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ABSTRACT 
 

THE EFFECTS OF 5-ANDROSTANE-3,17-DIOL (3-DIOL) ON 
NEUROPATHOLOGY AND COGNITIVE DYSFUNCTION IN THE 3XTG MOUSE 

MODEL OF ALZHEIMER’S DISEASE 

 
 

Nariko Rei Kuwahara              Advisor:  
University of Guelph, 2022                        Dr. Neil J. MacLusky  
 

 

Age-related decreases in gonadal steroid hormone levels have been associated 

with an increased risk of developing Alzheimer’s disease (AD). The incidence of AD is 

higher in women than men, which may in part reflect the neuroprotective effects of 

testosterone. Recent in vitro studies have suggested that 5α-reduced neurosteroid 

metabolites of testosterone, including 5α-androstane-3α,17β-diol (3α-diol), may 

contribute to these neuroprotective effects and observed sex differences in AD. This 

thesis investigated whether supplementation with 3α-diol might confer protection against 

the development of AD in the 3xTg mouse model of AD. 3α-diol treatment improved 

long-term OR memory in 3xTg-AD males but not females, significantly increased 

hippocampal dendritic spine density, and differentially altered male and female CA1 

dendritic branching and length. The findings presented in this thesis provide novel 

evidence that 3α-diol treatment exerts sex-specific neuroprotective effects in 3xTg-AD 

mice.  
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CHAPTER 1 
 

REVIEW OF THE LITERATURE 
 

 
1.1  ALZHEIMER’S DISEASE 

1.1.1  Introduction  

Alzheimer’s disease (AD) is considered the most prevalent age-related 

neurodegenerative disorder, accounting for an estimated 60-80% of all dementia cases 

(“2021 Alzheimer’s Disease Facts and Figures,” 2021). AD was first described in 1906 

by Dr. Alois Alzheimer, who reported distinctive pathologies now known as senile 

plaques and neurofibrillary tangles (NFTs) in the brain histology of a 51-year-old female 

patient, who had exhibited severe memory loss and psychological disturbances (Hippius 

& Neundörfer, 2003; Maurer et al., 1997). Today, AD is known as a multifactorial 

disorder that involves several pathological events, including the deposition of β-amyloid 

(Aβ), aggregation of hyperphosphorylated forms of the microtubule-associated protein 

(MAP) tau, loss of neurons and synapses, oxidative stress, neuroinflammation, and 

others (Akiyama et al., 2000; Cuello, 2006; Holtzman et al., 2011; Iqbal et al., 2010; 

Markesbery, 1999). Clinically, AD is characterized by the progressive decline of 

cognitive functions such as learning, memory, executive function, and spatial ability 

(Albert, 2011; Charney et al., 2017). The severity of cognitive impairment appears to 

parallel the severity of AD neuropathology (Nelson et al., 2012). Currently, there are no 

effective treatment options to prevent, slow, or reverse the progression of AD.  

AD can manifest in two major forms: familial and sporadic (Bekris et al., 2010; 

Piaceri et al., 2013). The majority of AD patients are 65 years of age and older and have 

sporadic AD, in which both genetic and environmental factors may contribute to the 
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development of the disease (Piaceri et al., 2013). In contrast, the familial form which 

makes up less than 5% of all AD patients, is caused by mutations in one of three genes 

involved in amyloid processing, specifically the amyloid precursor protein (APP), 

presenilin 1(PSEN1) and presenilin 2(PSEN2) genes (Bekris et al., 2010; Piaceri et al., 

2013). While the familial form appears to follow a more aggressive course, both forms 

show the same clinical and neuropathological phenotypes and are assumed to have 

shared pathogenic mechanisms (Chakrabarti et al., 2015; L. Wu et al., 2012). Although 

the molecular basis of AD pathogenesis is highly debated, the abnormal deposition of 

Aβ into plaques and hyperphosphorylated tau protein into NFTs in the brain are 

considered the two major neuropathological hallmarks of AD. To date, the presence of 

both amyloid and tau pathologies is required for definitive diagnosis (Thal & Braak, 

2005).  

 

1.1.2 Amyloid Pathology in AD  

The abnormal accumulation of Aβ in the brain is one of the defining features of 

AD. Aβ is a 38-43 amino acid peptide formed from the cleavage of the transmembrane 

protein APP (Chow et al., 2010). β-site APP cleaving enzyme 1 (BACE1), the major β-

secretase in the brain, cleaves APP to release the C99 fragment and soluble APPβ. The 

C99 fragment is then cleaved by γ-secretase to yield Aβ peptides of various lengths, 

with Aβ40 and Aβ42 being the two major forms found in the brain (Selkoe, 2001). The 

longer form Aβ42 has a higher percentage concentration in AD patients and is more 

fibrillogenic and prone to aggregation (Burdick et al., 1992; Meisl et al., 2014).  Aβ is 

released as a monomer into the extracellular space and can spontaneously aggregate 

into oligomers, protofibrils and fibrils (Lansbury, 1999). Fibrils are larger, insoluble, and 
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self-aggregate into Aβ plaques (or senile plaques) that make up the characteristic 

histological lesions of AD, while Aβ oligomers are soluble and can be found throughout 

the brain (Chen et al., 2017).  

The early version of the so-called amyloid hypothesis, also known as the amyloid 

cascade hypothesis, proposed that Aβ peptides deposit in the extracellular space and 

accumulate into plaques, triggering the development of NFTs, and ultimately causing 

neuronal cell death, and dementia (Hardy & Higgins, 1992). Studies in support of this 

view have demonstrated: a) individuals with mutations in APP and PSEN1/2 show early-

onset Aβ deposition followed by the accumulation of NFTs (Bateman et al., 2012; 

Lemere, Blusztajn, et al., 1996; Lemere, Lopera, et al., 1996), and b) people with 

Down’s syndrome (trisomy 21) who are at a greater risk for developing AD, have an 

overexpression of APP and show initial accumulation of Aβ deposits without the 

presence of microgliosis and astrocytosis, tangle formation, or neurodegeneration in 

early-mid teenaged individuals (Lemere, Blusztajn, et al., 1996; Lemere, Lopera, et al., 

1996; Mann et al., 1992).  

It is important to note that there are several limitations to this hypothesis. First, it 

has since been demonstrated that Aβ plaques are not exclusive to AD. Amyloid plaque 

load has been shown to be comparable between healthy subjects and age-matched AD 

patients (Aizenstein et al., 2008). As such, many elderly individuals show extensive 

distribution of plaques without cognitive impairment (Jack et al., 2009)(Jack et al, 2009). 

There is also evidence to suggest that Aβ has beneficial physiological functions 

including protecting the brain from microbial pathogens, promoting recovery from brain 

injury, repairing leaks in the blood-brain barrier (BBB), and regulating synaptic plasticity 

and memory (Atwood et al., 2003; Bird et al., 2016; Puzzo & Arancio, 2013; Soscia et 
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al., 2010). Further, clinical trials using anti-amyloid treatments have also been shown to 

reduce Aβ plaques but not prevent further cognitive or neuronal degeneration (Holmes 

et al., 2008). Lastly, while transgenic mouse models with overexpression of mutant APP 

and APP/PSEN1 yield amyloid aggregation and neuroinflammation, they do not develop 

robust neurodegeneration or tau-associated pathology (Kitazawa et al., 2012). This 

suggests that the expression of APP/Aβ mutations alone is not sufficient to initiate all 

AD-related pathological pathways in mice.  

Although it is still up for debate whether Aβ triggers the cascade of events that 

lead to AD, it is now widely accepted that small soluble oligomeric forms of Aβ(1-42) are 

closely associated with AD pathogenesis and are responsible for most of the toxicity 

(Sengupta et al., 2016; Walsh et al., 2002). Soluble Aβ aggregates have been shown to 

impair long-term potentiation (LTP), as well as induce widespread neuronal cell death, 

synaptic dysfunction and loss, and cognitive impairments in AD patients and animal 

models (Koffie et al., 2011; Walsh et al., 2002). While extracellular amyloid plaques 

were long considered the focus of AD research, several studies have indicated that the 

accumulation of intraneuronal Aβ also plays an important pathophysiological role in AD 

(Oddo et al., 2006).  

 

1.1.3 Tau Pathology in AD 

 In the normal brain, tau is the major MAP of mature neurons (Iqbal et al., 2010). 

Tau functions to promote the assembly and stability of microtubules, which is vital to 

neuronal activity since microtubules serve as highways for intracellular transport 

(Weingarten et al., 1975). In AD, tau is abnormally hyperphosphorylated and 

aggregates into intraneuronal neurofibrillary tangles composed of two types of fibrils: 
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paired helical filaments (PHFs) and straight filaments (SFs) (Crowther, 1991; Grundke-

Iqbal et al., 1986), or may be found in the cytosol in a non-fibrillized form (Köpke et al., 

1993). Hyperphosphorylated tau in AD prevents microtubule assembly and 

maintenance, compromising axonal transport and leading to neurodegeneration 

(Goedert et al., 2017; Iqbal et al., 2005).  Specifically, in AD, tau is phosphorylated at 

over 30 different serine and threonine residues via proline and non-proline-directed 

kinases (Gong et al., 2005; Morishima-Kawashima et al., 1995).  Contrary to the 

amyloid hypothesis, the tau hypothesis proposes that tau pathology is the initiating 

factor of sporadic AD (Arnsten et al., 2021). Emerging evidence suggests that tau 

pathology may begin a decade before the formation of Aβ plaques in humans (Braak & 

Del Tredici, 2015). In addition, tau pathology appears to correlate more closely with 

cognitive and clinical AD symptoms than Aβ (Giannakopoulos et al., 2003). It has also 

been suggested that NFTs in the AD brain may be unrelated to the deposition of Aβ 

plaques entirely (Tabaton et al., 1989).  

 Although it is clear that amyloid and tau pathologies play an important role in the 

development of AD, it is becoming increasingly evident that the involvement of these 

proteins is more complex than previously thought (Kent et al., 2020). Even though pre-

clinical studies have shown promising results, clinical trials targeting these proteins 

have failed to prove clinical benefit (Mehta et al., 2017). This highlights the need for a 

greater understanding of the underlying mechanisms of AD pathogenesis to provide 

new insights into potential therapeutic targets that could lead to the development of 

effective treatments.   

 

1.1.4  AD and Neuroinflammation 
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 In addition to the two core pathologies, a growing body of evidence points to 

neuroinflammation as a key player in the pathogenesis of AD. Several, although not all, 

epidemiological studies have reported protective effects of long-term use of nonsteroidal 

anti-inflammatory drugs (NSAIDs) against the development of AD (Beard et al., 1998; 

Etminan et al., 2003; in ’t Veld et al., 2009; McGeer et al., 1996; Szekely et al., 2004). 

For example, users of the NSAID ibuprofen showed a reduced risk of developing AD, 

with an increase in protective effect with longer duration of use (Vlad et al., 2008). In 

transgenic mouse models of AD, NSAIDs have also been shown to reduce Aβ 

pathology and microglial activation (Heneka et al., 2005; Jantzen et al., 2002; Lim et al., 

2000; van Groen & Kadish, 2005; Yan et al., 2003), as well as improve performance 

(Lim et al., 2001; Van Dam et al., 2010). Still, human randomized controlled trials with 

NSAIDs have shown variable results and no demonstrated effectiveness as a treatment 

for AD, possibly due to the type, dose, duration, or timing of exposure to treatment 

(Imbimbo et al., 2010). One review hypothesized that long-term use of NSAIDs may 

only be beneficial in the very early stages of AD prior to when the process of Aβ 

deposition has started (Imbimbo et al., 2010).  

Further evidence implicating neuroinflammation in AD comes from the discovery 

of activated microglia and astrocytes found concentrated in the vicinity of senile plaques 

in the cerebral cortex of AD patients (McGeer et al., 1987; Rogers et al., 1988; 

Verkhratsky et al., 2016). Microglial activation has also been shown to be strongly 

correlated with tau aggregation in subjects with AD and mild cognitive impairment (Dani 

et al., 2018; Hayes et al., 2002). Additionally, several neuroinflammatory molecules are 

elevated in areas of the brain in AD including proinflammatory cytokines such as tumor 

necrosis factor α (TNFα) (Zhao et al., 2003) and interleukin-6 (IL-6) (Bauer et al., 1991); 
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and chemokines such as C-C motif chemokine ligand 2 (CCL2) (K. Ishizuka et al., 

1997).  

Microglia make up approximately 10% of all cells in the central nervous system 

(CNS) and represent the main immune cells in the brain (Sastre et al., 2006). As part of 

the brain’s first line of defense, they are responsible for monitoring and responding to 

insult from pathogens, cellular debris, or brain injury (Kettenmann et al., 2011). 

Microglia are also involved in several non-immune functions crucial for normal brain 

functioning and maintenance such as synapse remodeling, developmental apoptosis, 

and angiogenesis (Eyo & Dailey, 2013; Schafer & Stevens, 2015). In the mature brain, 

microglia normally exist in a “resting” state (Kettenmann et al., 2011). However, in 

response to an inflammatory injury or other immunological stimuli, microglia become 

“activated” and can undergo a dramatic transformation, modifying their morphology, 

proliferation, gene expression, and functional behaviour (Block et al., 2007; Kettenmann 

et al., 2011). Activated microglia can migrate and accumulate at the sites of damage 

and act as phagocytic macrophages of the immune system, clearing damaged or dead 

cells from the area (Fu et al., 2014; Lull & Block, 2010). In addition, activated microglia 

can release a variety of inflammatory mediators including cytokines, chemokines, 

prostaglandins, reactive oxygen species, nitric oxide (NO), and others to recruit 

additional cells and clear injurious agents (Rubio-Perez & Morillas-Ruiz, 2012; Tuppo & 

Arias, 2005). Under normal conditions, these reactions can help to repair and restore 

homeostasis in the brain, but an excessive inflammatory response may contribute to 

neuronal dysfunction and loss (Hickman et al., 2018). 

 In AD and AD models, microglia have been reported to be activated by Aβ and 

tau pathology in vitro and in vivo (Heneka et al., 2015). Once activated, microglia 
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appear to have both neuroprotective and neurotoxic effects in the AD brain (Wang et al., 

2015). On one hand, in the early stages of AD, microglia may reduce Aβ accumulation 

by increasing its phagocytosis (Frautschy et al., 1998; Qiu et al., 1998), as well as its 

degradation by secreting proteolytic enzymes such as insulin-degrading enzyme (IDE), 

neprilysin, and metalloproteinase 9 (MMP9) (Leissring et al., 2003; Yan et al., 2006). 

Microglia have also been shown to secrete glia-derived neurotrophic factor (GDNF), 

which may be beneficial to neuron survival (Liu & Hong, 2003). On the other hand, with 

age, it has been suggested that microglia become progressively dysfunctional and 

overactive (Solito & Sastre, 2012), resulting in exaggerated production of toxic 

inflammatory mediators, and neuronal damage (Godbout et al., 2005; Perry et al., 

2007).  

After prolonged periods of activation, it has been suggested that microglia 

become less efficient at clearing and degrading Aβ (Lee & Landreth, 2010). Accordingly, 

researchers found a progressive downregulation in expression of Aβ-binding receptors 

and Aβ-degrading enzymes in a transgenic mouse model of AD (Hickman et al., 2008). 

However, it appears that the capacity for microglia to release proinflammatory cytokines 

remains unaffected (Hickman et al., 2008). Thus, as microglia become less able to 

reduce Aβ, the result is likely an exacerbation of AD pathology and sustained activation 

of microglia. This results in the continued release of cytokines and neurotoxins, which 

can lead to neuronal cell death, ultimately creating a vicious cycle (Kinney et al., 2018).  

Similar to microglia, it has been hypothesized that astrocytes exert 

neuroprotective effects via the degradation of Aβ (Rossner et al., 2005), as well as 

potentially toxic effects via the release of inflammatory mediators that contribute to 

neurodegeneration (Meraz-Rios et al., 2013). Astrocytes are specialized glial cells that 
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play important roles in organization and maintenance in the brain (Sofroniew & Vinters, 

2010). They are involved in a number of CNS processes including synaptic remodelling, 

modulation of oxidative stress, maintenance of ion and neurotransmitter homeostasis, 

contribution to the BBB, and neuronal signal transduction (Halassa & Haydon, 2010; 

Pekny et al., 2016). The interruption of these functions may contribute to the 

development of neuropsychiatric (Webster et al., 2005) and neurodegenerative disease 

(Forman et al., 2005). 

Also like microglia, astrocytes become reactive in response to various 

pathological insults such as Aβ aggregation (Meraz-Rios et al., 2013). Reactive 

astrocytes may be characterized by hypertrophy, high levels of glial fibrillary acidic 

protein (GFAP) and increased proliferation (Sajja et al., 2016; Wilhelmsson et al., 2006). 

Thus, GFAP has become a reliable marker for the immunohistochemical identification of 

reactive astrocytes in the diseased brain (Sofroniew & Vinters, 2010). Reactive astroglia 

appear to be particularly prominent surrounding amyloid plaques, although whether 

and/or when they exert beneficial or destructive effects remains unclear (Wyss-Coray et 

al., 2003). It was shown that astrocytes can migrate toward Aβ and play a direct role in 

its degradation, suggesting a deficit in astrocyte-mediated clearance of Aβ in AD 

pathogenesis (Wyss-Coray et al., 2003). However, others have shown that astrocytes 

may suppress the ability of microglia to phagocytose Aβ plaques (DeWitt et al., 1998). 

Another study suggested that astrocytes themselves may be a source for Aβ due to 

their overexpression of BACE1 in response to chronic stress (Rossner et al., 2005). 

