain (Palop et al. 2007), and by 

reducing AD-induced excitotoxity by enhancing GABAA receptor-dependent increase in 

GABAergic inhibition, an increase in PSD-95 expression was observed.  

However, these speculations fail to address why a similar increase in PSD-95 

expression was not seen in the 3xTg-AD 3α-diol females. Although studies looking at 

the effects of androgens in AD-female rodents on PSD-95 are limited, Leranth et al. 

(2004) found a significant increase in spine synapse density within the hippocampus of 

OVX female rats following testosterone administration, whereas DHT supplementation 
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led to a smaller increase in spine synapse density compared to intact females. It is 

possible then, that in females, inhibition of testosterone due to the negative feedback of 

3α-diol prevented the increase in spine synapse density and PSD-95 expression. 

Similarly, back conversion of 3α-diol to DHT might not be sufficient to induce an 

increase in PSD-95 expression in the 3xTg-AD 3α-diol female.  

The lack of information on the effects of long-term treatment with 3α-diol in 3xTg-

AD model makes it difficult to elucidate the exact mechanisms through which the effects 

of the drug are seen. It therefore becomes necessary to postulate possible hypotheses 

to explain the results seen in this thesis.   
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Chapter 4: Effect of continuous 3α-diol treatment on microglial and astrocytic 
markers in 6- and 9-month-old 3xTg-AD and wild-type male and female mice 

Introduction  

The core pathologies in Alzheimer’s Disease (AD) are accompanied by a 

persistent and sustained inflammatory response which exacerbates the severity of the 

disease by worsening the related neuropathology (Kinney et al. 2018).  Although acute 

inflammation is regarded as the first line of defense against injury and oxidative stress, 

chronic overactivation of the glial cells – microglia and astrocytes which release 

proinflammatory markers results in the exacerbation of neurodegenerative pathology in 

AD (Akiyama et al. 2000; Kinney et al. 2018).  

The presence of AD pathology, especially β-amyloid (Aβ) was shown to be the 

primary activator of microglia (Cai, Hussain, and Yan 2014). In an attempt to clear Aβ 

through phagocytosis, microglia migrate to the site of its deposition (Cai, Hussain, and 

Yan 2014; Kinney et al. 2018). In addition, astrocytes, which are the most abundant glial 

cell type also accumulate around amyloid plaques and attempt to engulf the plaques 

through phagocytosis and by pruning locally damaged dendrites and synapses 

(González-Reyes et al. 2017). Both cell types participate in the secretion of pro-

inflammatory cytokines including Interleukin (IL)-1, IL-6 and Tumor Necrosis Factor α 

(TNF-α) in an attempt to enhance the inflammatory response (Caldwell et al. 2021; 

González-Reyes et al. 2017; Kinney et al. 2018). Although an acute immune response 

in the CNS is beneficial, sustained activation of microglia and astroglia has shown to 

worsen AD pathology (Kinney et al. 2018). Over time the ability of the glial cells to clear 

the pathology becomes compromised and damaged neurons trigger further activation of 
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glial cells in a feedforward loop, along with the release of proinflammatory markers 

which promotes the cycle of neuroinflammation (Liu et al. 2020).   

Several neurosteroids are shown to regulate neuroinflammatory responses. For 

example, pre-treatment with estradiol was shown to prevent induction of inflammatory 

cytokines including IL-1β, TNFα in Aβ-treated astrocytes, and increased the uptake of 

Aβ in microglia cell cultures (Li et al. 2000; Valles et al. 2010). Similarly, androgens like 

testosterone and DHT were shown to suppress inflammatory cytokine responses in cell 

culture and rodent models alike (Atallah, Mhaouty-Kodja, and Grange-Messent 2017; 

Yang et al. 2020; Yao et al. 2017). The 3α-hydroxy, 5α-reduced metabolite of 

progesterone, allopregnanolone has also been implicated in a neuroprotective role 

through reducing inflammatory burden with much of the research on its therapeutic 

potential being focused on multiple sclerosis (Noorbakhsh, Baker, and Power 2014). 

Recent evidence has shown that allopregnanolone also significantly reduced microglia 

activation in 3xTg-AD males, in addition to alleviating some of the pathology associated 

with the disease (Chen et al. 2011). This has led to the notion that alleviation of 

neuroinflammation associated with AD might not be limited to the parent hormone but 

could also be mediated by its neurosteroid metabolites. Although research on 

allopregnanolone’s role on inflammation in an AD-rodent model is limited, no previous 

studies have examined the direct role of the 3α-hydroxy, 5α-reduced metabolite of 

testosterone, 3α-diol in neuroinflammation in an AD-model. With 3α-diol previously 

implicated in a neuroprotective role in behavioural studies in rats and mice (Frye et al. 

2004; Frye, Edinger, and Sumida 2008), and in increasing the expression of proteins 

involved in development of the myelin sheath (Magnaghi et al. 2004), understanding the 
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role of this hormone on microglial and astroglial activity in an AD model becomes 

necessary. The last objective investigated the expression of astroglial and microglial 

markers following treatment of 3xTg-AD and wild-type animals with 3α-diol.  

Materials and Methods  

Common Procedures  

Animals, animal housing and treatments, as well as behavioural testing, euthanasia and 

protein preparation was done in the same manner as described in Chapter 2.  