Cultured hippocampal astrocytes have also been shown to release excessive levels of 

γ-aminobutyric acid (GABA), which may disrupt the excitatory/inhibitory balance in the 

brain and represent a pathophysiological mechanism underlying cognitive impairment in 
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AD (Jo et al., 2014). Further, studies have shown that reactive astrocytes produce 

inflammatory mediators and neurotoxic molecules such as IL-1β, TNFα, and 

cyclooxygenase-2 (COX-2) that may exacerbate the inflammatory response and 

contribute to neurotoxicity (Carrero et al., 2012).   

In summary, neuroinflammation appears to play a significant role in AD, although 

the debate is ongoing about whether this response is beneficial or damaging in nature. 

While the initial acute phase of neuroinflammation seems to act adaptively to restore 

brain homeostasis, chronic neuroinflammation resulting in an increase in glial activation 

may contribute to progressive neurodegeneration (Zimmer et al., 2014). Thus, 

regulation of glial cells might provide a promising way to promote neuroprotection and 

prevent cognitive decline.  

 

1.1.5  AD in The Medial Temporal Lobe 

Postmortem studies have demonstrated that the earliest sites of AD-related 

changes are the medial temporal lobe (MTL) structures, including the entorhinal cortex 

and hippocampus (Braak et al., 1993; Braak & Braak, 1991). Specifically, NFTs first 

appear in the entorhinal and perirhinal cortex, followed by the hippocampal cornu 

Ammonis (CA) subfields, amygdala, and basolateral temporal lobe, and finally the 

isocortical association areas. While Braak and Braak (1991) described the 

spatiotemporal pattern of NFTs as well-defined and predictable, they suggest that the 

distribution pattern of Aβ deposits varies between individuals (Braak & Braak, 1991). 

The distribution of brain atrophy is also closely reflected by the spreading of NFTs, and 

both measures correlate with cognitive decline and progression of AD (Giannakopoulos 

et al., 2003; Whitwell et al., 2007). Grey matter loss 3 years prior to the diagnosis of AD 
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is mainly located in the anterior region of the hippocampus, and then progresses to the 

posterior hippocampus by 1 year prior to diagnosis (Whitwell et al., 2007).  By the time 

AD is diagnosed, atrophy of the MTL is widespread and can be seen in the frontal 

lobes. Neuroimaging studies suggest that the pathological events underlying AD begin 

decades prior to the onset of clinical symptoms (Jack et al., 2013; Villemagne et al., 

2013). Thus, it has been proposed that early intervention may be essential in 

therapeutic success (Dubois et al., 2016).   

 

1.2 THE HIPPOCAMPUS 

 The hippocampus is an important brain region located within the MTL and is one 

of the earliest and most severely affected areas in AD (Braak & Braak, 1991; Frisoni et 

al., 2010). Much of what we know today about the hippocampus and surrounding 

structures, and their role in human memory comes from the work of Brenda Milner on 

patient H.M. from the beginning of the 1950’s (Squire, 2009; Squire & Wixted, 2011). 

Patient H.M., now known as Henry Molaison, was diagnosed with intractable epilepsy 

and underwent a bilateral medial temporal lobe resection in hopes of curing his seizures 

(Milner et al., 1968; Scoville & Milner, 1957).  However, as a result of the surgery, 

patient H.M. was left with severe memory deficits. H.M. experienced anterograde 

amnesia, or the inability to form new memories, as well as limited retrograde amnesia 

resulting in a loss of old memories spanning a few years (Scoville & Milner, 1957; 

Squire, 2009; Squire & Wixted, 2011). He also showed deficits in semantic and episodic 

memory, while his intellect, learning of motor skills, and perceptual learning remained 

intact (Eichenbaum, 2013; Squire, 2009; Squire & Wixted, 2011). The study of H.M. 

accelerated our understanding of memory systems in the brain and began the decades-
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long research on identifying the associated roles of MTL structures such as the 

hippocampus, amygdala, and entorhinal/perirhinal cortex. The hippocampus is now 

well-known to be involved in multiple aspects of learning and memory, including but not 

limited to spatial, working, and episodic memory, as well as the consolidation of short-

term memory into long-term memory (Squire et al., 2004, 2015).  As part of the limbic 

system, the hippocampus is also involved in processing emotion and regulating mood 

state (Zhu et al., 2019).  

 

1.2.1 Hippocampal Organization and Neuroanatomy  

The hippocampus can be divided into three distinct sub-regions: the dentate 

gyrus (DG), the hippocampus proper, and the subiculum (Fogwe et al., 2021; Witter, 

2010). The DG forms a V-shaped wedge around the end of the hippocampus proper 

and is made up of three layers (Amaral et al., 2007; Mufson et al., 2015). The molecular 

layer (stratum moleculare) makes up the outermost layer and is the main entrance for 

information from the entorhinal cortex (Amaral et al., 2007; Witter, 2010). The next layer 

is the principal cell layer or the granule cell layer, which is mainly made up of densely 

packed granule cells. Lastly, the innermost layer is the polymorphic cell layer, which is 

also often referred to as the hilus (Amaral et al., 2007). This region is located between 

the upper and lower blades of the DG and is predominantly made up of large mossy 

cells. The boundary between the granule cell layer and the hilus is called the 

subgranular zone (SGZ) and is the region in which new neurons in the hippocampus are 

produced (Mu & Gage, 2011). The hippocampus proper, also referred to as Ammon’s 

Horn, consists of three major subfields: CA1, CA2, and CA3 (Witter, 2010). The CA4 

region is also sometimes described as part of the hippocampus proper, however, it is 
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often left out as it is widely considered part of the hilus in the DG (Amaral et al., 2007; 

Witter, 2010).  

The primary neuronal cell type in the CA region is the pyramidal cell, which is 

named for its rounded pyramid or teardrop-shaped somas (Andersen et al., 2006). All 

pyramidal neurons give rise to long apical dendrites, which extend from the apex of the 

soma, as well as shorter basal dendrites that emerge from the base of the soma (Wu et 

al., 2015). The major subfields that have been the primary focus of attention are the 

CA1 and CA3 subfields for their role in hippocampal neuroplasticity. The CA1 and CA3 

pyramidal neurons are structurally similar although, CA3 pyramidal neurons are typically 

larger and branch closer to the soma than CA1 neurons, which have a more distinct 

primary apical dendrite (Andersen et al., 2006; Spruston, 2008). The CA2 subfield 

occupies a small space between the CA3 and CA1 and is composed of large pyramidal 

neurons that have distinct morphological differences from CA3 and CA1 neurons 

(Caruana et al., 2012; Lorente De Nó, 1934). The CA2 subregion has often been 

neglected in studies due to its poorly defined boundaries and was considered a 

transition zone between CA1 and CA3 (Ishizuka et al., 1995). However, recent evidence 

suggests that CA2 neurons may play a unique role in hippocampal learning and 

memory (Caruana et al., 2012). 

The CA regions of the hippocampus are composed of several distinct layers or 

strata including the stratum oriens, stratum pyramidale, stratum lucidum, stratum 

radiatum, and stratum lacunosum-moleculare (Andersen et al., 2006; Hayashi et al., 

2015; Witter, 2010). The principal cell layer is the stratum pyramidale (or the pyramidal 

cell layer) which like the name suggests, contains the cell bodies of pyramidal neurons 

(Andersen et al., 2006). Located deep to the pyramidal cell layer is the stratum oriens, 
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which contains the basal dendrites of pyramidal neurons and interneurons. The stratum 

lucidum layer is found exclusively in the CA3 subfield found above the pyramidal cell 

layer and contains the mossy fibers. The apical dendrites of pyramidal neurons extend 

through the stratum radiatum before terminating in the stratum lacunosum-moleculare. 

The last hippocampal subregion is the subiculum, located adjacent to the CA1 region, 

which acts as a primary output from the hippocampus (Andersen et al., 2006; 

Cembrowski et al., 2018).  

The hippocampus may also be divided into two functional divisions: the dorsal 

and the ventral hippocampus (Fanselow & Dong, 2010; Tzakis & Holahan, 2019). The 

dorsal hippocampus in rodents corresponds to the posterior hippocampus in humans 

and is primarily involved in cognitive functions associated with navigation, exploration, 

and locomotion (Fanselow & Dong, 2010). Studies have shown that lesions restricted to 

the dorsal hippocampus impaired spatial learning in rats, while ventral hippocampal 

lesions did not (Moser et al., 1993; Moser et al., 1995). On the other hand, the ventral 

hippocampus in rodents, which corresponds to the anterior hippocampus in humans 

appears to primarily be involved in emotion and stress (Bannerman et al., 2004; 

Fanselow & Dong, 2010).  

 

1.2.2 Hippocampal Circuitry  

 The classic textbook description of the connectivity within the hippocampus is 

based on the ‘trisynaptic loop’ model (Knierim, 2015; Figure 1). This model depicts a 

feedforward flow of information within the hippocampus, where the entorhinal cortex 

projects to the DG via the perforant pathway, the DG projects to the CA3 region via the 

mossy fiber pathway, and CA3 projects to CA1 via the Schaffer Collateral pathway 
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(Anand & Dhikav, 2012; Knierim, 2015; Lee et al., 2020). Lastly, CA1 pyramidal neurons 

send projections back to the entorhinal cortex to complete the loop. However, emerging 

evidence suggests that hippocampal circuitry is much more complex (Lee et al., 2020). 

The entorhinal cortex is a six-layered cortex that projects not only to the DG, but also to 

the CA1, CA2, and CA3 regions. In addition, CA3 pyramidal neurons send feedback 

projections to the DG via the mossy cells of the dentate hilus, as well as collaterals to 

other CA3 neurons (Knierim, 2015).  
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Figure 1.1 The classical model of hippocampal circuitry.  (A) A schematic 
representation of the hippocampus displaying the excitatory trisynaptic pathway. (B) A 
depiction of the hippocampal neural network with major input from various layers of the 
entorhinal cortex (EC). Neurons located in layer II of the EC project to the DG via the 
perforant pathway (PP), which includes the medial (MPP) and lateral perforant pathway 
(LPP). Granule cells in the DG send projections to the pyramidal cells in CA3 via mossy 
fibers. CA3 pyramidal neurons send projections to CA1 pyramidal neurons through 
Schaffer collaterals. CA1 pyramidal neurons project back to deep-layer neurons (V and 
VI) of the EC. Layer II neurons in the EC also send projections to the CA3 via the PP 
and layer III neurons send direct inputs to CA1 through the temporoammonic (TA) 
pathway. The DG neurons also project to the mossy cells and interneurons in the hilus, 
which can send back excitatory and inhibitory projections, respectively. The arrows 
represent the direction of the flow of information through the hippocampus. Modified 
from Deng et al., (2010) Nature Reviews Neuroscience 11: 339-350.  
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1.3  NEUROPLASTICITY  

The idea that the brain was an anatomically fixed or immutable structure was 

favoured by the neuroscience community well into the 20th century (Rubin, 2009). It was 

believed that the brain had little or no ability to change or reorganize in response to 

injury or ageing (Hill et al., 2011). However, it is now well established that the adult 

vertebrate brain retains a remarkable capacity for plasticity throughout the lifespan (Hill 

et al., 2011; Oberman & Pascual-Leone, 2013; Rubin, 2009). Dendrites and synapses 

of mature neurons undergo dynamic modifications, and entirely new neurons are 

generated in parts of the brain through neurogenesis (Oberman & Pascual-Leone, 

2013). Plastic changes in the brain may occur in response to new information, 

development, environmental stimuli, or to various internal and external insults, including 

age-related neurodegenerative disease such as AD (Duffau, 2006; Hill et al., 2011; 

Jellinger & Attems, 2013; Oberman & Pascual-Leone, 2013). Neuroplasticity in the 

hippocampus, in particular, has been extensively studied due to its involvement in 

cognitive functioning and neurological disease (Jellinger & Attems, 2013). The 

hippocampus is capable of many structural and functional modifications such as LTP, 

long-term depression (LTD), synaptic and dendritic remodelling, and neurogenesis 

(Matsuzaki et al., 2004; Sahay et al., 2011; Whitlock et al., 2006; Yau et al., 2011).  

 

1.3.1 Long-term Potentiation and Depression 

The most frequently studied forms of synaptic plasticity in the hippocampal 

region are LTP and LTD (Balschun & Rowan, 2018). LTP is characterized by a rapid 

and persistent enhancement of synaptic transmission between presynaptic and 

postsynaptic neurons (Bliss & Collingridge, 1993; Bliss & Gardner-Medwin, 1973), while 
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LTD results in reduced synaptic transmission (Bear & Abraham, 1996). The majority of 

research on LTP in the hippocampus has focused on the synaptic connections between 

Schaffer collateral inputs and pyramidal cells of the CA1 region (Purves et al., 2001). 

LTP of the Schaffer collateral synapses may be induced by brief, high-frequency 

electrical stimulation, while LTD is typically generated from long, low-frequency 

stimulation (Balschun & Rowan, 2018). The induction of LTP and LTD requires a 

synaptic coincidence detection mechanism mediated via the N-methyl-D-aspartate 

receptor (NMDAR), a voltage-dependent glutamate receptor and ion channel (Bliss & 

Collingridge, 1993). The NMDAR is activated when two separate events occur: 

glutamate released from the pre-synaptic terminal must bind to postsynaptic NMDARs 

and α-amino-3-hydroxy-5-methyl-4- isoxazolepropionate (AMPA) receptors; and the 

post-synaptic membrane must be sufficiently depolarized so that Mg2+ ions, which 

normally block the ion pore of NMDAR at resting membrane potentials, can be ejected 

from the channel allowing calcium influx into the neuron (Bliss & Collingridge, 1993; 

Nowak et al., 1984).  

A strong influx of calcium activates protein kinase signalling cascades which 

results in an increase in functional AMPA receptors at synapses and enhancement of 

synaptic efficacy (LTP) (Balschun & Rowan, 2018; Blanke & VanDongen, 2009). On the 

other hand, moderate levels of calcium influx activate protein phosphatase signalling 

cascades (Balschun & Rowan, 2018). This has been shown to be linked to a reduction 

in synaptic AMPA receptors via endocytosis and thus, resulting in a decrease in 

synaptic transmission (LTD) (Lee et al., 2003). It is important to note that while the 

activation of glutamate receptors of the NMDA type are important for the induction of 
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LTP in the CA1 region of the hippocampus (Collingridge, 1992), other forms of NDMA-

independent LTP exists in other brain regions (Johnston et al., 1992).  

There are two phases of LTP in the hippocampus: early phase LTP (E-LTP) and 

late-phase LTP (L-LTP) (Frey et al., 1993). E-LTP is independent of protein synthesis 

and only lasts about 1 to 3 hours, while L-LTP requires gene transcription and the 

production of new proteins to produce long-lasting synaptic changes (Bliss & Cooke, 

2011; Frey et al., 1993). Persistent L-LTP appears to be associated with structural 

changes including changes in growth and remodelling of dendritic spines and synapses 

(Bourne & Harris, 2008, 2012). A key regulator of L-LTP is the neurotrophin, brain-

derived neurotrophic factor (BDNF), which may initiate structural changes at tagged 

synapses via the tyrosine kinase B (TrkB) receptor (Lu et al., 2005; Panja & Bramham, 

2014).   

 

1.3.2  Dendritic Spine Morphology and Density 

The induction of long-term plasticity in the hippocampus has been shown to 

result in a change in dendritic spine number and shape (Chen et al., 2004; Maletic-

Savatic et al., 1999; Nägerl et al., 2004; Ostroff et al., 2002; Zhou et al., 2004). LTP has 

been correlated with an increase in dendritic spine density, number of stable dendritic 

spines, as well as spine head enlargement and shortening of the spine neck (Fifková & 

Van Harreveld, 1977; Segal, 2017). Conversely, LTD is associated with the contraction 

of dendritic spines and a reduction in spine number (Hasegawa et al., 2015). Dendritic 

spines are small protrusions on the surface of dendrites, which form synaptic contacts 

with neighbouring axons of other neurons (Vicente-Manzanares et al., 2009). They 

serve as the major sites for excitatory synaptic input to pyramidal cells and are highly 
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plastic, varying in size, shape, and density (Bailey et al., 2015). In the hippocampus, a 

typical mature spine contains a single synapse located on its head (Sorra & Harris, 

2000).  

Traditionally, dendritic spines are categorized into four different classes based on 

their morphological characteristics: filopodia, thin, stubby, and mushroom (Peters & 

Kaiserman-Abramof, 1970; Figure 2). Thin spines have a long neck and small bulbous 

head in contrast to mushroom spines, which have a smaller constricted neck with a 

large irregular-shaped head (Pchitskaya & Bezprozvanny, 2020). Thin spines are also 

thought to be more dynamic and undergo rapid turnover compared to mushroom 

spines, which are considered to be more stable and contribute to stronger synaptic 

connections (Bourne & Harris, 2008; Kasai et al., 2003). Stubby spines are short and 

wide and were initially described as spines that did not have a neck separating them 

from the dendrite (Runge et al., 2020). However, recent imaging studies have 

suggested that stubby spines may be mushroom spines with short necks and require 

further re-evaluation. They are predominantly found during early postnatal development 

(Hering & Sheng, 2001), while thin and large-headed mushroom spines become the 

major forms in the adult brain (Fiala et al., 1998). Filopodia are transient protrusions 

from the dendrite that lack knobby heads and are believed to be precursors of dendritic 

spines (Hering & Sheng, 2001).  

Several studies have demonstrated a link between dendritic spine morphology 

and synaptic function (Yuste & Bonhoeffer, 2001). In the mouse hippocampus and 

olfactory cortex, the volume of the spine head was found to be proportional to the 

postsynaptic density (PSD) area, which itself positively correlates to the number of 

postsynaptic receptors (Nusser et al., 1998; Schikorski & Stevens, 1999). Thus, spine 
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head volume is thought to correlate with the strength of its synapse (Arellano et al., 

2007). In addition, an increase in spine density on pyramidal neurons may be used as 

an indicator of an increase in excitatory synapses (Leuner & Shors, 2004). Hippocampal 

spine density has been observed to change in response to a number of different internal 

and external factors (Hering & Sheng, 2001). For example, dendritic spine density has 

been shown to be affected by cage enrichment (Moser et al., 1997; Rampon et al., 

2000), stress (Shors et al., 2001), sex steroid hormones including estrogen and 

testosterone (Gould et al., 1990; Leranth et al., 2003), as well as disease states such as 

Down’s syndrome (Suetsugu & Mehraein, 1980), epilepsy (Swann et al., 2000), and AD 

(Ferrer & Gullotta, 1990).  
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Figure 1.2 Morphological diversity of dendritic spines. (A) A schematic 
representation of the common morphological classifications of dendritic spines: (a) 
filopodia spine with length >2μm, (b) thin spine with length <2μm, (c) stubby spine with 
a length/width ratio <1, (d) mushroom spine with width >0.6μm, (e) branched spine with 
2 or more heads. Spine maturity progresses from left to right (from filopodia type spines 
to large-headed mushroom spines with the occasional branched spine). (B) A Golgi-
cox-stained secondary dendritic branch of a CA3 pyramidal neuron in the 3xTg-AD 
mouse dorsal hippocampus. The arrows and letters point to the corresponding subtype 
of dendritic spine. Scale bar: 10 μm. Modified from Risher et al., (2014) PLoS ONE 9, 
e107591. 
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1.3.3  Dendritic Branching 

 Hippocampal neuroplasticity may also be investigated by looking at changes in 

dendritic branching and complexity. Dendrites are highly plastic structures that may 

undergo dendritic branch formation, elongation, retraction, and pruning (Jan & Jan, 

2010). Since dendrites serve as the site of most synaptic connections, their branching 

pattern, and overall size and shape determine the number and distribution of synapses 

received and processed by each neuron (O’Neill et al., 2015). Thus, proper growth, 

development, and maintenance of dendrites are essential for CNS function (Kulkarni & 

Firestein, 2012). Dendritic branching is a tightly regulated process that is shaped by 

various intrinsic factors and environmental cues (reviewed in McAllister, 2000; Menon & 

Gupton, 2018; O’Neill et al., 2015). Hippocampal dendritic branching may also be 

regulated by gonadal steroid and stress hormones (Toran-Allerand et al., 1983; Woolley 

et al., 1990). These alterations have also been suggested to be associated with altered 

hippocampal function although, whether these plastic changes are modulated by 

behaviour or utilized in behaviour remains unknown (Sheppard et al., 2019). 

Conversely, dysregulation of dendritic branching may have a dramatic impact, and is 

often associated with neurodevelopmental and neurological disorders (Flood, 1991; 

Kolomeets et al., 2005; Raymond et al., 1996).  

 

1.3.4  Neurogenesis  

 Another important form of plasticity and network maintenance in the brain is 

neurogenesis, the process in which new neurons are formed (Altman & Das, 1965). 

Neurogenesis involves multiple steps including the proliferation, differentiation, survival, 

migration, and integration of new neurons into pre-existing networks (Abrous et al., 
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2005; Kempermann et al., 2015). In the adult brain, neurogenesis has been 

documented in discrete brain regions of multiple species (Nottebohm, 2002; Zupanc, 

2001). In mammals, neurogenesis appears to be restricted to the SGZ of the dentate 

gyrus in the hippocampus, and the subventricular zone (SVZ) of the lateral ventricles, 

where new neurons migrate to the olfactory bulb (Ming & Song, 2011). In the 

hippocampus, newly proliferated neurons in the SGZ migrate into the inner granule cell 

layer, where they differentiate into granule cells of the DG. Newborn neurons then 

extend long axons along the mossy fiber pathway toward the CA3 region within a matter 

of days to begin integrating into the existing circuitry (Ming & Song, 2011; Zhao et al., 

2006).  

Evidence suggests that adult hippocampal neurogenesis may play a role in 

pattern separation and spatial memory (Sahay et al., 2011; Stone et al., 2011). On the 

other hand, a decline of DG neurogenesis may correlate with cognitive impairments 

observed with ageing or neurodegenerative disease (Lazarov et al., 2010). Similar to 

the other forms of neuroplasticity previously discussed, neurogenesis is subject to 

regulation via several factors including growth factors, neurotrophins, cytokines, 

glucocorticoids, and gonadal steroid hormones (reviewed by Abrous et al., 2005; Zhao 

et al., 2008).  

 

1.3.5  Disruption of Structural and Synaptic Plasticity in AD 

While determining the link between synaptic plasticity and human memory 

remains a challenge, evidence suggests that LTP and LTD in the hippocampus may 

play important roles in some forms of learning and memory (Martin et al, 2000; Brown et 

al, 1990). In contrast, disruption of synaptic plasticity may underly various neurological 



 

 25 

disorders, particularly those with deficits in information processing like AD (Selkoe, 

2002; Penzes et al, 2011). In AD, a loss of dendritic spines in the cortex and 

hippocampus has been reported in several transgenic mouse models that harbour 

mutations associated with familial AD (Bittner et al., 2010; Knafo et al., 2009; Lanz et 

al., 2003; Moolman et al., 2004; Rocher et al., 2010) and has been linked with loss of 

cognitive function (Jacobsen et al., 2006; Kommaddi et al., 2018). Similar findings of 

synapse loss have been reported in AD patients, which appears early in disease 

pathogenesis (Scheff et al., 2006, 2007). Although the mechanisms underlying this 

synaptic loss have not been fully elucidated, evidence suggests that Aβ oligomers may 

disrupt proper NMDAR signalling, promoting LTD, and subsequent spine and synapse 

loss (S. Li et al., 2009; Shankar et al., 2007). In addition, studies have implicated tau 

pathology in synaptic dysfunction, where spine loss in pyramidal neurons with advanced 

intracellular tau pathology has been reported in individuals with AD (Merino-Serrais et 

al., 2013).  

A significant decrease in dendritic branching and overall length in hippocampal 

pyramidal and cortical neurons has also been reported in both AD patients (Adlard & 

Vickers, 2002; Flood, 1991; Hanks & Flood, 1991) and mice (Grutzendler et al., 2007; 

Le et al., 2001; Moolman et al., 2004), in comparison to normal ageing controls. Further, 

studies in transgenic mouse models of AD suggest alterations of neurogenesis may 

play a vital role in AD pathology (Mu & Gage, 2011). While the majority of evidence 

points toward compromised neurogenesis in AD (Donovan et al., 2006; Haughey et al., 

2002; Rodríguez et al., 2008; Wang et al., 2004; Wen et al., 2004), there appears to be 

quite a lot of variability in the literature, possibly due to differences in animal models, 

age, neuropathological stage, and method of analysis used in each study (Mu & Gage, 
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2011). Thus, the relationship between neurogenesis and AD requires further 

investigation. Developing a better understanding of these neuroplastic changes and 

underlying mechanisms may help to provide more effective therapies to improve the 

quality of life for patients with AD and other neurological disorders with associated 

changes in neuronal architecture and function.  

 

1.4  MODELING OF AD IN TRANSGENIC MICE   

 While several animal models of AD have been developed throughout the years, 

the vast majority of AD research has been performed using transgenic mice. In fact, 

over 100 different genetically modified mouse models of AD have been reported, each 

with their own phenotype of AD-related pathology (Jankowsky & Zheng, 2017). Many 

researchers have successfully generated mouse models that replicate plaque 

deposition, commonly by manipulating mice to overexpress mutated proteins linked to 

familial AD such as APP or PSEN1 (Sasaguri et al., 2017). The discovery of mutations 

in the protein tau in frontotemporal dementia with parkinsonism also led to the 

development of transgenic mouse models with tauopathies (Götz et al., 2001). 

Interestingly, based on overwhelming evidence from existing AD mouse models, it 

seems as though the successful development of one neuropathological hallmark of AD 

has not been sufficient to trigger the development of the other in transgenic mice (Oddo, 

Caccamo, Kitazawa, et al., 2003). Therefore, to concomitantly model both amyloid and 

tau pathologies, as seen in human AD, researchers have had to develop novel models 

by introducing multiple transgenes into a single mouse (Lewis et al., 2001; Oddo, 

Caccamo, Kitazawa, et al., 2003).  
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The triple transgenic model of AD (3xTg-AD) harbours three mutations 

associated with AD, namely human presenilin-1 M146V and human APP Swedish 

mutation (APP Swedish), as well as the P301L mutation of the human protein tau 

(Oddo, Caccamo, Kitazawa, et al., 2003). This model is unique in that the mice exhibit 

both Aβ plaque and tangle pathology, as well as demonstrate an age-dependent onset 

of AD-related neuropathology. 3xTg-AD mice develop intraneuronal Aβ at approximately 

3-4 months of age, which correlates with the onset of cognitive impairments observed at 

around 4 months (Billings et al., 2005; Oddo, Caccamo, Shepherd, et al., 2003). The 

occurrence of intraneuronal Aβ in the CA1 region has also been correlated to synaptic 

dysfunction, including LTP deficits in these mice (Oddo, Caccamo, Shepherd, et al., 

2003). At 6 months of age, extracellular Aβ deposits are apparent, mainly in the frontal 

cortex and subsequently spreading to the hippocampus and other cortical regions by 12 

months of age (Giménez-Llort et al., 2007). Phosphorylated tau pathology can be 

detected around 6 months of age, while NFTs become apparent at approximately 12 

months of age in the CA1 region of the hippocampus (Oddo, Caccamo, Shepherd, et 

al., 2003). An age-dependent increase in microglia activation has been reported in 

3xTg-AD mice starting at 6 months of age, followed by astrogliosis, detected at 12 

months of age (Belfiore et al., 2019).    

3xTg-AD mice also show progressive cognitive impairments, with the first deficits 

detected between 3 and 5 months of age in associative learning tasks, followed by 

deficits in spatial working memory using the Morris water maze at around 6 months, 

deficits in recognition memory at around 6-9 months, and deficits in reference memory 

using the Barnes maze task between 6.5-12 months of age (Stover et al., 2015; 

Webster et al., 2014). In addition, 3xTg-AD mice have been observed to display higher 
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levels of fear and anxiety in tasks such as open field, elevated plus maze, horizontal 

ladder and passive avoidance tasks (Giménez-Llort et al., 2007; Sterniczuk et al., 

2010). While there is no perfect animal model to mimic human AD, mouse models and 

the 3xTg-AD model, in particular, have been critical in understanding AD pathogenesis 

and serve as valuable tools for preclinical testing of novel therapeutics.  

 

1.5  SEX DIFFERENCES IN AD  

 Women appear to have a higher risk of developing AD compared to men (Gao et 

al., 1998). In Canada and the United States, approximately two-thirds of seniors 

diagnosed with AD are women (Canada, 2017; Hebert et al., 2013). Initially, this sex 

difference was believed to be due to the longer life expectancy of women, however, 

recent reports indicate that there is more to the story than this simple explanation 

(Mielke et al., 2014; Viña & Lloret, 2010). In addition to women being disproportionately 

affected by AD, women may also have an increased vulnerability to the disease. 

Studies have shown women with AD develop more profound impairment in multiple 

cognitive abilities compared to men at the same stage of the disease (Laws et al., 

2016). A meta-analysis by Irvine and colleagues (2012) found men with AD performed 

significantly better across several cognitive domains than women with AD, which could 

not be predicted by differences in age, education, or severity of dementia. In line with 

this, studies have shown that women have a faster rate of cognitive decline after AD 

diagnosis (Agüero-Torres et al., 1998; Tschanz et al., 2011). Compared to men, women 

may also undergo greater rates of neuropathological decline, as evidenced by greater 

intensity of NFTs (Barnes et al., 2005), brain atrophy, and temporal lobe degeneration 

(Hua et al., 2010). It has also been demonstrated that women with AD exhibit more 
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extensive senile plaque deposition than men at the early stages of NFT development 

(Corder et al., 2004).  

 Few studies have investigated the effects of AD sexual dimorphism in mouse 

models. Yet, the studies that have, appear to be in agreement with a greater influence 

of AD in females (Hemonnot et al., 2019). Female 3xTg-AD mice develop cognitive 

decline at younger ages compared to their male counterparts, and exhibit worsened 

deficits (Carroll et al., 2010; Clinton et al., 2007; Yang et al., 2018). Female 3xTg-AD 

mice also display significantly more amyloid plaques, NFTs, and neuroinflammation 

than male 3xTg-AD mice (Carroll et al., 2010; Yang et al., 2018). While the evidence 

suggests clear sex differences in both AD patients and mice, the molecular mechanisms 

underlying these sexual dimorphisms are still not well understood. It has been 

hypothesized that these sex differences in AD may in part, reflect an underlying role of 

sex steroid hormones.  

 

1.6  SEX STEROID HORMONES IN THE BRAIN  

1.6.1  Introduction  

Sex steroid hormones such as androgens, estrogens, and progestins which are 

well-known for their roles in reproductive physiology and behaviour, also exert profound 

effects on brain structure and function (Moraga‐Amaro et al., 2018). Traditionally, it was 

thought that since steroid hormones are lipophilic and can readily diffuse across the 

blood-brain barrier, that they were synthesized in peripheral tissues and passively 

distributed throughout the brain to exert their effects (Schmidt et al., 2008). However, it 

is now widely recognized that steroids may also be synthesized locally within the brain, 

either by the metabolism of circulating steroid precursors, or de novo from cholesterol 
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(Robel & Baulieu, 1994). Indeed, researchers have been able to demonstrate that 

several brain regions including the hippocampus are equipped with enzymes needed for 

the biosynthesis of steroid hormones (Naftolin, 1994; Stoffel-Wagner, 2001). Steroids 

that are synthesized in the brain are referred to as ‘neurosteroids’, a term which was 

originally coined by Baulieu and colleagues in the 1980’s (Corpechot et al., 1981). 

Although first discovered in mammals (Corpechot et al., 1981), neurosteroidogenesis 

has been shown to be highly conserved across vertebrates (Do-Rego et al., 2012).  

The actions of sex steroid hormones on the male and female brain can be 

broadly characterized into organizational and activational effects (Phoenix et al., 1959). 

Organizational effects of sex steroid hormones occur during early development and are 

permanent, while activational effects occur during adulthood and can cause reversible 

structural and functional changes of steroid-responsive brain regions. These steroid-

induced changes in neuroplasticity include alterations in neuron and synapse numbers, 

as well as dendritic morphology in the hippocampus and other brain regions (Gould et 

al., 1990; Mahmoud et al., 2016).  

Sex steroid hormones may drive sex differences in AD by exerting organizational 

effects during critical periods of neural development, resulting in brain dimorphisms and 

a female brain that is perhaps more conducive to AD (Vest & Pike, 2013). Furthermore, 

men and women display differences in the loss of activational effects of estrogens and 

androgens that occur naturally with age (Pike, 2017). Estrogens in women and 

androgens in men have been shown to exert neuroprotective effects in the adult brain 

(Zárate et al., 2017). Thus, it is hypothesized that the depletion of these sex steroid 

hormones results in a loss of neuroprotection, which may ultimately contribute to an 

increased risk of developing AD (Pike, 2017).  
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1.6.2 Estrogens, Androgens and Risk of AD  

Much of the work done investigating sex steroid hormones on brain structure and 

function has focused on estrogens. Estrogen is often described as the primary female 

sex hormone, although it is present in both males and females (Gillies & McArthur, 

2010). Several studies have shown that estrogen can exert a wide range of 

neuroprotective and neurotrophic effects in the brain (reviewed in Brann et al., 2007; 

Green & Simpkins, 2000; McEwen, 2001; Roof & Hall, 2000; Wise et al., 2001). In 

relation to AD, early onset of estrogen loss due to natural or surgically induced 

menopause has been shown to be associated with an increased risk of AD and 

cognitive decline (Bove et al., 2014; Fox et al., 2013; Rocca et al., 2007). Consistent 

with the neuroprotective role of estrogens against AD, studies have demonstrated that 

estrogens can reduce neuronal cell death, suppress reactive glial responses linked with 

brain injury and neurodegeneration, and regulate Aβ accumulation (Pike et al., 2009). 

However, despite this evidence, the protective effects of estrogen-based hormone 

replacement therapy (HRT) against AD remains controversial (Mielke et al., 2014). 

Some studies have indicated that HRT is associated with a reduced risk of AD and 

improvement in cognitive function (LeBlanc et al., 2001; Wharton et al., 2011; Zandi et 

al., 2002), while others have not (Almeida et al., 2006; Haskell et al., 1997; Henderson 

et al., 2000). The Women’s Health Initiative Memory Study (WHIMS), the largest 

randomized controlled trial using postmenopausal women, reported that HRT did not 

slow cognitive decline and increased the risk of dementia (Shumaker et al., 2003). 