Western blotting 

 
Western blotting was performed in the same manner as listed in Chapter 2 

except for the following changes:  

A 0.20 µm nitrocellulose membrane was used for the semi-dry transfer of ionized 

calcium binding adaptor molecule 1 (IBA-1) under transfer conditions of 25V and 1.5A 

for 10 minutes. Membranes probed for CC-chemokine receptor 7 (CCR7), glial fibrillary 

acidic protein (GFAP), cluster of differentiation 68 (CD68) and IBA-1 were blocked in 

5% non-fat milk in 0.1% TBS-T. The primary antibodies for both GFAP (1:1000; GA5; 

antibody #3670, Cell Signaling Technology; New England BioLabs) and CCR7 (1:1000; 

Recombinant Anti-CCR7 antibody [Y59] ab32527; Abcam) were made in 5% non-fat 

milk in 0.1% TBS-T. The primary antibodies for CD68 (1:500; Anti-CD68 antibody] 

ab125212; Abcam) and IBA-1 (1:500; Recombinant Anti-Iba1 antibody [EPR16589] 

ab178847; Abcam) were made in 5% BSA in 0.1% TBS-T. Goat anti-mouse secondary 

antibody (1:2500; Cell Signaling Technology; New England BioLabs) was used for 
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GFAP and β-actin antibodies, and Goat anti-rabbit secondary antibody (1:2500; Cell 

Signaling Technology; New England BioLabs) was used for CCR7, CD68 and IBA-1. 

Antibody details are provided in Appendix 1.  

Statistical Analysis  

Statistics were performed in the same manner as listed in Chapter 2  

Results 

3xTg-AD animals had higher GFAP expression compared to wild-types at 6 months of 
age 

Densitometric analysis depicting the expression of GFAP relative to β-actin in the 

6-month animals is shown in Figure 12B. Statistical analysis in the form a three-way 

ANOVA revealed multiple sources of variation with an effect of sex (three-way ANOVA; 

F(1,40)=13.72, p=0.0006), genotype (three-way ANOVA; F(1,40)=24.46, p<0.0001), 

treatment and sex (three-way ANOVA; F(1,40)=12.20, p=0.0012) and sex and genotype 

(three-way ANOVA; F(1,40)=6.248, p=0.0152). Tukey post-hoc analysis revealed higher 

GFAP expression in 3xTg-AD control females compared to wild-type control females 

(p=0.0091), and higher expression in 3xTg-AD control males compared to wild-type 

control males (p=0.0163). 3xTg-AD 3α-diol-treated females had significantly higher 

GFAP expression compared to 3xTg-AD 3α-diol-treated males (p=0.0011).  
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Figure 12: GFAP expression in the 6-month-old wild-type and 3xTg-AD mice 
following 3α-diol treatment. A) Representative western blot depicting GFAP 
expression in 6-month-old 3xTg-AD and wild-type mice treated with 3α-diol. B) Semi-
quantitative densitometric measurements of GFAP relative to loading control β-actin. 
3xTg-AD control animals had significantly higher GFAP expression compared to wild-
type control animals. 3xTg-AD 3α-diol females had significantly higher GFAP 
expression compared to 3xTg-AD 3α-diol males (p=0.0011). Bars on the graph 
represent mean ± SEM (n=6 mice/group). ** represents p<0.01 and * represents p<0.05 
on the graphed results.  
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No changes were seen in GFAP expression in 9-month-old animals 

 Densitometric analysis depicting the expression of GFAP relative to β-actin in the 

9-month animals is shown in Figure 13B. A three-way ANOVA revealed that no 

significant interaction for sex (three-way ANOVA; F(1,48)=0.8159, p=0.3709), genotype 

(three-way ANOVA; F(1,48)=0.8409, p=0.3637) and treatment (three-way ANOVA; 

F(1,48)=0.1541, p=0.6964). No other interactions were significant.  

. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 13: GFAP expression in the 9-month-old wild-type and 3xTg-AD mice 
following 3α-diol treatment. A) Representative western blot depicting GFAP 
expression in 9-month-old 3xTg-AD and wild-type mice treated with 3α-diol. B) Semi-
quantitative densitometric measurements of GFAP relative to loading control β-actin. No 
significant effects were seen. Bars on the graph represent mean ± SEM (n=7 
mice/group). 
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No changes in CCR7 expression observed at 6 months following 3α-diol treatment 

Densitometric analysis depicting the expression of CCR7 relative to β-actin in the 

6-month animals is shown in Figure 14B. Statistical analysis in the form of a three-way 

ANOVA revealed no signfiicant effect of sex (three-way ANOVA; F(1,40)=0.1766, 

P=0.6766), genotype (three-way ANOVA; F(1,40)=0.8932, P=0.3503) and treatment 

(three-way ANOVA; F(1,40)=1.607, P=0.2123) on CCR7 expression at 6 months of age.    

 

 

 

 

 

 

 

 
 
 
Figure 14: CCR7 expression in the 6-month-old wild-type and 3xTg-AD mice 
following 3α-diol treatment. A) Representative western blot depicting CCR7 
expression in 6-month-old 3xTg-AD and wild-type mice treated with 3α-diol B) Semi-
quantitative densitometric measurements of CCR7 normalized to the loading control β-
actin is displayed in graph form. 3α-diol had no effect on CCR7 expression at 6 months. 
Bars on the graph represent mean ± SEM (n=6 mice/group).  
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No changes in CCR7 expression observed at 9 months following 3α-diol treatment  

Densitometric analysis depicting the expression of CCR7 relative to β-actin in the 

9-month animals is shown in Figure 15B. Statistical analysis in the form of a three-way 

ANOVA revealed no signfiicant effect of sex (three-way ANOVA; F(1,40)=0.08701, 

P=0.7695), genotype (three-way ANOVA; F(1,40)=0.6573, P=0.4223) and treatment 

(three-way ANOVA; (1,40)=0.3759, P=0.5433) on CCR7 expression at 9 months of age. 

No other significant interactions were observed.  