Thus, there is not enough evidence currently to conclude that HRT is an effective 

therapeutic for women with AD.  
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In comparison to women who experience a rather abrupt decline in ovarian sex 

hormones, men experience a more gradual decline in testosterone levels with age. On 

average, men after the age of 30 exhibit a ~2-3% decline per year in bioavailable 

testosterone (Feldman et al., 2002). Since testosterone can be converted to 17β-

estradiol (estradiol), men also do not experience the same severe drop in estrogen 

levels as women do after menopause (Mielke et al., 2014). Still, the gradual age-related 

decline in testosterone levels may have important clinical implications, as testosterone 

deficiency has been associated with various psychiatric and neurological deficits 

(Sternbach, 1998). In particular, age-related androgen loss has been associated with an 

increased risk of developing AD (Vest & Pike, 2013). Men with AD have been shown to 

have lower levels of testosterone in the serum (Hogervorst et al., 2001, 2003) and the 

brain (Rosario et al., 2011) compared to healthy age-matched men. Studies have also 

attempted to determine whether androgen loss contributes to or is a consequence of 

AD. A longitudinal study found that men who developed AD had lower levels of free 

circulating testosterone, and this relationship preceded clinical diagnosis (Moffat et al., 

2004). Consistent with this, brain levels of testosterone were found to be significantly 

reduced in men with mild neuropathological changes to the same extent as men with 

severe AD neuropathology (Rosario et al., 2004). This suggests that testosterone 

depletion is likely a precursor event that contributes to rather than occurs as a result of 

the development of AD. Although the mechanisms linking testosterone and AD risk are 

still unclear, data suggests that androgen loss reduces the beneficial actions of 

androgens in the brain, thereby acting as a risk factor for the development of the 

disease.  
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1.6.2  Androgens  

 Androgens are a group of chemically related steroid hormones that are 

synthesized in the gonads, adrenal glands, and brain of both sexes (Burger, 2002; 

Dohle et al., 2003; Mellon et al., 2001). Although androgens are considered to be the 

primary male hormones, they also exert important physiological effects in females 

(Hammes & Levin, 2019). In fact, women typically have higher levels of androgens than 

estrogens in the serum (Hammes & Levin, 2019). The major circulating androgen, 

testosterone, is produced mainly by the Leydig cells in the testes in males and ovaries 

in females (Swerdloff & Wang, 1993), with testicular testosterone production appearing 

to be approximately 7 to 8 times higher than that produced by the ovaries (Franchimont, 

1983). Androgens are involved in a number of different physiological functions including: 

sexual differentiation; spermatogenesis (McEwan & Brinkmann, 2000); the development 

and maintenance of secondary sexual characteristics such as muscle building and hair 

growth (Bon-chu & Meng-Chun, 2002); the maintenance and promotion of bone growth 

(Vanderschueren et al., 2004); and the proliferation and survival of cells within the 

prostate gland (Banerjee et al., 2018). In addition, androgens have been shown to 

influence cognitive functions, and affect neuroplasticity in many brain regions including 

the hippocampus (Leonard & Winsauer, 2011). Androgenic action in the brain is 

complex and multifaceted. This is partly due to the fact that androgens can be 

converted into metabolites that have different biological actions in different parts of the 

brain (MacLusky et al., 2006).  

 

1.6.3  Androgen Biosynthesis and Metabolism   
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 Androgens, like other steroid hormones, are synthesized from cholesterol 

through steroidogenic pathways involving many different intermediates and enzymes 

(Miller, 1988; see Figure). Cholesterol is transferred from the outer to the inner 

mitochondrial membrane via the steroidogenic acute regulatory protein (Star) and 

subsequently converted to pregnenolone by the cytochrome P450 side-chain cleavage 

(P450scc) enzyme (Miller & Bose, 2011). The 18kDa translocator protein (TSPO) is also 

hypothesized to be essential in steroid synthesis by enhancing the translocation of 

cholesterol into the mitochondria (Papadopoulos et al., 2006). Pregnenolone then 

diffuses into the cytosol where it can be further metabolized into 17α-

hydroxypregnenolone by the cytochrome P450 17α-hydroxylase/17,20-lyase (P450c17) 

enzyme and progesterone by the enzyme 3β-hydroxysteroid dehydrogenase (3β-HSD) 

(Payne & Youngblood, 1995). Progesterone and 17α-hydroxypregnenolone can both be 

metabolized into 17α-hydroxyprogesterone by the P450c17 and 3β-HSD enzymes, 

respectively (Fevold et al., 1989). Here, 17α-hydroxypregnenolone along with 17α-

hydroxyprogesterone, can be further converted by P450c17 into 

dehydroepiandrosterone (DHEA) and androstenedione, respectively. DHEA can also be 

metabolized into androstenedione by the enzyme 3β-HSD, as well as androstenediol by 

the enzyme 17β-hydroxysteroid dehydrogenase (17β-HSD) (Lachance et al., 1990; 

Oshima et al., 1975). Androstenedione and androstenediol act as weak androgens and 

can be converted into the primary androgen, testosterone, via the enzymes 17β-HSD 

and 3β-HSD. In the final steps of androgen metabolism, testosterone can be converted 

into dihydrotestosterone (DHT) via the 5-reductase enzyme and estradiol via the 

cytochrome P450 aromatase (P450arom) enzyme (Jin & Penning, 2001; Osawa et al., 

1993). In addition to testosterone, DHT is considered to be another major circulating 
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androgen and is more potent than testosterone in androgenic activity (Wright et al., 

1996). Finally, DHT can be reversibly converted to 5α-androstane-3α,17β-diol (3α-diol) 

by 3α-hydroxysteroid dehydrogenase (3α-HSD) or non-reversibly to its 3β-isomer, 5α-

androstane-3β,17β-diol (3β-diol) by 3β-HSD (Jin & Penning, 2001).  
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Figure 1.3 Biosynthesis and metabolism of androgens. Androgens are synthesized 
through a series of enzymatic steps starting with cholesterol. Androgens and their major 
biological metabolites are shown with their chemical structures and steroid precursors 
for androgens are shown by name. The enzymes mediating each metabolic conversion 
step are indicated by circled numbers. (1) cytochrome P450 side-chain cleavage 
(P450scc) also known as CYP11A1; (2) 3β-hydroxysteroid dehydrogenase (3β-HSD); 
(3) P450 17α-hydroxylase/17,20-lyase (P450c17) also known as CYP17; (4) 17β 

hydroxysteroid dehydrogenase (17β-HSD); (5) 5-reductase; (6) cytochrome P450 
aromatase (P450arom); (7) 3α-hydroxysteroid dehydrogenase (3α-HSD).  
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1.6.4  Androgen Receptors and Signaling in the Brain  

Within the brain, the classical view of androgen action suggests a genomic 

mechanism. The hydrophobic steroid hormone testosterone mediates its neural effects 

by interacting with androgen receptors (ARs), which are expressed mainly in the 

hippocampus, thalamus, hypothalamus, amygdala, and cerebral cortex (DonCarlos et 

al., 2006; Kerr et al., 1995). While testosterone can move freely in the circulation, the 

majority is bound to carrier proteins such as albumin or sex hormone-binding globulin 

(SHBG) (Pugeat et al., 1981). Once it reaches its target cell, it dissociates from its 

carrier proteins and diffuses into the cell interior, where it binds to a cytoplasmic AR 

(Rosner et al., 1991). ARs are members of the nuclear receptor superfamily, which act 

as ligand-activated nuclear transcription factors (Chang et al., 1995). Androgen binding 

to the AR induces conformational changes that lead to receptor dimerization, allowing 

the androgen-AR complex to translocate into the nucleus (Eder et al., 2001). This 

complex can then bind to DNA sequences called hormone response elements to 

regulate the expression of genes (Davey & Grossmann, 2016). The transcriptional 

activity of AR is governed by several coregulators that can enhance or repress 

transactivation of target genes and subsequently protein synthesis (Heinlein & Chang, 

2002a). Through classical cell signalling, androgens may influence neuronal structure 

and function by modulating expression of neurotrophic proteins including BDNF (Atwi et 

al., 2016), which regulates neuron survival, differentiation, and synaptic plasticity (Yang 

et al., 2020).  

Similar to testosterone, the non-aromatizable metabolite DHT, binds to ARs with 

relatively higher binding affinity (Wilbert et al., 1983) and efficacy (Deslypere et al., 

1992). In the brain, ARs have been found in both nuclear and extranuclear sites in 
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hippocampal neurons, as well as on oligodendrocytes and astroglia (Finley & Kritzer, 

1999). Extranuclear ARs have been detected in dendrites, dendritic spines, axons, and 

axon terminals (Sarkey et al., 2008), suggesting that androgens may also exert more 

rapid effects via non-genomic signalling pathways (Michels & Hoppe, 2008). For 

instance, the androgen/AR complex can activate signal transduction pathways, 

including activation of the phosphatidylinositol-3 kinase (PI3K)/Akt, mitogen-activated 

protein kinase/extracellular-signal regulated kinase (MAPK/ERK), and cyclic adenosine 

monophosphate/activated protein kinase A (cAMP/PKA) pathways (Foradori et al., 

2008; Pike et al., 2008). These effects have been shown to occur within seconds to 

minutes of androgen treatment, which is too rapid to involve changes in transcription 

and translation of genes (Heinlein & Chang, 2002b).  

Testosterone can also be converted into estradiol in several brain regions 

including the hippocampus (Hojo et al., 2004), where it can bind to estrogen receptors 

(ER and ER), and the G-protein coupled estrogen receptor 1 (GPER1) to elicit 

structural and functional neuronal changes (Frick et al., 2015). These receptors have 

been found to be localized in the hippocampal subregions, and the dentate gyrus 

(Hazell et al., 2009; Mitra et al., 2003). Although DHT cannot itself act via an estrogen 

receptor-dependent pathway, it is possible that it can be metabolized into 3-diol which 

preferentially binds to ER, or 3α-diol which has a weak binding affinity for ER and 

ERα (Kuiper et al., 1998). 

 

1.6.5  Neuroprotective Effects of Androgens Against AD  

Numerous studies have revealed neuroprotective effects of sex steroid hormones 

against the development of neurodegenerative diseases such as AD (Pike et al., 2009). 
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However, most of the literature has been historically focused on investigating the effects 

of estrogens, and the role of androgens has been far less characterized. Even so, 

androgens have been shown to exert beneficial actions in the CNS that may be relevant 

to their hypothesized protective role against AD. This includes: (1) the regulation of AD-

related neuropathology and neuroinflammation, (2) protection from cognitive 

impairments, (3) protection from neuron loss, and (4) the promotion of neurogenesis 

and synaptic plasticity.   

Firstly, androgens may regulate key factors involved in the pathogenesis of AD 

including the accumulation of Aβ. For instance, anti-androgen therapy to treat prostate 

cancer in men is associated with a marked decline in testosterone and a significant 

increase in Aβ levels (Almeida et al., 2004; Gandy et al., 2001). In vivo, studies in 3xTg-

AD mice have shown that orchidectomy (ORX), a surgical procedure that depletes 

endogenous androgens, performed in young and middle-aged male mice, can 

accelerate Aβ accumulation and impair hippocampal-dependent behaviour (Rosario et 

al., 2006, 2010). In parallel, treatment of these mice with testosterone or its primary 

androgen metabolite DHT can attenuate the development of AD-pathology and 

behavioural deficits (Rosario et al., 2006, 2010, 2012). Similar findings were reported in 

adult male rats where ORX significantly increased Aβ levels in the brain, an effect that 

was prevented by treatment with slow-release pellets containing DHT (Ramsden, 

Nyborg, et al., 2003). Notably, estradiol pellets given to these rats did not reduce Aβ, 

which is in contrast to studies that have shown estradiol can reduce Aβ levels in 

gonadectomized female rodents (Carroll et al., 2007; Levin-Allerhand et al., 2002; 

Petanceska et al., 2000). Further, blocking the conversion of testosterone to estradiol 

with an aromatase inhibitor increased Aβ accumulation in the hippocampus of female, 
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but not male 3xTg-AD mice (Overk et al., 2012). These data suggest that the actions of 

sex steroid hormones in the brain may be sex-dependent, with testosterone showing 

significant effects on Aβ accumulation in males and aromatized estrogens playing a 

crucial role in females.  

Androgens may reduce Aβ accumulation by decreasing its production and 

increasing its clearance. It has been shown that testosterone reduces the secretion of 

Aβ peptides by altering APP processing towards the non-amyloidogenic pathway 

(Gouras et al., 2000). Researchers found that testosterone decreased the secretion of 

Aβ40/42 and increased the amount of the non-amyloidogenic APP fragment, soluble 

APPα (Goodenough et al., 2000; Gouras et al., 2000). However, this increase was 

blocked by an aromatase inhibitor, suggesting that testosterone may, at least in part, 

regulate Aβ through its conversion by aromatase to estradiol (Goodenough et al., 2000).  

In comparison, other studies suggest androgens regulate Aβ through estrogen-

independent pathways. Pike and colleagues (2001) demonstrated that Aβ-induced 

neurotoxicity was significantly reduced by testosterone and DHT in cultured 

hippocampal neurons, but the use of an anti-estrogen droloxifene failed to block this 

protection (Pike, 2001). Thus, they hypothesized androgens may attenuate Aβ toxicity 

via a rapid, estrogen-independent mechanism. Additionally, researchers used an 

aromatase knockout mouse model of AD to study the estrogen-independent effects of 

testosterone and found elevated levels of testosterone to be associated with a 

significant reduction in Aβ plaque formation and BACE1 enzyme activity (McAllister et 

al., 2010). Lastly, androgens may promote Aβ clearance by increasing expression of 

neprilysin, a rate-limiting peptidase enzyme involved in the degradation of Aβ in the 

brain (M. Yao et al., 2008). Androgens can bind to androgen response elements in the 
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neprilysin gene and regulate its gene transcription via an AR-dependent, classic 

genomic mechanism.  

Androgens may also provide a beneficial role against tau phosphorylation 

although few studies have investigated these effects. Papasozomenos and Shanavas 

(2002) found that hyperphosphorylation of tau was reduced by testosterone but not 

estradiol in ovariectomized Sprague-Dawley rats. Additionally, testosterone has been 

shown to prevent the calpain-mediated tau cleavage and thus the production of the toxic 

17-kDa tau fragment in cultured hippocampal neurons (Park et al., 2007). Recently, a 

link between testosterone and tau was reported in human samples. Researchers 

examined the effects of plasma testosterone levels and phosphorylated tau (p-tau) 

levels in cerebrospinal fluid, and revealed a significant relationship between low 

testosterone levels and higher p-tau levels, specifically among apolipoprotein E4 

(APOE4) carriers (Sundermann et al., 2020).  

While the role of androgens on neuroinflammation remains unclear, evidence 

suggests androgens are beneficial to the inflammatory response in early-stage AD (Lei 

& Renyuan, 2018). One study by Barreto et al. (2007) found that the administration of 

testosterone reduces reactive astroglia and microglia after a stab wound injury in 

orchidectomized rats. This was suggested to be mediated at least in part, by conversion 

to estradiol, while DHT may mediate some of the effects on reactive microglia. 

Moreover, it has been demonstrated that the age-related increase in GFAP can be 

reversed by increasing circulating testosterone concentrations in the male rat 

cerebellum (Day et al., 1998). This is consistent with studies that have shown that lower 

testosterone in older rats is associated with increased GFAP expression (Nichols et al., 

1993). This provides support to the hypothesis that loss of circulating testosterone with 
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age may render the brain more susceptible to neuroinflammation and 

neurodegenerative disease. Recently, a study in a lipopolysaccharide-induced 

neuroinflammation mouse model, showed that DHT supplementation can inhibit 

microglial activation and the release of pro-inflammatory factors including inducible NO 

synthase (iNOS), COX-2, NO, TNF-α, IL-1β, and IL-6 (Yang et al., 2020). However, 

while androgens appear to exert anti-inflammatory effects in the brain, this area of study 

has not been well documented. Further investigation is required to better understand 

the underlying mechanisms through which androgens may be mediating these effects.  

  Next, numerous studies have reported a link between androgen levels and 

cognitive ability in humans (Boss et al., 2014; Nguyen et al., 2017; Panizzon et al., 

2018) and experimental animals (Leonard & Winsauer, 2011). In elderly men, low levels 

of free testosterone have been correlated with impairments in memory and visuospatial 

performance (Moffat et al., 2002). Men with relatively higher levels of bioavailable 

testosterone performed better on several tests of cognitive function and had better 

scores for long-term memory (Barrett-Connor et al., 1999; Moffat et al., 2002). However, 

clinical studies on testosterone supplementation and cognitive function appear mixed. 

Testosterone replacement given to men with a new diagnosis of AD resulted in 

improved performance on the mini-mental status examination (MMSE) and clock 

drawing test (Tan & Pu, 2003). Likewise, another study involving 106 men with 

testosterone deficiency syndrome reported significant improvement in cognitive function 

and depression after 8 months of testosterone replacement therapy (Jung & Shin, 

2016). However, a recent meta-analysis looking at the effectiveness of testosterone 

supplementation in male patients with cognitive impairment or dementia failed to 

confirm beneficial effects on overall cognitive function (Zhang et al., 2021). Several 
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other studies have shown nonsignificant associations between testosterone 

supplementation and improved cognitive function in males and females (Borst et al., 

2014; Buskbjerg et al., 2019; Emmelot-Vonk et al., 2008; Huang et al., 2015).  

In adult male rodents, gonadectomy has been shown to impair spatial and 

working memory (Aubele et al., 2008; Ceccarelli et al., 2001; Gibbs & Johnson, 2008; 

Khalil et al., 2005), although results have been varied possibly due to differences in 

animal strain, dose, length of treatment, or age of the animals (Leonard & Winsauer, 

2011). Previous studies have also shown that chronic administration of testosterone can 

reverse age-dependent deficits in learning and working memory (Bimonte-Nelson et al., 

2003; Flood et al., 1995). In a rat model of AD, subcutaneous injection of testosterone 

showed protective effects against cognitive dysfunction, and flutamide, an androgen 

receptor antagonist inhibited these effects (Yan et al., 2019). These data indicate 

involvement of androgen receptors in the observed response. While most studies 

looking at the effects of androgens on cognitive performance have been done only in 

males, Benice and Raber (2009) demonstrated that androgen supplementation in aged 

female mice can enhance cognitive performance. They found that DHT treatment 

improved performance on the passive avoidance task, while testosterone only improved 

spatial reference memory in the water maze task. Thus, they concluded that aged 

female mice may benefit from androgen supplementation differentially depending on the 

type of treatment and cognitive task. Overall, while it appears that androgens have 

neuroprotective effects and that androgen deficiency may lead to cognitive impairment, 

further investigation, in both males and females, is warranted to better understand this 

relationship.  
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Another androgen action that is potentially relevant to the prevention of AD 

involves the promotion of neuron viability and survival. Researchers found that 

gonadectomy of male rats significantly increased neuron loss in the CA2/3 region of the 

hippocampus and the hilus of the dentate gyrus in response to the excitotoxin kainite 

(Ramsden, Shin, et al., 2003). However, DHT replacement given to the animals two 

weeks after gonadectomy significantly reduced the severity of neuronal loss. In addition, 

a study by Hammond et al. (2001) showed that physiological concentrations of 

testosterone protected primary cultures of human neurons against apoptosis via an AR-

dependent pathway. Therefore, data suggest that androgens are involved in protecting 

the brain from neuron loss, an effect that may be compromised in ageing men due to 

age-related androgen depletion.   