 

 

 

 

 

 

 
 
 
Figure 15: CCR7 expression in the 9-month-old wild-type and 3xTg-AD mice 
following 3α-diol treatment. A) Representative western blot depicting CCR7 
expression in 9-month-old 3xTg-AD and wild-type mice treated with 3α-diol B) Semi-
quantitative densitometric measurements of CCR7 normalized to the loading control β-
actin is displayed in graph form. 3α-diol had no effect on CCR7 expression at 9 months. 
Bars on the graph represent mean ± SEM (n=6 mice/group).  

 



87 

 

 

No changes in CD68 expression were seen at 6 months following 3α-diol treatment  

Densitometric analysis depicting the expression of CD68 relative to β-actin in the 

6-month animals is shown in Figure 16B. Statistical analysis in the form of a three-way 

ANOVA revealed no signfiicant effect of sex (three-way ANOVA; F(1,40)=0.4355, 

P=0.5140), genotype (three-way ANOVA; F(1,40)=0.1.333, P=0.2569) and treatment 

(three-way ANOVA; (1,40)=0.8411, P=0.3659) on CD68 expression at 6 months of age. 

No other significant interactions were observed.  

 

  

 

 

 

 

 

 

Figure 16: CD68 expression in the 6-month-old wild-type and 3xTg-AD mice 
following 3α-diol treatment. A) Representative western blot depicting CD68 
expression in 6-month-old 3xTg-AD and wild-type mice treated with 3α-diol B) Semi-
quantitative densitometric measurements of CD68 normalized to the loading control β-
actin is displayed in graph form. 3α-diol had no effect on CD68 expression at 6 months. 
Bars on the graph represent mean ± SEM (n=5 mice/group).  
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No effect of 3α-diol on CD68 expression was seen at 9 months of age 

 Densitometric analysis depicting the expression of CD68 relative to β-actin in the 

9-month animals is shown in Figure 17B. Statistical analysis in the form of a three-way 

ANOVA revealed no signfiicant effect of sex (three-way ANOVA; F(1,40)=0.4355, 

P=0.5140), genotype (three-way ANOVA; F(1,40)=0.1333, P=0.2569) and treatment 

(three-way ANOVA; (1,40)=0.8411, P=0.3659) on CD68 expression at 6 months of age. 

No other significant interactions were observed.  

.  

 

 

 

 

 

 
 
 
Figure 17: CD68 expression in the 9-month-old wild-type and 3xTg-AD mice 
following 3α-diol treatment. A) Representative western blot depicting CD68 
expression in 9-month-old 3xTg-AD and wild-type mice treated with 3α-diol B) Semi-
quantitative densitometric measurements of CD68 normalized to the loading control β-
actin is displayed in graph form. 3α-diol had no effect on CD68 expression at 9 months. 
Bars on the graph represent mean ± SEM (n=6 mice/group).  
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No changes in IBA-1 expression seen at 6 months among animal groups  

Densitometric analysis depicting the expression of IBA-1 relative to β-actin in the 

6-month animals is shown in Figure 18B. Statistical analysis in the form of a three-way 

ANOVA revealed no signfiicant effect of sex (three-way ANOVA; F(1,40)=0.4996, 

P=0.4848), genotype (three-way ANOVA; F(1,40)=0.1216, P=0.7296) and treatment 

(three-way ANOVA; (1,32)=0.1507, P=0.7004) on IBA-1 expression at 6 months of age. 

No other significant interactions were observed.  

 

 

 

 

 

 

 

Figure 18: IBA-1 expression in the 6-month-old wild-type and 3xTg-AD mice 
following 3α-diol treatment. A) Representative western blot depicting IBA-1 
expression in 6-month-old 3xTg-AD and wild-type mice treated with 3α-diol B) Semi-
quantitative densitometric measurements of IBA-1 normalized to the loading control β-
actin is displayed in graph form. 3α-diol had no effect on IBA-1 expression at 6 months. 
Bars on the graph represent mean ± SEM (n=6 mice/group).  
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3xTg-AD females have higher IBA-1 expression compared to wild-type females at 9 
months 

Densitometric analysis depicting the expression of IBA-1 relative to β-actin in the 

9-month animals is shown in Figure 19B. A three-way ANOVA revealed a significant 

effect of sex (three-way ANOVA; F(1,40)=5.113, p=0.0293), genotype (three-way 

ANOVA; F(1,40)=11.04, p=0.0019), and treatment and genotype (three-way ANOVA; 

F(1,40)=13.10, p=0.0008). The Tukey post hoc analysis revealed that 3xTg-AD female 

controls have significantly higher IBA-1 expression compared to wild-type female 

controls (p=0.0007). 

 

 

 

 

 

 

Figure 19: IBA-1 expression in the 9-month-old wild-type and 3xTg-AD mice 
following 3α-diol treatment. A) Representative western blot depicting IBA-1 
expression in 9-month-old 3xTg-AD and wild-type mice treated with 3α-diol B) Semi-
quantitative densitometric measurements of IBA-1 normalized to the loading control β-
actin is displayed in graph form. 3xTg-AD females had significantly higher expression of 
IBA-1 compared to wild-type females at 9 months. Bars on the graph represent mean ± 
SEM (n=6 mice/group). *** represents p<0.001 
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Discussion 

Neurodegeneration has been shown to induce changes in the expression of 

microglia and astrocytes leading to their activation and proliferation within the CNS 

(Walters et al. 2016). The present chapter aimed to evaluate and establish the effect of 

3α-diol on the expression of CCR7, GFAP, CD68 and IBA-1 at both 6- and 9 months in 

the wild-types and 3xTg-AD mice.  