Lastly, it is well established that androgens affect neuroplasticity in brain regions 

vulnerable to AD. The hippocampus has been of particular interest for studying 

androgen effects due to its role in learning and memory, as well as its remarkable 

capacity for structural reorganization. For instance, gonadectomy of male rats was 

shown to reduce spine synapse density in the CA1 subregion of the hippocampus, while 

treatment with testosterone proprionate and DHT, but not estradiol, increased synapse 

density to levels comparable to controls (Leranth et al., 2003). Similar findings have 

been reported in ovariectomized female rats treated with testosterone and DHT 

(Leranth et al., 2004). In this study, treatment with letrozole, an aromatase inhibitor 

completely blocked the synaptic effects of testosterone but not DHT. These data 

suggest that in the male, androgens induce synapse formation independently of 

aromatization, while in the female, androgens can act through both aromatase-

independent and aromatase-dependent mechanisms.  
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In addition, androgen depletion after castration of male senescence-accelerated 

prone 8 (SAMP8) mice was found to significantly reduce the number of apical dendritic 

spines in the CA1 region of the hippocampus, while the administration of DHT reversed 

these effects (S. Li et al., 2013). Data also suggests androgens play a role in the 

regulation of LTP and LTD (Pettorossi et al., 2013), as well as neurogenesis (Spritzer & 

Galea, 2007) in the hippocampus. Spritzer and Galea (2007) demonstrated that 

testosterone enhances hippocampus neurogenesis via increased cell survival of newly 

generated neurons in the dentate gyrus. While there is increasing evidence that 

androgens play an important role in regulating and sustaining neuroplasticity in the 

hippocampus, the underlying mechanisms responsible for these androgen-mediated 

effects remain poorly understood.  

 

1.7  3α-HYDROXY, 5α-REDUCED NEUROSTEROID METABOLITES  

There is a growing body of evidence to suggest that many of the neuroprotective 

effects attributed to the principle gonadal steroid hormones like testosterone, estradiol, 

and progestin, may be due, at least in part, to the conversion of neurosteroid 

metabolites that may act through distinct mechanisms from their parent hormones. In 

particular, the 3α-hydroxy, 5α-reduced neurosteroid metabolites are becoming of 

increased interest due to their potential therapeutic use in the treatment of 

neurodegenerative and neurological diseases. Through sequential reduction via 5α-

reductase and 3α-HSD, the parent steroid hormones testosterone, progesterone, and 

11-deoxyorticosterone can be converted into 3α-diol, allopregnanolone, and 

tetrahydrodeoxycorticosterone (THDOC), respectively (Mendell & MacLusky, 2018). 

Previous studies have shown that these metabolites exert neuroprotective and 
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neurotrophic effects in the brain. However, the majority of research on 3α-hydroxy, 5α-

reduced neurosteroid metabolites and AD specifically has been focused on 

allopregnanolone, and the involvement of 3α-diol remains largely uncharacterized. 

Therefore, there is a need to further investigate the potential neuroprotective effects of 

3α-diol to fully understand the role of androgens in AD.  

 

1.7.1  Mechanisms of Action  

The mechanisms through which 3α-diol may exert its effects in the brain have not 

been completely elucidated. While testosterone and DHT bind to ARs with strong 

affinity, 3α-diol is considered a weak androgen with a low binding affinity toward the AR 

(Zimmerman et al., 2004). This suggests 3α-diol may initiate responses through other 

receptor pathways. Allopregnanolone is a structurally similar metabolite to 3α-diol and 

mediates its effects via allosteric modulation of the GABA type A (GABAA) receptor 

(Rupprecht, 2003). GABAA receptors are pentameric ion channels gated by GABA, the 

major inhibitory neurotransmitter in the brain (Schulte & Maric, 2021). Previous studies 

have identified distinct neurosteroid binding sites in the GABAA receptor that are highly 

conserved among different GABAA receptor isoforms (Hosie et al., 2006, 2009). 

Neurosteroids require specific structural features to bind to the transmembrane domains 

of the receptor. Thus, due to the structural homology that exists between 

allopregnanolone and 3α-diol, it was assumed that 3α-diol could also interact with 

GABAA receptors (Frye et al., 1996). Indeed, 3α-diol has since been shown to have 

positive allosteric activity as a GABAA receptor modulator (Reddy & Jian, 2010), which 

supports studies reporting anxiolytic and anticonvulsant properties (Frye et al., 2010; 

Reddy, 2004).   
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There is also evidence to suggest that 3α-diol may exert effects independent of 

testosterone and DHT by binding to ERβ (Edinger & Frye, 2007). ERβ has been shown 

to play an important role in cell proliferation as well as learning and memory (Rissman 

et al., 2002; Zhang et al., 2002). In a study by Edinger and Frye (2007), researchers 

gave gonadectomized male rats systemic and intrahippocampal administration of 3α-

diol and assessed their cognitive performance. They then infused 3α-diol-replaced rats 

with antisense oligonucleotides (AS-ODNs) to inhibit mRNA translation for ERβ. They 

found that 3α-diol significantly increased learning in the inhibitory avoidance task 

compared to gonadectomized controls, while infusions of ERβ-specific AS-ODNs 

decreased learning and memory. These findings suggest that 3α-diol may contribute to 

testosterone’s effects of enhanced learning and memory via actions on the ERβ in the 

dorsal hippocampus. 

 

1.7.2  3-diol in Neuroprotection   

 Much of the research on 3α-hydroxy, 5α-reduced neurosteroid metabolites in 

neuroprotection has focused on allopregnanolone. Previous studies have reported that 

allopregnanolone enhanced neurogenesis (Karout et al., 2016), protected the brain 

against various insults (Djebaili et al., 2004; Sayeed et al., 2006), and reduced Aβ 

plaque accumulation in a mouse model of AD (Chen et al., 2011). In comparison, only a 

limited number of studies have investigated the potential protective role of 3α-diol. 

However, the following in vivo and in vitro experiments provide evidence of 3α-diol-

mediated neuroprotective effects that may be relevant to AD.  

In a study by Frye and colleagues (2010), researchers found that significant age-

related decline in performance on various cognitive and affective tasks in male Fisher-
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344 rats was associated with a significant decrease in hippocampal 3α-diol levels. 

Further, subcutaneous injections of 3α-diol, but not testosterone, significantly improved 

performance in gonadectomized rats. These findings suggest that the actions of 3α-diol 

may help to protect the brain from age-related deficits in performance of hippocampal-

dependent tasks. In another study, systemic administration of testosterone and 3α-diol 

in aged mice enhanced anti-anxiety behaviour in the elevated plus-maze, zero maze, 

and Vogel task, as well as cognitive performance in the conditioned fear and inhibitory 

avoidance tasks (Frye, Edinger, et al., 2008). In addition, significantly increased levels 

of 3α-diol were found in the plasma and hippocampus without elevated levels of 

testosterone or estradiol. Similar findings were reported in a study by Edinger and Frye 

(2004), where young gonadectomized male rats treated with testosterone, DHT, or 3α-

diol via intrahippocampal infusions or Silastic capsule implants showed less anxiety-like 

behaviour, better learning, and improved analgesia responses compared to non-treated 

animals. 3α-diol levels, but not testosterone or DHT, were also found to be elevated in 

the hippocampus in conjunction with these behavioural effects, suggesting a key role of 

3α-diol as opposed to its androgenic precursors.  

 Testosterone and DHT have been shown to provide neuroprotection against 

apoptosis in primary hippocampal neurons via the transient activation of ERK-1 and 

ERK-2 (Nguyen et al., 2005). However, prolonged ERK phosphorylation is associated 

with neurotoxicity and may contribute to cell death (Stanciu et al., 2000), as well as 

Aβ42-mediated toxicity (Chong et al., 2006; Yin et al., 2011). Recent in vitro studies 

have shown that prolonged phosphorylation of ERK induced by Aβ42 exposure of SH-

SY5Y human neuroblastoma cells and mouse primary cortical neurons can be inhibited 

by physiological concentrations of 3α-diol (Mendell et al., 2016; Mendell & MacLusky, 
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2018). Notably, allopregnanolone was found to exert similar effects, although it required 

a concentration that was 10-fold higher than 3α-diol (Mendell & MacLusky, 2018). This 

3α-diol-mediated inhibition of prolonged ERK phosphorylation appeared to be GABAA 

receptor-independent, as pre-treatment with picrotoxin, a non-competitive GABAA 

receptor antagonist, did not have a significant effect on responses to 3α-diol. Increased 

levels of ERK phosphorylation have been reported in the prefrontal cortex of 3xTg-AD 

mice, while the inhibition of the ERK pathway can reverse the memory impairment 

observed in these mice (Feld et al., 2014). Taken together, 3α-diol-mediated inhibition 

of ERK phosphorylation may play an important role in limiting AD-related pathology.   

 

1.8  RATIONALE  

 Women have an increased risk of developing AD and experience worsened 

cognitive deterioration at the same stage of the disease, compared to men (Gao et al., 

1998; Laws et al., 2016). These observed sex differences have been hypothesized to 

be due, at least in part, to the differences in age-related decline of circulating sex steroid 

hormone levels, since men experience a much more gradual decline in testosterone 

levels over time (Horstman et al., 2012). In animal studies, testosterone has been 

shown to exert neuroprotective and neurotrophic effects in the brain (Moffat, 2005; 

Siddiqui et al., 2016), while men with AD tend to have reduced free levels of circulating 

testosterone (Hogervorst et al., 2001). Several studies have also shown that androgen 

deficiency is closely linked to cognitive impairment (Cai & Li, 2020). Therefore, 

testosterone and its primary metabolite DHT have been extensively studied for their 

potential involvement in protection against AD and therapeutic use.  
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Recently, it has been suggested that steroid hormone-mediated neuroprotection 

may be augmented through the local conversion of primary gonadal steroid hormones 

into metabolites that may have distinct biological properties from their parent hormones 

(Mendell & MacLusky, 2018).  The majority of this area of research has focused on 

allopregnanolone, the principal metabolite reduced from the ovarian steroid 

progesterone. However, data suggests that the structurally similar 3α-hydroxy, 5α-

reduced neurosteroid metabolite of testosterone, 3-diol, may play a role in protecting 

neurons against the neurotoxic effects of Aβ exposure and hence contribute to the 

observed sex differences in AD (Mendell et al., 2016; Mendell & MacLusky, 2018). 

Although, the possible protective effects of increasing 3α-diol levels in vivo remain 

unknown. This thesis will investigate whether supplementation of 3α-diol contributes to 

neuroprotection against the development of AD in the triple transgenic (3xTg) mouse 

model of AD. 

 

1.8.1  Hypothesis 

Continuous long-term treatment of 3-diol will confer protection against the 

development of AD-like neuropathology and cognitive dysfunction in 3xTg-AD mice. 

 

1.8.2  Objectives  

To evaluate the effects of long-term 3-diol treatment in 3xTg-AD mice on: 

1. Object recognition (OR) memory and open-field (OF) behaviour 

2. Hippocampal dendritic morphology  

3. AD-related pathophysiology  
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CHAPTER 2 
 

5α-ANDROSTANE-3α,17β-DIOL (3α-DIOL) TREATMENT IMPROVES 
OBJECT RECOGNITION MEMORY IN 9-MONTH-OLD 3XTG-AD MALE 

MICE AND INDUCES ANXIOLYTIC EFFECTS  
 
 
2.1  INTRODUCTION   
 
 Relatively few studies have investigated the neuroprotective and cognitive effects 

of 3-diol. However, one group of researchers have previously demonstrated that 

administration of 3-diol via subcutaneous injections reduced anxiety and increased 

cognitive performance in the Y-maze, inhibitory avoidance, OR, and conditioned place 

preference tasks in male rats (Frye et al., 2001; Frye & Lacey, 2001). It was also 

reported that acute 3-diol administration reversed the age-related decline in cognitive 

performance (Frye et al., 2010). Previous findings in gonadectomized male rats also 

indicate that long-term administration of 3-diol can enhance affective and cognitive 

behaviours, similar to testosterone and DHT administration (Edinger & Frye, 2004). 

Recent work done by our laboratory showed that treatment with finasteride, an inhibitor 

of the enzyme 5-reductase that converts testosterone to DHT and subsequently 3-

diol, impaired short-term OR memory in male 3xTg-AD mice and long-term OR memory 

in wildtype males (Mendell et al., 2020). This suggests that 3-diol may at least in part, 

play a role in the maintenance of normal OR memory. Yet, the effects on memory by 

increasing 3-diol levels in 3xTg-AD male and female mice have yet to be explored. In 

addition, while 3-diol has been reported to mediate anxiety-like behaviours (Frye et al., 

2001; Frye & Edinger, 2004), to our knowledge no studies have investigated the anti-

anxiety effects of 3-diol treatment in an AD model.  This may be clinically relevant as 
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anxiety is a prevalent symptom in AD patients and may be associated with worsened 

cognitive deficits (Mendez, 2021).   

The spontaneous OR (SOR) memory task is a relatively simple and efficient test 

to assess learning and memory in rodents and has become a widely used model in 

behavioural pharmacology (Lueptow, 2017). The SOR task itself is particularly attractive 

because it does not require reinforcement or punishment to motivate behaviour or 

extensive training and can be completed in a relatively short timeframe. Consequently, 

the conditions of the SOR task are less stressful compared to other behavioural assays 

and more closely resemble the tests used to study human cognition (Aguilar-Valles et 

al., 2005; Antunes & Biala, 2012). Recognition memory in humans is defined as the 

conscious recollection of previously encountered events or items and is an important 

part of episodic memory (Gold & Budson, 2008; Moreno-Castilla et al., 2018). Episodic 

memory is considered the most clinically relevant form of memory for AD patients 

(Moreno-Castilla et al., 2018). Impairment in recognition memory of objects has further 

been described as an early neuropsychological predictor of AD (Didic et al., 2010, 

2013).  

In rodents, recognition memory is commonly evaluated using the SOR paradigm, 

which is based on rodents’ spontaneous preference to explore novel stimuli and their 

ability to remember previously encountered objects (Ennaceur & Delacour, 1988). In a 

prototypical SOR paradigm, the animal is exposed to two familiar objects in an open 

arena during a sample or learning trial, and then returned to their home cage for a 

retention period (Akkerman et al., 2012; Ennaceur & Delacour, 1988). After a certain 

delay, the animal performs a test trial where they are exposed to one of the familiar 

objects and a novel object, which may differ in size, shape, texture, colour, and 
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appearance (Antunes & Biala, 2012). If the animal spends significantly more time 

exploring the novel object compared to the familiar object, it is inferred that the animal 

demonstrates intact OR memory, thereby being able to discriminate between old from 

new (Akkerman et al., 2012; Ennaceur & Delacour, 1988).  

In humans, it is well established that spatial and nonspatial memory is critically 

dependent on the hippocampus and associated MTL structures (Eichenbaum et al., 

2007; Ryan et al., 2010; Shrager et al., 2007). However, the role of the hippocampus in 

OR memory in rodents is controversial. While some studies show hippocampal lesions 

or inactivation does not affect OR in rats (Forwood et al., 2005; Mumby et al., 2002; 

Winters et al., 2004), others show significant impairment in OR (Clark et al., 2000, 

2001). Although, it appears that the hippocampus is necessary for normal OR 

processing in mice (Cohen et al., 2013), particularly when contextual or spatial 

components are relevant (Oliveira et al., 2010). Thus, testing OR in the open-field 

where spatial and contextual cues may be found around the room or testing apparatus, 

likely places a greater demand on the hippocampus (Creighton et al., 2019). The dorsal 

hippocampus in particular has been reported to play an essential role in OR memory 

consolidation, up to 3 hours after training (de Lima et al., 2006). A number of studies 

have also consistently demonstrated that the perirhinal cortex is vital in OR memory 

(Balderas et al., 2008; Warburton & Brown, 2015; Winters et al., 2004; Winters & 

Bussey, 2005). As such, the open field SOR task in transgenic AD mice relies on 

important MTL regions that are implicated in early AD pathology and has significant 

translational potential to evaluate human declarative memory (Grayson et al., 2015).  

The present experiment examined the influence of 3-diol on OR memory and 

anxiety. We hypothesized that long-term treatment of 3-diol via subcutaneous slow-
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release capsules in 3xTg-AD mice would protect against the development of OR 

memory impairment and improve anti-anxiety behaviour.   

 

2.2  MATERIALS AND METHODS  
 
2.2.1  Animals  
 

Colonies of male and female wildtype (B6129SF2/J) and 3xTg-AD (B6;129 

Psen1tm1Mpm Tg(APPSwe,tauP301L)1Lfa/Mmjax) mice obtained from the Jackson 

Laboratory (Bar Harbor, ME, USA) were housed and bred in the Central Animal Facility 

at the University of Guelph. 3xTg-AD mice and age-matched non-Tg controls were bred 

in-house to attain the numbers needed for this study. All animals were housed in same 

sex groups (n=4 mice/cage) in clear polyethylene cages (16 x 12 x 26 cm) with crink-

l’Nest, corn cob bedding, and 2” cotton nestlet squares. Mice were kept in a 

temperature- and humidity-controlled (22 ± 2°C; 40 ± 5%) environment and on a 12-h 

light, 12-h dark cycle (0800h lights on; 2000h lights off). All behavioural testing was 

conducted during the light phase. Standard rodent chow (Teklad Global 14% Protein 

Rodent Maintenance Diet, Harlan Teklad, Wisconsin, USA) and tap water were 

provided to the mice ad libitum. All procedures relating to the use of animals adhered to 

the guidelines of the Canadian Council on Animal Care and were approved by the 

University of Guelph Animal Care Committee.  

3xTg-AD mice were generated by microinjection of two human transgenes 

(human APP harboring the Swedish mutation (KM670/671NL) and MAPT harboring the 

P30IL mutation) into the pronuclei of single-cell embryos from PS1M146V knock-in mice.  

 

2.2.2 Experimental Design  
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All animals were randomly assigned to either treatment or control groups (N=12-

16/group). At 3 months of age, male and female 3xTg-AD mice underwent 

subcutaneous capsule implantation surgeries. Mice in the treatment group received 

Silastic slow-release capsules filled with 3-diol diproprionate (Steraloids, Newport, 

Rhode Island, USA) and mice in the control group received blank capsules that were 

identical in size, to control for surgical stress. Equal numbers of wildtype male and 

female mice received 3-diol diproprionate-filled or blank capsules to be used as normal 

aging controls. A total of 8 groups of mice were used for this study. To investigate the 

effects of continuous long-term treatment of 3-diol, animals were tested at 6- and 9-

months of age. Two separate cohorts of animals were used for each timepoint. Animals 

from the 9-month cohort underwent a second capsule implantation surgery at 6 months 

of age to restore depleted capsules. 

 

2.2.3 3-diol Treatment and Capsule Preparation 

 Silastic capsules were made from sterile Silastic Medical Grade tubing (Dow 

Corning, Michigan, USA; outer diameter 3.18 mm, inner diameter 1.57 mm) to the 

desired length of 1.2 cm. For the drug-filled capsules, one end was sealed with Silastic 

Medical Adhesive (Dow Corning, Michigan, USA) and allowed to set for 24 hours. The 

capsules were then packed with crystalline 3-diol-diproprionate, and the open end was 

sealed with adhesive, which was allowed to set for at least 24 hours prior to 

implantation. Control capsules were left empty and sealed at both ends. Capsules were 

examined to ensure no signs of leaking and then placed in deionized water with 1% 

bovine serum albumin (BSA) overnight at 4°C to initiate and establish a stable gradient 

of hormone release. Silastic capsules have been used previously in rodent models as a 
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convenient way to slowly release stable levels of steroid hormones under the skin 

(Sommerville & Tarttelin, 1983; Ström et al., 2012).  

 

2.2.4 Surgical Procedure   

 All animals underwent capsule implantation surgery and received either 3-diol-

diproprionate-filled or blank capsules. Meloxicam diluted to 0.5mg/mL (dose of 5mg/kg; 

Boehringer Ingelheim, Burlington, ON, Canada) and 0.9% sterile saline was injected 

subcutaneously into each mouse prior to surgery to provide postoperative pain relief, 

reduce inflammation and control for dehydration. All mice were anesthetized using 5% 

isoflurane gas (Benson Medical Industries, Markham, ON, Canada) in an induction 

chamber. Once the animals’ respiratory rate decreased, they were placed in the prone 

position on an electric heating pad, and anesthesia was maintained via a nose cone. 

Clippers were used to shave the back of the mouse and firm pressure was applied to 

the extended hind foot to ensure adequate anesthesia. The surgical site was disinfected 

using Bacti-Stat Gel 4% antimicrobial soap, 70% isopropyl alcohol, and surgical iodine 

solution. A small midline dorsal incision was made parallel to the spine (Figure) and 2-3 

drops of lidocaine (dose of 20mg/kg; Alveda Pharmaceuticals, Toronto, ON, Canada) 

were applied at the incision site for local anesthesia. Using blunt scissors, the body wall 

was gently separated from the underlying dermis in a caudal direction to form a small 

pocket on the dorsal lateral side of the mouse. Capsules were disinfected in sterile 

saline and 70% ethanol and then inserted into the subcutaneous pocket. Incision sites 

were closed with 2-3 surgical staples (9mm stainless-steel EZ Clip; Stoelting, Illinois, 

USA). All mice were placed in heated recovery chambers and were observed for full 

recovery.  
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2.2.5 Sacrifice and Tissue Collection  

 Animals were sacrificed within 1 month post behavioural endpoint. Animals were 

sacrificed by cervical dislocation or were anesthetized by intraperitoneal injection of 

sterile avertin (tribromoethanol: 0.8mL/20g dosage) followed by transcardial perfusion. 

Trunk blood was collected for future hormone analysis. Blood was centrifuged at 12,000 

RPM for 10 minutes and plasma was collected and stored at -80°C. Brains from the 

animals that were sacrificed by cervical dislocation were extracted, placed on ice, and 

carefully cut into two halves using a razor blade along the longitudinal fissure. One half 

of the brain was placed into Golgi-Cox solution for morphological analysis and the other 

half was flash frozen using liquid nitrogen and stored at -80°C for western blot analysis. 

To prevent the effect of lateralization, approximately equal numbers of left and right 

sides of the brain were included for each treatment group. The brains from the animals 

that were transcardially perfused, were extracted and post-fixed by immersion in 4% 

PFA for 36 hours at 4°C to be used for immunohistochemistry (IHC) and 

immunofluorescence (IF) analysis.  

 

2.2.6 Spontaneous Object Recognition (SOR) Task  

 The SOR task (Figure 2.1) was performed in a square-shaped wall-enclosed 

open field arena (45x45x30cm) made of white corrugated plastic. Virtual cues were set 

up around the testing room so that spatial information was readily available for the mice. 

The SOR task consists of three phases: the habituation phase, the familiarization 

phase, and the test phase. Prior to testing, all animals were habituated in the open field 

arena for 10 minutes on two consecutive days. During habituations, mice were exposed 

to the same conditions as testing days and were allowed to freely explore the open field 
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apparatus in the absence of objects. During the familiarization phase, also known as the 

sample phase, mice were placed in the open field apparatus with two identical objects, 

which herein are referred to as ‘familiar’ objects. The familiar objects were placed in two 

adjacent corners and mice were allowed to explore for 10 minutes. In order to prevent 

coercion of the mice to explore the objects, mice were released from the same starting 

position from an enclosed start box. Mice were then placed back into their home cages 

and given a retention delay of either 5 minutes to assess short-term memory or 3 hours 

to assess long-term memory. After the retention delay, mice were placed back into the 

open field apparatus for the test (or choice) phase however, one of the two identical 

familiar objects from the sample phase were replaced with a novel object. Mice were 

allowed to explore the objects for 3 minutes during the choice phase. All animals were 

tested with both the 5 minute and 3-hour delay on separate trial days approximately 48 

hours apart. Exploration was scored when the mouse touched the object with its snout 

or forepaws, or if it bit, sniffed, or directed its nose toward the object from a distance of 

≤2cm. Exploration was not recorded if the mouse was running around or climbing the 

object. During the test phase, the kind of familiar or novel object as well as the location 

of the object was randomized and counterbalanced for each experimental animal. After 

each trial, all objects were cleaned with 70% ethanol to remove the influence of odor 

cues.  

The SOR procedure relies on the inherent tendency of mice to explore novelty 

(Antunes & Biala, 2012; Ennaceur & Delacour, 1988). This leads to a preference in 

exploring the novel object over the familiar object, revealing recognition memory of the 

familiar object. A discrimination ratio (DR) can be used to quantify novelty preference in 

the choice phase, where DR = [(novel object exploration – familiar object exploration)/ 
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(total object exploration)]. A DR of zero indicates an equal amount of time spent with 

both objects and a positive DR indicates more time exploring the novel object. In the 

sample phase, both objects should be novel and explored equally, thus a DR of 

approximately zero is expected. A DR from the sample phase can be calculated, where 

DR = [(exploration of the object in the location that the novel object in the choice phase 

will be placed in – exploration of the object in the location that the familiar object in the 

choice phase will be placed in)/(total object exploration)]. This measure takes into 

account individual differences in the amount of exploration of each object in the sample 

or learning phase. A DR from the choice phase that is significantly greater than the DR 

from the sample phase indicates novelty preference, which can be used as an indicator 

of intact OR memory.  
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Figure 2.1 Spontaneous object recognition memory task. (A) Representation of the 
three major steps in the SOR task. 1. Mice are habituated in the empty open field 
apparatus for two consecutive days (top left). 2. Mice enter the sample phase where 
they are exposed to two identical objects in adjacent corners of the box and allowed to 
explore for 10 minutes (bottom left). After this phase, mice are given a retention delay of 
5 minutes or 3 hours to assess short-term and long-term memory, respectively. 3. Mice 
enter the testing phase where one of the original objects is replaced with a novel object 
and mice are allowed to explore for 3 minutes (bottom right). (B) Representation of the 
open field apparatus with dimensions.  
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2.2.7  Open Field (OF) Test 

 The OF test (Figure 2.2) is a common measure of anxiety-like behaviour and 

locomotor activity in rodents (Seibenhener & Wooten, 2015). Video recordings from the 

SOR task habituations were used to assess open field behaviour. The open field arena 

as previously described was made of white high density, non-porous plastic with walls 

of sufficient height to ensure mice could not escape. The open field apparatus was 

completely empty and cleaned with 70% ethanol before and after testing to remove 

scent cues from previous mice. Mice were removed from their home cages and placed 

into the center of the apparatus and allowed to explore for 10 minutes, with the 

experimenter out of sight. The animals’ movement was recorded using a suspended 

video camera above the maze that allowed the camera to view the entire arena. Using 

the automated video-tracking software EthoVision XT (v.11, Noldus, VT, USA), an inner 

center zone and outer periphery zone were identified and used for subject tracking. 

When mice enter an open field, they tend to explore the periphery and remain close to 

the walls, a behaviour known as thigmotaxis, which is likely a consequence of the 

propensity of rodents to avoid large, open and unknown areas (Choleris et al., 2001). 

Therefore, a greater amount of time spent in the center zone of the arena compared to 

the periphery zone can be used as an indicator of decreased anxiety-like behaviour. A 

mouse was considered to have entered an area when the center point had travelled 

past the dividing line. Locomotor activity was also quantified by measuring the total 

distance (cm) moved during the 10-minute time period of the test.  
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Figure 2.2 Open field test. Schematic representation of the EthoVision XT video 
tracking software. (A) the inner square center zone (22.5cm x 22.5cm) and outer 
periphery zone outlined in the open field arena. (B) Exploratory behaviour was recorded 
via automated tracking of the animals’ nose point, center point, and tail points, where 
two measures of OF behaviour was assessed: percentage of time spent in the center 
zone compared to total time spent in the arena; and total distance moved. 
 

 

2.2.8 Statistical Analysis  

 Analysis of variance (ANOVA) was used to analyze statistical interactions and 

main effects. OR data were analyzed by four-way repeated measures ANOVA with 

retention delay as a within-subjects factor and sex, genotype, and treatment as 

between-subjects factors. Separate two- and three-way ANOVAs were used following 

significant two- and three-way interactions and post hoc tests with the Bonferroni 

correction were used to examine significant differences, where appropriate. Paired 

samples t-tests were used to compare sample and choice DRs, where a significant 

increase in the DR from sample to choice was used as a measure of intact OR memory. 

Post hoc analyses with the Bonferroni correction were used to examine significant 

treatment group differences. 
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Since the SOR task relies on equal exploration between groups during both test 

and training, the raw exploration times (left + right object exploration) in the sample and 

choice phases were also analyzed by four-way ANOVA. Only the significant effects on 

total exploration were reported. Pearson product moment correlation coefficients were 

used to evaluate the relationship between total exploration during the sample or choice 

phase and novelty preference (choice DR).  

OF data were analyzed by three-way ANOVA with sex, genotype, and treatment 

as between-subjects factors. Separate two- and three-way ANOVAs were used 

following significant two- and three-way interactions. Post hoc analyses with the 

Bonferroni correction were used to examine significant group differences.  

Outliers (>2 SD ± mean) were excluded from analyses. Data were tested for 

homogeneity of variance using the Levene’s test and data were log10 transformed prior 

to statistical analysis when homogeneity of variance was not met. All behavioural data 

were performed using SPSS Statistics 26 Software (IBM, Armonk, NY, USA). Statistical 

significance was defined as p ≤ 0.05.  

 

2.3  RESULTS 

2.3.1  Effects of 3-diol Treatment on Object Recognition Memory  

 Short-term (5 minute) OR memory and long-term (3 hour) OR memory was 

evaluated as previously discussed. At 6 months of age, a 2x2x2x2 repeated measures 

ANOVA revealed a significant main effect of sex [F(1,118)=9.583, p=0.002] and 

treatment [F(1,118)=8.735, p=0.004], and a significant genotype x treatment interaction 

[F(1,118)=4.173, p=0.043], sex x treatment interaction [F(1,118)=5.083, p=0.026], delay 

x genotype x sex interaction [F(1,118)=14.103, p<0.001], and delay x genotype x sex x 
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treatment interaction [F(1,118)=8.294, p=0.005] (Figure 2.3A). Post hoc analyses 

revealed a significant difference between 3-diol treated transgenic animals and vehicle 

treated transgenic animals (Tg-3-diol vs. Tg-Vehicle, p=0.001); between 3-diol 

treated transgenic animals and 3-diol treated wildtype animals (Tg-3-diol vs Wt-3-

diol, p=0.016); between males treated with 3-diol and males treated with vehicle 

(males-3-diol vs. males-Vehicle, p=0.001); and between male and females treated with 

vehicle (males-Vehicle vs. females-Vehicle, p<0.001). At the 3-hour delay, post hoc 

analysis revealed a significant difference between transgenic males and transgenic 

females (3h: Tgm vs. Tgf, p<0.001) but not male and female wildtype animals (3h: Wtm 

vs. Wtf, p=0.833); and between transgenic females and wildtype females (3h: Tgf vs. 

Wtf, p=0.001) but not between transgenic males and wildtype males (3h: Tgm vs. Wtm, 

p=0.524). At the 5-minute delay, post hoc analysis revealed a significant difference 

between wildtype males and wildtype females (5 min: Wtm vs. Wtf, p=0.009) but not 

between transgenic males and females (5min: Tgm vs. Tgf, p=0.605).  

At 6 months of age, paired samples t-tests between sample and choice DR at the 

short-term (5 minute) delay indicated intact memory in vehicle treated animals (5min: 

Wtm, t(15)=-7.980, p<0.001; Wtf, t(15)=-3.353, p=0.004; Tgm, t(15)=-8.726, p<0.001; 

Tgf, t(14)=0.001) and in 3-diol treated wildtype males and transgenic females (5min: 

Wtm, t(15)=5.633, p<0.001; Tgf, t(15)=-2.866, p=0.011), but impaired memory in 3-diol 

treated wildtype females and transgenic males (5min: Wtf, t(15)=-1.200, p=0.249; Tgm, 

t(14)=-0.729, p=0.478). Paired samples t-tests between sample and choice DR at the 

long-term (3 hour) delay indicated intact memory for all treatment groups (3h: Wtm-

Vehicle, t(15)=-5.036, p<0.001; Wtm-3-diol, t(15)=-2.355, p=0.033; Wtf-Vehicle, t(15)=-
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2.788, p=0.014; Wtf-3-diol, t(15)=-5.254, p<0.001; Tgm-Vehicle, t(15)=-11.314, 

p<0.001; Tgm-3-diol, t(14)=-2.564, p=0.022), except for transgenic females treated 

with both vehicle and 3-diol which indicated impaired memory (3h: Tgf-Vehicle, t(14)=-

1.045, p=0.314; Tgf-3-diol, t(15)=-1.500, p=0.154).  