At 6 months, control 3xTg-AD males and females had higher overall expression 

of the astrocyte marker GFAP compared to control wild type males and females. AD 

brains and transgenic models of AD are reported to show increased astrocytic activation 

surrounding Aβ plaques including the expression of GFAP (Chatterjee et al. 2021; 

Doméné et al. 2016). Since GFAP serves as a well-studied marker for abnormal 

activation and proliferation of astrocytes in AD (Chatterjee et al. 2021), the present 

findings are consistent with what is established in the literature. Interestingly, no 

differences in GFAP expression between 3xTg-AfD and wild-type animals were seen in 

the 9-month-old animals. It was previously shown that GFAP levels were consistently 

higher in the 3xTg-AD male mice compared to the aged-matched wild-types (Caruso et 

al. 2013). This was not observed in the current experiment at 9 months, where both 

wild-types and 3xTg-AD animals had similar expression of GFAP. This is surprising 

because Caruso et al. (2013) saw differences in GFAP expression in 3xTg-AD males 

when compared to wild-type counterparts at both 7- and 24- month timepoint. It is 

possible that the results seen in the 12-month animal cohort would help explain the lack 

of significance seen in the current 9-month-old animals.  
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No effect of 3α-diol was seen in any animal groups at 6 months. Similar results 

were seen in rat type 1 astrocyte cultures where 3α-diol and testosterone had no effect 

on GFAP mRNA expression (Melcangi et al., 1996). DHT was able to induce a 

significant reduction in GFAP following 24 hour exposure (Melcangi et al., 1996), 

however, the results from a controlled in vitro experiment are not always generalizable 

to an in vivo model as presented in this thesis. Interestingly, 6-month-old 3xTg-AD 3α-

diol females had higher levels of GFAP expression compared to the 6-month 3xTg-AD 

3α-diol males. Age-related decrease in testosterone has been linked to an increase in 

GFAP expression. GDX was reported to increase GFAP, and testosterone propionate 

supplementation decreased GFAP expression in the male rat cerebellum and facial 

motor nuclei of male hamster following facial nerve transection (Coers, Tanzer, and 

Jones 2002; Day et al. 1998). In addition to testosterone, DHT is also capable of 

influencing astrocytic expression, as DHT, not testosterone or 3α-diol induced a 

significant reduction in GFAP mRNA expression in rat type 1 astrocyte cultures 

(Melcangi et al., 1996). Thus, although 3α-diol could inhibit testosterone production, an 

increase in DHT levels due to back conversion of 3α-diol could work to reduce the 

GFAP protein expression in 3xTg-AD 3α-diol males.  

Another possibility is that testosterone’s regulation of GFAP expression is 

actually due to its aromatization to estradiol. Support to this hypothesis comes from the 

finding that excitotoxic injury and stab wounds injuries in the hippocampus increase 

aromatase activity in astrocytes indicating the protective role of estradiol (Arevalo, 

Azcoitia, and Garcia-Segura 2015) . Indeed, inhibiting aromatase enzyme through 

Letrozole increased GFAP expression but finasteride treatment had no effect on GFAP 
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in females in a traumatic brain injury mouse model (TBI), suggesting that DHT is not a 

critical regulator of astrocytic function in females, but that estradiol is (Gölz et al. 2019). 

This speculation is in line with the results presented in the study. If 3xTg-AD 3α-diol 

females had reduced estradiol production due to testosterone inhibition, GFAP levels 

would be increased, as shown at 6 months. Back conversion of 3α-diol to DHT would 

have minimal impact in regulating GFAP expression. These results together suggest 

that astrocytic regulation by 3α-diol is likely sex-differentiated.  

CCR7 is a chemokine receptor expressed on semi-mature and mature dendritic 

cells and naïve B and T cells (Noor and Wilson 2012). Although CCR7 is mainly 

responsible for in homing T cell and DCs, and migrating them to lymph nodes for an 

antigen specific response, it also mediates the immune response in the brain meninges 

(Förster, Davalos-Misslitz, and Rot 2008; Mesquita et al. 2018; Noor and Wilson 2012). 

The meningeal lymphatic vasculature maintains brain homeostasis by draining 

macromolecules from the CNS into lymph nodes (Louveau et al. 2018). As such, loss of 

meningeal lymphatic vasculature has been shown to result in cognitive impairment and 

increased accumulation of Aβ in the brains of 5xFAD-AD mice (Mesquita et al. 2018). 

Since CCR7 expression is induced following inflammatory insults within the brain, its 

upregulation might mediate meningeal lymphatics for the clearance of Aβ. Indeed, 

deficiency of CCR7 in the 5xFAD-AD mice has been shown to accelerate Aβ plaque 

burden and worsen spatial learning and memory in behavioural tasks (Mesquita et al. 

2021). Similarly, CNS glial astrocytes were shown to induce CCR7 in response to 

inflammatory insults within the mouse brain (Gomez-Nicola et al. 2010). Thus, the 

expression of CCR7 was examined in the current study to investigate any changes in 
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wild-type and 3xTg-AD mice as they age. No changes in protein expression were 

observed in CCR7 expression at either 6- or 9-month timepoints. However it is worth 

noting that 5xFAD-AD mice aged 12-14 month show significant decreases in CCR7 

expression compared to their younger 3-month-old counterparts (Mesquita et al. 2021). 

Thus, it is possible that current cohorts of mice are too young to be able to detect any 

changes in CCR7 expression through western blotting. Further experiments should 

revisit CCR7 expression when these mice are older.  

CD68 is a microglial protein that labels the lysosomal and endosomal 

transmembrane glycoproteins of microglia (Minett et al. 2016). CD68 labelling is shown 

to be lower in quiescent microglia, but are extensively increased in reactive microglia 

(Belfiore et al. 2019). Thus, expression of CD68 is considered a marker of activated 

phagocytic microglia (Belfiore et al. 2019; Hopperton et al. 2018; Minett et al. 2016). 