 At 9 months of age, a 2x2x2x2 repeated measures ANOVA revealed a significant 

main effect of genotype [F(1,108)=9.029, p=0.004] and a significant genotype x 

treatment x delay interaction [F(1,108)=5.473, p=0.021] (Figure 2.3B). Post hoc analysis 

revealed a significant difference at the long-term delay between vehicle treated 

transgenic animals and 3-diol treated transgenic animals (3h: Tg-Vehicle vs. Tg-3-

diol, p=0.022) and between vehicle treated transgenic and wildtype animals (3h: Tg-

Vehicle vs. Wt-Vehicle, p=0.001), but no significant difference between groups at the 

short-term delay. Paired samples t-tests between sample and choice DR at the short-

term delay indicated intact memory for all treatment groups (5min: Wtm-3-diol, t(13)=-

3.258, p=0.006; Wtm-Vehicle, t(14)=-2.978, p=0.01; Wtf-3-diol, t(15)=-17.728, 

p<0.001; Wtf-Vehicle, t(15)=-7.607, p<0.001; Tgm-Vehicle, t(11)=-3.18, p=0.009; Tgf-

3-diol, t(15)=-2.226, p=0.042; Tgf-Vehicle, t(12)=-5.371, p<0.001), except for 

transgenic males treated with 3-diol which showed impaired memory (5min: Tgm-3-

diol, t(12)=-1.104, p=0.291). At the long-term delay, paired samples t-tests between 

sample and choice DR indicated intact memory in all wildtype animals and transgenic 

males treated with 3-diol (3h: Wtm-3-diol, t(14)=-3.47, p=0.004; Wtm-Vehicle, t(14)=-

5.126, p<0.001; Wtf-3-diol, t(15)=-4.028, p=0.001; Wtf-Vehicle, t(15)=-6.775, p<0.001; 

Tgm-3-diol, t(12)=-3.483, p=0.005), but impaired memory in transgenic males treated 

with vehicle and transgenic females treated with both 3-diol and vehicle (3h: Tgm-
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Vehicle, t(11)=-1.834, p=0.094; Tgf-3-diol, t(15)=-1.154, p=0.267; Tgf-Vehicle, t(12)=-

0.142, p=0.890).  
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Figure 2.3 Object recognition (OR) memory in wildtype and 3xTg-AD male and 

female mice. (A) At 6-months-of-age, 3-diol treatment impairs short-term (5 min) OR 
memory in wildtype female (Wtf) and 3xTg-AD male (Tgm) mice, while long-term (3 h) 

OR memory is impaired in both vehicle-treated and 3-diol-treated 3xTg-AD female 

(Tgf) mice. (B) At 9-months-of-age, 3-diol treatment impairs short-term OR memory in 
Tgm mice but improves long-term OR memory in Tgm mice. Long-term OR memory is 

impaired in TGF mice treated with vehicle and 3-diol. Data are mean ± SEM. Choice 
DR’s are represented by darkly coloured blue and green bars and sample DR’s are 
represented by lightly coloured bars. *p<0.05, **p<0.01, ***p<0.001 indicates significant 
differences between sample and choice DR. ## p<0.01 indicates a significant difference 
between vehicle-treated Tgm and Tgf mice at 3h, ††† p<0.001 indicates a significant 

difference between vehicle-treated Tgm and 3-diol-treated Tgf mice at 3h, φφ p<0.01 

indicates a significant difference between 3-diol-treated Tgf mice and vehicle-treated 

Wtm mice at 3h, ΔΔ p<0.01 indicates a significant difference between between 3-diol-
treated Tgf and Wtf mice at 3h, ‡‡ p<0.01 01 indicates a significant difference between 
between vehicle-treated Wtf and Tgf mice at 3h. 
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2.3.2  OR Exploratory Behaviour  

 At 6 months of age, a 2x2x2x2 repeated measures ANOVA revealed a significant 

sex x delay interaction [F(1,118)=6.676, p=0.011] on exploratory behaviour during the 

sample phase (Table 2.1). Post hoc analysis revealed a significant difference between 

male and female exploration with the 5-minute delay (5 min: M vs. F, p=0.007) and a 

significant difference between males with the 5-minute and 3-hour retention delays 

(males: 3h vs. 5min, p=0.013). A 2x2x2x2 repeated measures ANOVA also revealed a 

significant main effect of delay [F(1,118)=9.431, p=0.003] and significant genotype x 

delay [F(1,118)=4.049, p=0.046] and genotype x sex x treatment [F(1,118)=6.289, 

p=0.014] interactions on exploratory behaviour during the choice phase. Post hoc 

analysis revealed a significant difference in exploration during the choice phase 

between transgenic and wildtype animals with the 5-minute delay (5min: Tg vs. Wt, 

p=0.014); between 3-diol treated transgenic male and females (Tgm-3-diol vs. Tgf-

3-diol, p=0.025); and between 3-diol treated transgenic male and wildtype male mice 

(Tgm-3-diol vs. Wtm-3-diol, p=0.018).  

 At 9 months of age, a 2x2x2x2 repeated measures ANOVA revealed a significant 

main effect of genotype [F(1,108)=16.54, p<0.001] on exploratory behaviour during the 

sample phase, with no significant interactions. A 2x2x2x2 repeated measures revealed 

significant main effects of genotype [F(1,108)=21.266, p<0.001], sex [F(1,108)=5.694, 

p=0.019] and delay [F(1,108)=76.255, p<0.001], and significant genotype x delay 

[F(1,108)=11.267, p=0.001] and genotype x treatment x delay [F(1,108)=16.369, 

p<0.001] interactions on exploratory behaviour during the choice phase. Post hoc 

analysis revealed a significant difference in exploratory behaviour during the choice 

phase between transgenic and wildtype animals with the 5-minute retention delay 
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(5min: Tg vs. Wt, p<0.001); between transgenic animal exploration with the 5-minute 

and 3-hour retention delays (Tg: 3h vs. 5min, p=0.002); between wildtype animal 

exploration with the 5-minute and 3-hour retention delays (Wt: 5min vs. 3h, p<0.001); 

between vehicle treated transgenic and wildtype animal exploration with the 3-hour 

delay (Tg-Vehicle vs. Wt-Vehicle, p=0.007); and between 3-diol treated transgenic and 

wildtype animal exploration with the 5-minute delay (Tg-3-diol vs. Wt-3-diol, 

p<0.001). 
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Open-Field OR 

 

 
Treatment Group 

 
Age 

 
Exploration 

Phase 
 

 
Delay 

 
Wtm-

Vehicle 

 
Wtm- 

3-
diol 

 
Wtf-

Vehicle 

 
Wtf-  

3-
diol 

 
Tgm-

Vehicle 

 
Tgm-

3-
diol 

 
Tgf-

Vehicle 

 
Tgf-  

3-
diol 

  
 
 
 
 
 

6 
months 

 
 

Total Mean 
Sample 

Exploration 

 
5 min 

 
34.32 
(4.06) 

 
41.66 
(5.10) 

 
29.10 
(7.53) 

 
27.10 
(5.10) 

 
40.49 
(6.91) 

 
34.67 
(6.31) 

 
34.26 
(7.56) 

 
16.28 
(5.85) 

 
3 h 

 
28.73 
(4.53) 

 
29.82 
(3.37) 

 
30.18 
(5.71) 

 
38.87 
(8.54) 

 
33.52 
(6.39) 

 
31.34 
(4.11) 

 
30.99 
(5.66) 

 
19.28 
(4.89) 

 
 

Total Mean 
Choice 

Exploration 

 
5 min 

 
6.99 

(0.84) 

 
6.79 

(1.13) 

 
6.68 

(0.90) 

 
9.27 

(1.27) 

 
9.06 

(1.25) 

 
12.19 
(2.21) 

 
12.41 
(2.90) 

 
7.07 

(2.37) 

 
3 h 

 
8.23 

(1.68) 

 
5.43 

(0.73) 

 
7.37 

(1.31) 

 
6.23 

(0.92) 

 
6.23 

(0.88) 

 
8.24 

(1.25) 

 
8.75 

(1.92) 

 
5.63 

(1.09) 

 
 
 
 
 
 

9 
months 

 
 

Total Mean 
Sample 

Exploration 

 
5 min 

 
32.97 
(4.37) 

 
29.62 
(4.50) 

 
40.08 
(4.04) 

 
32.62 
(3.34) 

 
19.52 
(2.82) 

 
20.68 
(3.26) 

 
25.09 
(5.23) 

 
22.89 
(2.63) 

 
3 h 

 
39.05 
(4.07) 

 
28.15 
(3.36) 

 
33.83 
(4.63) 

 
30.40 
(4.29) 

 
17.77 
(2.64) 

 
24.14 
(3.06) 

 
31.14 
(6.02) 

 
25.15 
(5.53) 

 
 

Total Mean 
Choice 

Exploration 

 
5 min 

 
12.79 
(1.71) 

 
16.72 
(1.97) 

 
14.79 
(1.44) 

 
16.55 
(1.64) 

 
9.13 

(1.44) 

 
6.44 

(0.97) 

 
12.32 
(2.70) 

 
8.23 

(1.54) 

 
3 h 

 
8.82 

(1.55) 

 
5.26 

(0.79) 

 
9.17 

(1.58) 

 
8.29 

(1.11) 

 
2.91 

(0.83) 

 
5.46 

(0.97) 

 
7.51 

(1.69) 

 
7.39 

(1.25) 

 
Table 2.1 Exploratory behaviour in the SOR memory task. Total exploration time 
(time exploring both objects) during the sample and choice phases of the SOR memory 
task are displayed. Data are presented as group mean exploration (s) with SEM in 
brackets. 
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2.3.3  Correlation Between Exploratory Behaviour and Choice Discrimination 
Ratio  

Although there were significant differences observed in exploratory behaviour at 

6 and 9 months of age, exploration did not consistently correlate with OR performance 

(Choice DR, Table 2.3). However, at 6 months of age, there was a significant negative 

correlation between sample exploration and choice DR in transgenic females treated 

with vehicle at the 5-minute delay [r(13)=-.517, p=0.049] and wildtype males treated 

with 3-diol at the 3-hour delay [r(14)=-.537, p=0.032]. At 9 months of age, there was a 

significant negative correlation between sample exploration and choice DR in transgenic 

males treated with vehicle at the 5-minute delay [r(10)=-.722, p=0.008] and wildtype 

females treated with 3-diol at the 5-minute delay [r(14)=-.604, p=0.013], as well as a 

significant positive correlation between choice exploration and choice DR in wildtype 

females treated with vehicle at the 3-hour delay [r(14)=.529, p=0.035].  
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Open-Field OR 

 

 
Treatment Group 

 
Age 

 
Correlation 

 

 
Delay 

 
Wtm-

Vehicle 

 
Wtm-

3-
diol 

 
Wtf-

Vehicle 

 
Wtf-  

3-
diol 

 
Tgm-

Vehicle 

 
Tgm-

3-
diol 

 
Tgf-

Vehicle 

 
Tgf-  

3-
diol 

  
 
 
 
 

 
6 months 

 
Correlation 
Between 
Sample 

Exploration 
and Choice 

DR 

 
5 min 

 
-.374 

 
.174 

 
.040 

 
.131 

 
-.056 

 
-.145 

 
-.517* 

 
.195 

 
3 h 

 
-.040 

 
-.537* 

 
.200 

 
.228 

 
-.475 

 
.382 

 
-.353 

 
.120 

 
 

Correlation 
Between 
Choice 

Exploration 
and Choice 

DR 

 
5 min 

 
.093 

 
-.104 

 
-.194 

 
.430 

 
-.065 

 
-.020 

 
.022 

 
.456 

 
3 h 

 
.271 

 
-.195 

 
.069 

 
.123 

 
-.006 

 
-.189 

 
-.128 

 
-.250 

 
 
 
 
 

 
9 months 

 
Correlation 
Between 
Sample 

Exploration 
and Choice 

DR 

 
5 min 

 
-.298 

 
.463 

 
.446 

 
-.604* 

 
-.722** 

 
-.172 

 
.143 

 
.181 

 
3 h 

 
.220 

 
.115 

 
.131 

 
-.477 

 
-.362 

 
-.185 

 
.254 

 
-.042 

 
Correlation 
Between 
Choice 

Exploration 
and Choice 

DR 

 
5 min 

 
-.289 

 
.222 

 
-.075 

 
.024 

 
-.308 

 
.198 

 
.090 

 
.021 

 
3 h 

 
.227 

 
-.117 

 
.529* 

 
-.202 

 
.328 

 
-.454 

 
.372 

 
-.085 

 
Table 2.2 Pearson correlations between total sample or choice exploration (s) and 
task performance index (choice DR). *p<0.05, **p<0.01 indicates a significant 
correlation between exploratory behaviour during the sample or choice phase and the 
choice DR.  
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2.3.4 Effects of 3-diol Treatment on Open Field Behaviour 

 At 6 months of age, a 2x2x2 ANOVA revealed a significant main effect of 

treatment [F(1,109)=8.78, p=0.004] on percentage of time spent in the center zone, with 

no significant main effects of genotype [F(1,109)=0.059, p=0.808] or sex 

[F(1,109)=0.465, p=0.497] and no significant interaction effects (Figure 2.4A). For total 

distance moved, a 2x2x2 ANOVA revealed a significant main effect of sex 

[F(1,109)=42.004, p<0.001], with no significant main effects of genotype 

[F(1,109)=1.713, p=0.193] or treatment [F(1,109)=0.926, p=0.338] and no significant 

interaction effects (Figure 2.4B).  

At 9 months of age, a 2x2x2 ANOVA revealed significant main effects of 

genotype [F(1,100)=55.188, p<0.001] and treatment [F(1,100)=7.557, p=0.007] and a 

significant genotype x sex x treatment interaction [F(1,100)=10.430, p=0.002] on 

percentage of time spent in the center zone (Figure 2.4C). Post hoc analysis revealed a 

significant difference in percentage of time spent in the center zone between transgenic 

males treated with 3-diol and transgenic males treated with vehicle (Tgm-3-diol vs. 

Tgm-Vehicle, p=0.013); between wildtype females treated with 3-diol and wildtype 

females treated with vehicle (Wtf-3-diol vs. Wtf-Vehicle, p=0.002); and between 3-diol 

treated wildtype males and wildtype females (Wtm-3-diol vs. Wtf-3-diol, p=0.006).  

For total distance moved at 9 months of age, a 2x2x2 ANOVA revealed a 

significant main effect of genotype [F(1,100)=65.04, p<0.001] and a significant genotype 

x sex interaction [F(1,100)=4.321, p=0.04] (Figure 2.4D). Post hoc analysis revealed a 

significant difference in total distance moved between transgenic females and wildtype 

females (Tgf vs. Wtf, p<0.001); between transgenic males and wildtype males (Tgm vs. 
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Wtm, p<0.001); and between wildtype males and females (Wtm vs. Wtf, p=0.008), with 

no significant difference between transgenic males and females (Tgm vs. Tgf, p=0.867).  
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Figure 2.4 Open field (OF) behaviour in wildtype and 3xTg-AD mice. (A) 
Percentage of time spent in the center zone and (B) total distance moved in the open 
field arena at 6 months of age. (C) Percentage of time spent in the center zone and (D) 
total distance moved in the open field arena at 9 months of age. ## p<0.01 indicates a 

significant difference between wildtype females (Wtf) treated with 3-diol and Wtf 
treated with vehicle, ‡‡ p<0.01 indicates a significant difference between WTF and 

wildtype males (Wtm) treated with 3-diol, φ p<0.05 indicates a significant difference 

between transgenic males (Tgm) treated with 3-diol and Tgm treated with vehicle. 
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2.4  DISCUSSION  

The findings from this experiment demonstrate that 3-diol plays an important 

role on OR memory in 3xTg-AD males compared to females. Specifically, 3-diol 

differentially impaired short-term OR memory and improved long-term OR memory in 

male 3xTg-AD mice. Previous studies have shown that testosterone and DHT can exert 

protective effects against cognitive impairments in gonadectomized 3xTg-AD mice 

(Rosario et al., 2006, 2010, 2012), and that 5-reduced neurosteroids of testosterone 

may contribute to the observed sex differences in AD (Mendell et al., 2020). However, 

to our knowledge, this is the first study to investigate the cognitive effects of continuous 

long-term supplementation of 3-diol in the 3xTg mouse model of AD.    

In support of our hypothesis, we found that at 9 months of age, male 3xTg-AD 

mice treated with 3-diol had intact long-term OR memory, while vehicle-treated 3xTg-

AD male mice had significantly impaired long-term OR memory. Though at 6 months of 

age, both vehicle-treated and 3-diol-treated 3xTg-AD male mice had intact long-term 

OR memory. Contrary to our hypothesis, 3-diol impaired short-term OR memory in 

3xTg-AD males at 6 and 9 months of age, as well as wildtype females at 6 months of 

age. Further, 3-diol did not protect female 3xTg-AD mice against the development of 

OR memory impairment. Data indicated that both 3xTg-AD females treated with 3-diol 

and vehicle had intact short-term OR memory but showed impaired long-term OR 

memory at 6 and 9 months of age. Thus, it appears that the age of the animals, duration 

of treatment, retention delay, and sex are all important determinants of the effects of 3-

diol on OR memory.  
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It is important to consider why the effects of 3-diol on OR performance may 

have varied depending on the retention interval. One possible interpretation of these 

results is that 3-diol may have differentially affected the neurobiological mechanisms of 

short- versus long-term memory. It is well-established that memory is a complex 

phenomenon that involves different processes and underlying mechanisms. For 

example, short-term memory has been shown to rely on post-translational modifications 

and existing networks, while long-term memory relies more on new protein synthesis as 

well as structural and functional changes of neural networks (Alberini, 2009; Bisaz et al., 

2014; Davis & Squire, 1984). Thus, it is possible that 3-diol may differentially affect 

these mechanisms although, future studies are required to better understand the 

molecular mechanisms through which 3-diol may be exerting its cognitive effects.  

Our results indicating that 3-diol impaired OR memory after the short-term 

retention delay contrasts with previous findings in our laboratory. It was reported that 

3xTg-AD males treated with finasteride had impaired OR memory when tested in an 

open-field with the short 5-minute retention delay, suggesting that 5-reduced 

metabolites including 3-diol, play an important role in the maintenance of short-term 

memory in this model of AD (Mendell et al., 2020). However, one possible explanation 

is that finasteride would have also blocked the effects of DHT and allopregnanolone, 

both of which have been shown to promote learning and memory in 3xTg-AD mice 

(Rosario et al, 2006; Singh et al. 2012). Although, to our knowledge, there are no 

studies that have investigated their effects on OR memory using varied retention delays. 

Thus, in order to better understand the distinctive roles of 5-reduced neurosteroid 
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metabolites on memory, it will be important for future studies to investigate their effects 

on OR using both short- and long-term retention intervals.  

The majority of studies investigating the effects of 3-diol on cognition have been 

performed in male rodents, with only limited research demonstrating a beneficial effect 

from androgen supplementation in female mice. However, one study suggested that 

androgens may have differential effects in females depending on the type of androgen 

treatment and cognitive task assessed (Benice & Raber, 2009). Thus, we were 

interested in examining the effects of 3-diol in both male and female 3xTg-AD mice. 

Our data suggests that 3xTg-AD males are more sensitive to the cognitive effects of 3-

diol in comparison to 3xTg-AD females. This is unsurprising as it has been largely 

reported that cognitive function is maintained by estrogens in females and by androgens 

in males (Alia-Klein et al., 2020). In addition, there is evidence to suggest that 

androgens can antagonize the effects of estrogens (Lund et al., 2004, 2006; 

Ponnusamy et al., 2019). For example, some studies have reported that administered 

pharmacological doses of androgens may affect the number and binding affinity of the 

cytoplasmic estrogen receptor and decrease estrogen-induced RNA transcription (Hung 

& Gibbons, 1983; Zava & McGuire, 1977). Consequently, it seems plausible that 

treating intact 3xTg-AD females with 3-diol may antagonize the neuroprotective effects 

of estrogens, thereby cancelling out the positive androgenic effect that can be seen in 

the males. Though this remains speculative and additional research is required to clarify 

the role of 3-diol and these sex-specific differences in relation to cognitive decline and 

AD. Clinically, understanding how sex steroid hormones like 3-diol affect males and 
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females may be essential for developing effective sex-specific interventions to prevent 

and treat AD.   