Since the expression of CD68 has been shown to be consistently increased in AD 

(Hopperton et al. 2018), the effect of 3α-diol on this marker was observed in the present 

study. In 6-month-old mice, no significant changes were observed among any of the 

groups. CD68 microglia are known to cluster around Aβ plaques in order to reduce their 

burden through phagocytosis (Daria et al. 2017). Thus, it is possible that since Aβ 

pathology has not yet been fully developed in the 6-month-old 3xTg-AD animals, CD68 

expression in those groups is similar to controls. At 9 months however, there was a 

significant interaction between sex and genotype, although no further differences were 

detected. Interestingly, CD68 expression was not elevated in 3xTg-AD males compared 

to wild-type males. Previous studies have shown that 10-month old male APP/PS1 mice 

had increased expression of CD68 in the hippocampus compared to wild-type males 
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(Hoeijmakers et al. 2017). In addition, different models of AD mice exhibited differential 

expression of glial markers. For example, the APPNL-G-F/NL-G-F mouse model of AD had 

significantly increased expression of CD68 compared to the 3xTg-AD mice in the 

temporal cortex (Castillo et al. 2017). This suggests that differences between strains of 

the animals and the brain regions being examined for the particular microglial 

expression must be considered while examining microglial activation as the expression 

of microglia may vary across AD models. A review of studies looking at post-mortem 

brain samples from AD patients showed that that CD68 appeared to increase with age 

in control subjects, but decreased with age in AD patients (Hopperton et al. 2018). 

Since the oldest animals in the current study were about 9-10 months, it would be 

interesting to look at CD68 expression once pathology is more developed to see if a 

similar pattern is observed in the 3xTg-AD mice as seen in the brains of individuals with 

AD.  

 The IBA-1 microglial marker is used to detect both resting and activated 

microglia, in contrast to CD68 which typically distinguishes activated microglia (Edler, 

Mhatre-Winters, and Richardson 2021). In AD-like conditions, IBA-1 is shown to display 

a reactive profile with hypertrophy, whereas amyloid-negative areas within the brain 

show a resting morphology (Edler, Mhatre-Winters, and Richardson 2021). In the 

current study, 3xTg-AD control females displayed a significantly higher expression of 

IBA-1 compared to wild-type control females at 9 months. This has been seen in the 

literature with AD mouse models reporting age-dependent increases in microglial 

development, especially in brain areas heavily affected by AD pathology (Hanamsagar 

et al. 2017; Manji et al. 2019). Similar to the results in this study, another study found 
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significantly higher IBA-1 mRNA expression in the cortex of female 5xFAD mice 

compared to wild-types, although this was seen at five months of age, which is an 

earlier time point than experiments in this thesis (Manji et al. 2019). Potential 

differences in microglial activation between studies might be due to different brain 

regions, age of animals, pathology development in the animals as well as the animal 

model.  Microglia are reported to cluster around Aβ plaques and since 3xTg-AD females 

begin to show age-dependent increases in Aβ pathology after 6 months of age, the 

increased IBA-1 expression in the 3xTg-AD females might correspond to an attempt to 

reduce Aβ.  

In the current study, no significant differences were seen in microglial activation 

of IBA-1 between 3xTg-AD females and males. This is in contrast to studies in literature 

where sexual dimorphism in IBA-1 activation has been seen in the 3xTg AD model with 

12 month-old females displaying significantly stronger activation of microglia 

demonstrated by IBA-1 compared to age-matched 3xTg-AD males (Yang et al. 2018). 

Similarly, females in the 5xFAD model of AD had significantly higher IBA-1 mRNA 

compared to males (Manji et al. 2019). Contrary to this, some studies have reported the 

opposite results. Male mice expressed a higher number IBA-1 immunopositive cells 

compared to females following TBI or LPS treatment (Shi 2020; Villapol, Loane, and 

Burns 2017). These results suggest that although there could be a sexually 

differentiated response concerning microglial activation, microglial activation could also 

be different due to different brain injuries. Overall, although there was no effect of 3α-

diol on the microglial and astrocytic markers examined in this chapter, since the 

pathology in the animals has not yet fully developed, the glial cell response may not yet 
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be chronically activated. Future studies should examine these markers during 

exacerbated AD neuropathology, including the effect of 3α-diol in an aged mouse 

cohort. 
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                         Chapter 5: Overall conclusions and future directions   

 Decades of research have established that testosterone and dihydrotestosterone 

(DHT) have neuroprotective potential in preventing the exacerbation of Alzheimer’s 

Disease (AD). Despite this, their metabolite 3α-diol has not received much attention until 

recently. Recent studies have found that 3α-diol supplementation improved cognitive 

deficits in gonadectomized rats and mice across multiple behavioural studies which was 

associated with consistently elevated levels of the drug compared to the levels of its 

precursors testosterone and DHT (Edinger and Frye 2005; Frye et al. 2010). In addition, 

3α-diol pre-treatment decreased dysregulated ERK signaling following β amyloid (Aβ)-

induced neurotoxicity in in vitro cell models (Mendell et al. 2016, 2018). Although this 

suggests that 3α-diol could play a neuroprotective role in cognition, its function in terms 

of molecular markers associated with AD has not been established. This thesis 

attempted to understand the role of continuous 3α-diol supplementation through 

subcutaneous capsule implantation in the triple-transgenic AD (3xTg-AD) mouse model 

before the onset of AD-like pathology and to assess its function before the extensive 

development of plaques and tangles. Due to the sexually dimorphic nature of AD where 

females are significantly more likely to develop AD (Beam et al. 2018), both males and 

female mice were used to study the impact of 3α-diol in relation to sex differences in the 

onset and progression of AD.  

 Since oxidative stress is a common feature of AD (Huang, Zhang, and Chen 

2016) and dysregulated extracellular signal-regulated kinase (ERK) signaling and 

changes in the dual specificity phosphatase 6 (DUSP6) expression are seen under 

conditions of oxidative stress (Huang et al. 2017; Swatton et al. 2004), changes in their 
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expression were determined in the 3xTg-AD and wild-type mice with and without 3α-diol 

administration. Although no direct effect of 3α-diol was seen on ERK signaling, 3xTg-AD 

animals had higher ERK phosphorylation at 6 months compared to wild-types, and 

female mice had higher ERK phosphorylation at 9 months compared to males. These 

results are in line with the established literature where persistent ERK 1/2 activation is 

seen in AD brains due to oxidative stress (Swatton et al. 2004). At 9 months, increased 

ERK activation in wild-type females is likely due to the estrogenic effects of estradiol 

since binding of estradiol to its hippocampal receptors has shown to induce ERK 

activation (Filardo et al. 2000; Improta-Brears et al. 1999). Higher levels of ERK 

activation in the 9-month 3xTg females can be attributed to oxidative stress and their 

perimenopausal status at 9-10 months of age, since menopause has been shown to 

worsen oxidative status in females (Puertas et al. 2012). Although no changes were 

seen in the expression of DUSP6, the key phosphatase for ERK 1/2 inactivation at 6 

months, DUSP6 expression in 3xTg-AD female controls was significantly elevated 

compared to every other control group at 9 months. It can be speculated that DUSP6 

upregulation was a delayed response to upregulated ERK at 9 months in the 3xTg-AD 

female controls. It can also be speculated that the combination of estradiol due to the 

intact status of the 3xtg-AD female controls and the presence of oxidative stress from 

the developing pathology can modulate DUSP6 differently compared to conditions of 

oxidative stress alone, leading to its significant upregulation. Although this thesis 

focused exclusively on the mitogen activated protein kinase (MAPK) ERK pathway, two 

of the other well-studied MAPK pathways include the c-Jun N-terminal kinase (JNK) and 

p38 pathway which are activated by inflammatory cytokines, cellular and environmental 
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stresses such as osmotic shock and ionizing radiation (Peng et al. 2010). It has been 

previously reported that pathology of AD requires the activation of both ERK and JNK 

pathways, with phosphorylated-JNK and phosphorylated-p38 being activated by the 

same signals (Zhu et al. 2001). Thus, in the future, looking at changes in protein 

expression of JNK and p38 can help provide clarification about the role of MAPK 

activation by 3α-diol in the 3xTg-AD model.  

 Loss of testosterone is associated with an increased risk of developing AD 

(Hogervorst et al. 2001, 2004). Individuals with AD show age-related increase in tau 

pathology and Aβ plaques, and loss of synaptic connections, which are reproduced by 

the 3xTg-AD model (Deture and Dickson 2019). The role of 3α-diol on tau pathology at 

Serine 202 and Serine 214 residues, Aβ, and on PSD-95, a post-synaptic density 

protein was examined. No changes were observed in the expression of phosphorylated 

tau (p-tau) at Ser202 relative to total tau in wild-type and 3xTg-AD mice at both 6 and 9- 

months, which is surprising as Serine 202 residue was shown to be phosphorylated 

early in the hippocampus of 3xTg-AD animals (Goedert et al. 1993; Oddo et al. 2003). 

On the other hand, wild-type males had significantly higher levels of phosphorylated tau 

(p-tau) at the Serine 214 residue at 9 months, which were shown to be further elevated 

following treatment with 3α-diol. Previously, reduced levels of estradiol and testosterone 

have been reported to exacerbate tau pathology which was suppressed following 

estradiol and testosterone treatment (Rosario, Carroll, and Pike 2010). Here, it can be 

speculated that 3α-diol administration in wild-type males suppressed testosterone 

production leading to a decreased local synthesis of estrogen leading to the higher 

levels of p-tau at Serine 214 residue. Although back-conversion of 3α-diol into DHT is 
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possible, literature shows that DHT itself has no effect on tau phosphorylation (Rosario, 

Carroll, and Pike 2010). Thus, it is likely that in the current study, back-conversion of 3α-

diol into DHT would have a modest effect on reducing p-tau expression. Additionally, no 

significant changes were observed in the expression of Aβ in the 9-month-old 3xTg-AD 

mice following 3α-diol treatment. Regulation of Aβ by steroid hormones involves both 

estrogen and androgen receptor pathways (Carroll et al. 2007; Caruso et al. 2013; 

Rosario, Carroll, and Pike 2010). It can be hypothesized that the back conversion of 3α-

diol to DHT prevented an exacerbated increase in Aβ expression in the 3α-diol-treated 

groups as DHT has been reported to prevent GDX-induced Aβ accumulation in the 

subiculum and the CA1 region of the hippocampus (Rosario, Carroll, and Pike 2010). 

However, no reduction in Aβ expression was seen either, which suggests that 3α-diol 

inhibited local estradiol synthesis by reducing testosterone production through negative 

feedback. These results suggest that Aβ regulation in 3xTg-AD animals is regulated by 

both estrogenic and androgenic pathways. Due to the difficulty in detecting the levels of 

Aβ protein in the hippocampus of wild-type males and females in the current study, 

other biochemical techniques such as an enzyme-linked immunosorbent assay (ELISA) 

can be employed in the future to measure the precise levels of Aβ in the hippocampus 

of the mice in the current study. This would allow for the understanding of the impact of 

3α-diol, if any, on Aβ since western blotting techniques make it difficult to detect the 

expression of Aβ in wild-type animals compared to the 3xTg-AD animals. Although no 

changes in postsynaptic density protein 95 (PSD-95) expression were seen for any of 

the treatment groups in 9-month-old mice, 3xTg-AD 3α-diol-treated males had higher 

PSD-95 expression compared to 3xTg-AD control and wild-type 3α-diol-treated males at 
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6 months. This may be suggestive of back conversion of 3α-diol into DHT, since DHT 

supplementation has been previously shown to enhance PSD-95 expression in the 

hippocampus of mice displaying mild cognitive impairment (Pan et al. 2016). It can also 

be speculated that in 3xTg-AD males, 3α-diol was able to enhance PSD-95 expression 

by increasing the phosphorylation of cAMP response element binding protein (CREB). 

Previously, an analogue of the drug chlomethiazole retaining the positive modulation 

properties of GABAA receptor was shown to increase CREB phosphorylation and PSD-

95 expression in a transgenic mouse model (Luo et al. 2016). Since 3α-diol is a positive 

GABAA receptor modulator as well, it is possible that this mechanism could contribute to 

the increased expression of this post-synaptic density protein. Further experiments can 

be done to inhibit GABAA receptors and to detect changes in phosphorylated-CREB to 

see if activation of such transcriptional factors play a role in elevating PSD-95 

expression seen in the 3xTg-AD 3α-diol males.  

 Sustained inflammatory response leading to a pro-inflammatory phenotype in the 

brain is one of the hallmarks of AD (Kinney et al. 2018). The final objective of this thesis 

was to determine the effect of 3α-diol on astrocytic and microglial markers associated 

with inflammation in 3xTg-AD at both 6 and 9- months. No changes in the expression of 

CC-chemokine receptor 7 (CCR7), which mediates immune response in the meninges 

of the brain was observed. Since previous studies have associated changes in CCR7 

expression in later stages of AD-mouse model (Mesquita et al. 2021), further 

experiments should aim to examine levels of this marker and the impact of 3α-diol on 

3xTg mice at a later age. As reported in the literature, 6-month 3x-Tg animals had 

higher levels of glial fibrillary acidic protein (GFAP) compared to wild-types. Since 



103 

 

 

astrocytes are activated in response to Aβ accumulation, increase in GFAP expression 

is considered one of the hallmarks of neuroinflammation (González-Reyes et al. 2017). 

Surprisingly however, no changes in GFAP expression were observed at 9 months. For 

the cluster of differentiation 68 (CD68) marker, no changes in protein expression were 

seen in any of the treatment groups in 6-month-old mice, however 3xTg-AD females at 

9 months had an overall higher CD68 expression compared to 3xTg-AD males. Aβ 

accumulation in the 3xTg-AD model is sex-specific with females displaying increased 

Aβ load compared to the males (Carroll et al. 2010) and as such, the results seen in this 

experiment are parallel to those in the established literature as microglia activation is 

usually increased in response to Aβ accumulation. Finally, although there were no 

changes in ionized calcium-binding adaptor molecule 1 (IBA-1) expression at 6 months, 

consistent with the literature, 3xTg-AD females at 9 months had higher IBA-1 

expression compared to wild-type females. Lastly, no differences between IBA-1 

activation in 3xTg females and males was observed. Although sexual dimorphism in 

microglia activity has been recorded in the literature, studies have evaluated later ages 

in the transgenic mouse models of AD. By observing the changes in the expression of 

these microglia and astrocytic markers in the 12-month-old 3xTg animal with fully 

developed pathology, the treatment effect of 3α-diol can be clarified. In addition, it is 

worth looking at the protein expression of the transcription factor nuclear factor kappa B 

(NFκB) which has been reported to be a primary regulator of inflammatory responses 

within the brain (Kinney et al. 2018). This pathway can be activated in response to 

proinflammatory stimuli including the cytokine tumor necrosis factor α (TNFα) which is a 

known activator and a receptor for gene target of NFκB (Kinney et al. 2018; Snow and 
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Albensi 2016). In addition, under conditions of pathological Aβ levels, NFκB pathway 

can be stimulated to activate genes involved in the production of Aβ, including amyloid 

precursor protein (APP) and/or β-site APP cleaving enzyme 1, thus forming a cyclical 

loop resulting in worsened neuropathology (Snow and Albensi 2016). Quantifying 

protein expression of phosphorylated- NFκB and NFκB through western blotting can 

help clarify whether 3α-diol plays a role in preventing dysregulation of this pathway.  

The findings presented in the current thesis provide a better understanding of the 

role of the testosterone metabolite 3α-diol as a neuroprotective hormone in 

neurodegenerative diseases including AD. Although these results provide information 

about the expression of pathological and neuroinflammatory markers of AD at 6 and 9 

months, the Aβ and tau pathology of the 3xTg animals does not develop fully until the 

animals are about 12 months of age. Therefore, the immediate next step would be to 

continue examining the markers associated with AD at an age when the pathology of 

3xTg-AD is fully developed. These later time-points, together with the findings 

presented in this thesis will provide a better understanding of the role of 3α-diol on AD-

like pathology in the 3xTg animal model. Additionally, due to the scarcity of the 

information on 3α-diol’s exact mechanism, ideas presented in the discussion rely on the 

mechanism of action and neuroprotective effects of its precursors testosterone and DHT 

and are thus, speculative. To clarify whether the results from this study are due to 3α-

diol or due to the effects of its parent hormones, definitive measurements of levels of 

testosterone, DHT, 3α-diol and estradiol are needed in comparison to the control 

animals. This will help clarify whether 3α-diol has unique neuroprotective properties or 

whether its supplementation only works to increase or decrease the physiological levels 
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of DHT, testosterone and estradiol through enzymatic conversions and feedback loops. 

Depending on the changes in the expression of microglial and astroglial markers, 

subsequent studies can examine protein expression of inflammatory cytokines including 

TNF-α, IL-6 and IL-8, and non-inflammatory cytokines including IL-4 and IL-10 in order 

to better understand which cytokines are directly involved in the neuroinflammatory 

process in the current study. Finally, in order to better understand the role of 3α-diol on 

microglial activity in AD-like pathology, another experiment examining the microglial 

markers discussed within this thesis through immunostaining should be conducted since 

microglia can adopt distinct morphological phenotypes under pathological conditions 

(Leyh et al. 2021). Additionally, a more tedious approach to see microglial differences 

through western blot can involve micro dissecting the CA1 and CA3 region of the 

hippocampus to see regional-specific differences since microglial density is shown to be 

higher in the CA1 mouse hippocampal region compared to the CA3 region (Jinno et al. 

2007). Those results would help shed light on the site-specific vulnerabilities in the 

3xTg-AD model and the effect of 3α-diol administration on specific regions within the 

hippocampus. Overall, the results presented in the study help further our understanding 

of the role of the lesser known 3α-hydroxy, 5α-reduced metabolite during the early 

stages of AD pathology in a brain area sensitive to neurodegeneration.  
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Appendix 

Appendix 1: Antibody information for western blotting experiments 

Peptide/Protein 
Target  

Antigen Sequence Name of 
antibody  

Manufacturer, 
Catalogue No. 

Species raised in, 
Clonality  

Dilution 
Used  

ERK  Peptide corresponding 
to a sequence in the 
C-terminus of rat p44 
MAP Kinase 

P44/42 MAPK 
(Erk1/2) Antibody  

Cell Signaling 
Technology, #9102 

Rabbit, Polyclonal  1:2000 

p-ERK Phosphopeptide 
corresponding to 
residues surrounding 
Thr202/Tyr204 of 
human p44 MAP 
kinase  

Phospho-p44/42 
MAPK (Erk1/2) 
(Thr202/Tyr204) 
Antibody  

Cell Signaling 
Technology, #9101 

Rabbit, Polyclonal  1:2000 

DUSP6/MKP3 Peptide within Human 
DUSP6 aa 350 to the 
C-terminus  

Recombinant Anti-
DUSP6 antibody 
[EPR129Y]  

Abcam, ab76310 Rabbit, Monoclonal  1:500 

Total tau (Tau46) Detects endogenous 
levels of total tau 
protein  

Tau (Tau46) 
Antibody  

Cell Signaling, #4019 Mouse, Monoclonal  1:1000 

Phospho-Tau 
Ser202 

Epitope containing the 
phosphorylated 
Ser202 residue   

Anti-Human PHF-
Tau Antibody  

ThermoFisher, 
MN1020  

Mouse, Monoclonal  1:1000 

Phospho-Tau 
Ser214 

Epitope containing 
phosphorylated 
Ser214 and 
phosphorylated 
Thr212 residues  

Anti-Human PHF-
Tau Antibody  

ThermoFisher, 
MN1060  

Mouse, Monoclonal  1:1000 

PSD-95 Peptide corresponding 
to residues in the 
amino-terminal 
sequence of human 
PSD95 

PSD95(D74D3) 
XP Antibody  

Cell Signaling, #3409 Rabbit, Monoclonal  1:1000 

GFAP Detects endogenous 
levels of total GFAP 
protein  

GFAP (GA5) Cell Signaling, #3670 Mouse, Monoclonal  1:1000 

CD68 Peptide corresponding 
to mouse CD68 aa 
312-326  

Anti-CD68 
Antibody  

Abcam, ab125212 Rabbit, Polyclonal  1:500 
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Iba-1 Synthetic peptide  Recombinant Anti-
Iba1 antibody 
[EPR16589] 

Abcam, ab178847 Rabbit, Polyclonal  1:500 

CCR7 Peptide within Human 
CCR7 (N terminal)  

Recombinant Anti-
CCR7 Antibody 
[Y59] 

Abcam, ab32527 Rabbit, Monoclonal  1:1000 

β- Amyloid  Peptide corresponding 
to residues near the 
amino terminus of 
human β- Amyloid 
peptide (Aβ) 

β- Amyloid 
(D54D2) XP 
Antibody   

Cell Signaling, #8243 Rabbit, Monoclonal  1:1000 

α– Tubulin  Epitope located at the 
C-terminal end  

Monoclonal anti- 
α– Tubulin clone 
B-5-1-2  

Sigma Aldrich, T5168 Mouse, Monoclonal  1:500000 

β – Actin   β – Actin 
(8H10D10) Mouse 
Antibody  

Cell Signaling 
Technology, #3700 

Mouse, Monoclonal  1:5000 

Goat anti-rabbit 
secondary 

antibody  

 Anti-rabbit IgG, 
HRP-linked 
Antibody 

Cell Signaling 
Technology, #7074 

Goat 1:2500 

Goat anti-mouse 
secondary 

antibody  

 Anti-mouse IgG, 
HRP-linked 
Antibody 

Cell Signaling 
Technology, #7076 

Goat  1:2500 
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Appendix 2: Raw values of Aβ protein expression in the 9-month-old 3xTg-AD 
male and female control and 3α-diol treated animals  

 

 

 

 

 

 

 

 

 

 

 

Figure 20: Raw mean values of Aβ protein expression in the 9-month-old 3xTg-AD 
male and females. A) representative western blot depicting Aβ expression in 9-month-
old 3xTg-AD mice treated with 3α-diol. B) Semi-quantitative densitometric 
measurements of Aβ relative to β-actin without control correction and inter-blot 
correction to depict the difference in Aβ expression between the sexes 