Consistent with the literature on 3xTg-AD mice, the data indicates progressive 

impairment in OR memory, where male 3xTg-AD mice showed intact long-term OR 

memory at 6 months of age but were selectively impaired on long-term OR memory at 9 

months of age. This is consistent with a study by Guzman-Ramos and colleagues 

(2012) that showed 3xTg-AD males at 5 months of age had intact OR memory with a 

24-hour retention delay but had impaired OR memory at 10 months of age. On the other 

hand, the data indicates that all 3xTg-AD females were impaired on long-term OR 

memory at both 6 and 9 months of age, demonstrating a sex difference between 3xTg-

AD males and females. This is in agreement with studies that have reported 3xTg-AD 

females as developing cognitive deficits at earlier ages and having more severe deficits 

than their male counterparts (Clinton et al., 2007; Yang et al., 2018). Although, there 

were no sex differences in OR deficits at the short-retention delay, inconsistent with 

some studies that have shown that 3xTg-AD males have more severe working memory 

deficits (Creighton et al., 2019; Stevens & Brown, 2015).  

 As 3-diol did not have a significant effect on total ambulatory distance, we were 

also able to analyze the degree of thigmotaxis in 3-diol treated versus vehicle treated 

wildtype and 3xTg-AD mice. We observed that 3-diol significantly increased anti-

anxiety behaviour in the open field under certain conditions. Specifically, there was a 

significant increase in the percentage of time spent in the center zone in 3xTg-AD males 

and wildtype females administered 3-diol compared to those given vehicle. This is 

consistent with previous studies that have found 3-diol to have anxiolytic effects in 

male rats and mice (Frye, Edinger, et al., 2008; Frye, Koonce, et al., 2008). While it is 
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possible that the anxiety-reducing effects of 3-diol may have affected OR performance, 

particularly in 3xTg-AD males at 9 months of age, we think this likely did not affect the 

behavioural result as total exploration did not consistently correlate with OR 

performance. 

In summary, the present findings indicate that 3-diol may exert important effects on 

memory and anxiety behaviours. First, 3-diol significantly affected 3xTg-AD male but 

not 3xTg-AD female mice on open field OR. Second, 3-diol differentially improved 

long-term OR memory and impaired short-term OR memory in male 3xTg-AD mice. 

Lastly, 3-diol significantly reduced anxiety-like behaviour, compared to those treated 

with control implants. These data provide insight into the largely unexplored effects of 

3-diol on cognitive and affective behaviours in an AD mouse model. Future studies 

investigating these effects once the disease has fully progressed (12 months of age and 

older) is warranted.   
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CHAPTER 3 

5α-ANDROSTANE-3α,17β-DIOL (3α-DIOL) TREATMENT INDUCES 
REMODELLING OF HIPPOCAMPAL DENDRITIC SPINE DENSITY AND 

BRANCHING IN 3XTG-AD MICE 
 

3.1  INTRODUCTION  

 Gonadal steroid hormones have been shown to exert profound effects on 

synaptic plasticity in the hippocampus of mice (S. Li et al., 2013), rats (Leranth et al., 

2003, 2004; MacLusky et al., 2006) and non-human primates (Leranth et al., 2002). It is 

hypothesized that these changes in hippocampal structure may be linked to the gonadal 

steroid hormone-induced changes in hippocampal-dependent behaviour (Edinger & 

Frye, 2007; Harooni et al., 2008). In AD, previous studies have linked dendritic spine 

dysregulation with its pathogenesis (DeKosky & Scheff, 1990; Selkoe, 2002). Indeed, 

AD studies have suggested that the loss in dendritic spines and spine synapses may 

correlate with cognitive decline more strongly than Aβ pathology (Knobloch & Mansuy, 

2008; Masliah et al., 2006; Scheff et al., 2007). It is postulated that abnormal spine 

morphology can result in defective or excessive synaptic function and disruptions in 

neuronal circuitry (van Spronsen & Hoogenraad, 2010). Recently, it was indicated that 

alterations in dendritic branching in the hippocampus may also be a relatively early 

marker of dysfunction in 3xTg-AD mice (Mendell et al., 2020).   

 Several studies have reported that androgens exert a trophic effect on synaptic 

plasticity as androgen administration appears to reverse the reduction in hippocampal 

dendritic spine density following castration (Leranth et al., 2003; Li et al., 2013). 

Testosterone has also been shown to increase the expression levels of a biomarker of 

synaptogenesis known as synaptophysin (Jian-xin et al., 2015). In addition, Yan et al. 
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2019 demonstrated that testosterone administration restored cognitive impairment in the 

Morris water maze test and increased dendritic spine density in the CA1 subfield of the 

hippocampus in an AD rat model. On the other hand, researchers have reported that 

androgens may act to reduce plasticity given that orchidectomy increases LTP, BDNF 

expression and mossy fiber sprouting in the CA3 region (Skucas et al., 2013). This 

suggests that androgens may exert both trophic and inhibitory effects depending on the 

outcome and region measured. In females, studies have demonstrated that estradiol 

improves learning, which is associated with an increase in dendritic spines within the 

hippocampal CA1 region (Phan et al., 2015). Androgen and estrogen receptors have 

been localized to the hippocampus and on dendritic spines, synaptic vesicles, axon 

terminals, and astroglial processes in both CA1 and CA3 subfields (Sarkey et al., 2008; 

Tabori et al., 2005; Toran-Allerand, 2004). These results suggest that androgens and 

estrogens exert direct effects on hippocampal structure and function. However, while 

3-diol has the potential to act through both androgenic and estrogenic mechanisms, to 

our knowledge, no studies have investigated the effects of 3-diol treatment on 

hippocampal dendritic morphology in the healthy or diseased brain.  

 While few studies have investigated the sex differences in dysregulation of 

dendritic morphology in 3xTg-AD mice, our laboratory previously found that compared 

to wildtype animals, 3xTg-AD females had reduced dendritic branching in the CA1 and 

CA3 regions of the hippocampus, whereas 3xTg-AD males had reduced branching in 

the CA1 region only (Mendell et al., 2020). The CA1 subfield has been shown to play an 

important role in rapid acquisition and long-term retrieval of contextual memory, while 

the CA3 subfield appears to contribute to early acquisition and encoding of contextual 

and spatial memory with minimal role in retrieving memory after a long period (Lee & 



 

 83 

Kesner, 2004). Based on the literature, some researchers suggest that synaptic 

dysfunction and morphological dysregulation occur in both CA1 and CA3 subfields in 

AD (Llorens-Martín et al., 2014), while others suggest CA3 is relatively unaffected 

(Mueller et al., 2010; West et al., 1994). Thus, in the present study we focused our 

investigation on changes of both CA1 and CA3 neurons. Further, our previous study 

indicated a sex difference in the CA3 region, with 3xTg-AD females having reduced 

dendritic branching compared to 3xTg-AD males. However, this sex difference was 

eliminated when 3xTg-AD males were treated with finasteride, blocking the conversion 

of testosterone to DHT and 3-diol. These findings raised the possibility that 3-diol 

may contribute to some of the observed sex differences in AD progression. Thus, we 

aimed to treat both male and female 3xTg-AD mice with 3-diol to investigate its 

potential effects on sex differences in dendritic morphology.  

In the present study, we investigated the effects of 3α-diol treatment on 

hippocampal neuron morphology by using Golgi-Cox staining to visualize dendritic 

branching patterns and dendritic spines. We hypothesized that 3α-diol treatment would 

alter the trajectory of the development of hippocampal dysfunction in 3xTg-AD mice.  

 

3.2  MATERIALS AND METHODS  

3.2.1  Animals  

 Colonies of male and female wildtype and 3xTg-AD mice were used and housed 

as previously described in Chapter 2. All experimental protocols involving the use of 

animals in this study were approved by the University of Guelph Animal Care 

Committee adhered to the guidelines of the Canadian Council on Animal Care.  
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3.2.2  3α-diol Treatment and Surgical Procedure  

 Mice were given subcutaneous capsules filled with either 3-diol-diproprionate or 

were blank to serve as controls via the surgical procedure previously described in 

Chapter 2.  

 

3.2.3  Sacrifice and Tissue Collection  

 Mice were sacrificed at 9-10 months of age within 1 month following behavioural 

testing. Animals were sacrificed by cervical dislocation and the brains were extracted, 

placed on ice, and dissected in half down the longitudinal fissure. To prevent 

lateralization as a factor in the final analysis, approximately equal samples of alternating 

left and right half brains were either placed into fresh Golgi-Cox solution for 

neuromorphological analysis or were flash frozen with liquid nitrogen and stored at -

80°C for western blot analysis.  

 

3.2.4  Golgi Staining and Tissue Processing  

 Golgi-Cox solution [1% potassium dichromate (Fisher Scientific, Ottawa, ON, 

Canada), 0.8% potassium chromate (Sigma-Aldrich, Oakville, ON, Canada), 1% 

mercuric chloride (Sigma-Aldrich)] was prepared (the day before use), filtered through 

Whatman grade 1 paper (Fisher Scientific), and stored at room temperature in the dark. 

After animals were sacrificed, a subset of half brains (n=4-5) were directly placed into 

20mL scintillation vials containing the prepared Golgi-Cox solution and were stored at 

room temperature for 26 days in the dark. After this period of time, the samples were 

transferred to 30% sucrose solution in 0.1M phosphate buffer and stored at 4°C until 

sectioning. The samples were then blocked in 3% agar (Fisher Scientific) to be 
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sectioned into 300μm thick slices along the coronal plane using a Leica VT1000S 

vibrating blade microtome (Leica Biosystems, Concord, ON, Canada). Sections were 

carefully placed into wells of a 6-well plate with histology baskets (Fisher Scientific), 

filled with 5mL of 6% sucrose solution in 0.1M phosphate buffer and stored at 4°C for 

approximately 24 hours. Sections were then placed on a rocking shaker and fixed in 2% 

paraformaldehyde (PFA; Sigma-Aldrich) for 15 minutes, ammonium hydroxide (Sigma-

Aldrich) for 15 minutes, and Kodak Fixative A (Sigma-Aldrich) for 25 minutes, 

respectively, with 5-minute rinses in double-deionized water between each step. 

Sections were then mounted onto gelatin-coated microscope slides and allowed to dry 

for approximately 40 minutes. Sections were then dehydrated in 50%, 75%, and 95% 

ethanol for 2 minutes each, followed by two separate steps in 100% ethanol for 5 

minutes each and in xylene for 5 minutes each. Slides were cover-slipped using 

Permount mounting medium (Sigma-Aldrich). Slides were left horizontally to dry 

overnight and were subsequently sealed with clear nail polish to prevent oxidation.  

 

3.2.5  Dendritic Spine Density Imaging and Analysis  

 Golgi-Cox-stained sections containing the dorsal hippocampus were used to 

evaluate dendritic spine density in the apical region of hippocampal pyramidal neurons 

in CA1 and CA3 (Figure 3.1A). Images of apical secondary dendrites were obtained 

using bright-field microscopy using a 63x oil-immersion lens (Carl Zeiss, Toronto, ON, 

Canada) and the ZenBlue imaging system was used to capture images. Pyramidal 

neurons from CA1 and CA3 subfields were selected for dendritic spine imaging based 

on certain criteria: 1) dendritic branches including the shaft and spines were fully 

impregnated with Golgi-Cox stain, 2) the dendrites could be continually traced from the 
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cell body to the tip of the apical dendrite of interest without any breakages, and 3) at 

least 10μm of the dendrite of interest was clear with distinct spines in the image plane. 

The apical dendritic tree was divided into 3 fields: proximal (within 10-30% from the cell 

body), medial (within 40-60% from the cell body), and distal (within 70-100% from the 

cell body) and 7-10 images were acquired for each field per animal (n=3-5 

animals/group). Dendritic spine density was analyzed using ImageJ software (version 

1.49u, National Institutes of Health, Bethesda, MD, USA) by an observer blind to the 

treatment groups of the animals. Dendritic spine density was calculated based on the 

number of spines per 10μm of apical dendritic length. Sampling areas for dendritic spine 

density analysis is shown in Figure 3.1B.  

 

 

 

 

 

 

 

 

 

 
Figure 3.1 Representation of a Golgi-Cox-stained dorsal hippocampus to analyze 
dendritic spine density. (A) A 5x image of a Golgi-Cox-stained mouse dorsal 
hippocampus indicating the CA1 and CA3 subfields. (B) A representative tracing of a 
CA1 pyramidal neuron with the sampling fields used for dendritic spine density analysis 
(proximal, medial, and distal) as well as a magnification of a secondary apical dendrite 
where the number of dendritic spines were counted per 10μm length of dendrite. A 
scale bar is indicated in red.  
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3.2.6  Dendritic Structure and Sholl Analysis 

Apical and basal dendritic trees of CA1 pyramidal neurons in the dorsal 

hippocampus were analyzed to investigate changes in dendritic branching and length. 

Pyramidal neurons were selected based on a set of criteria: 1) neurons must be fully 

impregnated by Golgi-Cox-staining, 2) neurons must be relatively isolated and 

unobscured from surrounding neurons, 3) neurons must be contained within the CA1 

subregion of the hippocampus, and 4) neurons must be fully intact with no broken or 

damaged apical or basal dendrites. Images of suitable neurons were then taken every 

1μm throughout the entire z-axis and then compressed into a three-dimensional image 

stack, using a 30x objective lens and an Olympus BX53 microscope (Olympus, 

Richmond Hill, ON, Canada) with Q-Imaging camera (MBF Bioscience, Williston, VT, 

USA). Using the Neuromantic software (Version 1.7.5; Myatt et al., 2012) neurons were 

traced to create a three-dimensional representation of the neuron. 3-5 neurons per 

animal per treatment group were traced and analyzed.   

Sholl analysis (Sholl, 1953) was conducted using Neurolucida software (MBF 

Bioscience) by placing increasing concentric spheres every 25μm starting from the cell 

body and extending the entire length of the basal and apical dendritic trees. Changes in 

dendritic morphology was assessed by the number of intersections (the number of times 

the dendritic arbor intersected with each Sholl ring) as well as by dendritic length (the 

total quantity of dendritic substance between Sholl rings). Apical and basal dendrtic 

branching were analyzed separately. A representative image of Sholl analysis and 

tracing of a CA1 pyramidal neuron can be seen in Figure 3.2.  
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Figure 3.2 Sholl analysis of a CA1 pyramidal neuron. Sholl analysis is conducted by 
placing concentric rings that are 25μm apart beginning at the soma and extending out 
along the entire length of the basal and apical dendritic trees. The number of dendritic 
intersections with the Sholl rings are measured at each distance from the soma to allow 
researchers to assess changes in dendritic arborization. Dendritic length is also 
measured which includes the total quantity of dendritic substance at each distance from 
the cell body.  
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3.2.7  Statistical Analysis  

 All statistical analyses were performed using SPSS Statistics 26 Software (IBM, 

Armonk, NY, USA) and graphs were produced using GraphPad Prism version 8.0 

(GraphPad Software Inc., La Jolla, California, USA). Dendritic spine density data were 

analyzed by a three-way ANOVA with sex, genotype, and treatment as between-

subjects factors. Post hoc analyses with the Bonferroni correction were used to examine 

significant group differences. Sample sizes for the treatment groups used to analyze 

CA1 dendritic spine density are as follows: Wtm-V n=3, Wtm-3 n=5, Wtf-V n=5, Wtf-3 

n=5, Tgm-V n=3, Tgm-3 n=4, Tgf-V n=3, Tgf-3 n=4. Sample sizes for the treatment 

groups used to analyze CA3 dendritic spine density are as follows: Wtm-V n=3, Wtm-3 

n=3, Wtf-V n=3, Wtf-3 n=3, Tgm-V n=4, Tgm-3 n=3, Tgf-V n=3, Tgf-3 n=3.  

Dendritic branching and length data were analyzed by a four-way repeated 

measures ANOVA, with distance from the soma as a within-subjects factor and sex, 

genotype, and treatment as between-subjects factors. Post hoc analyses with the 

Bonferroni correction were used to examine significant group differences. Sample sizes 

for the treatment groups used to analyze CA1 dendritic branching and length are as 

follows: Wtm-V n=4, Wtm-3 n=4, Wtf-V n=3, Wtf-3 n=5, Tgm-V n=3, Tgm-3 n=3, 

Tgf-V n=3, Tgf-3 n=4. All data were tested for homogeneity of variance using the 

Levene’s test. Significance for all statistical analysis was determined as p<0.05.  
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3.3  RESULTS  

3.3.1 Effects of 3-diol Treatment on Dendritic Spine Density of CA1 and CA3 

Pyramidal Neurons  

 At 9-10 months of age, dendritic spine density in the apical region of CA1 and 

CA3 pyramidal neurons was evaluated, as described above. For the CA1 subfield, a 

2x2x2 ANOVA revealed significant main effects of treatment in the proximal 

[F(1,24)=7.566, p=0.011] and medial [F(1,24)=13.981, p=0.001], but not distal 

[F(1,24)=2.039, p=0.166] segments of the apical dendritic tree (Figure 3.1). In the 

proximal segment, dendritic spine density was significantly increased in 3-diol treated 

3xTg-AD males compared to controls, but this effect was not seen in 3xTg-AD females 

(proximal: Tgm-3-diol vs Tgm-Vehicle, p=0.027). In the medial segment, a 2x2x2 

ANOVA revealed a significant genotype x treatment effect [F(1,24)=5.112, p=0.033]. 

Post hoc analysis revealed a significant difference between transgenic animals treated 

with 3-diol and transgenic animals treated with vehicle (medial: Tg-3-diol vs. Tg-

Vehicle, p<0.001). Further analysis revealed dendritic spine density was significantly 

increased in 3-diol treated 3xTg-AD males and females but not wildtype mice (medial: 

Tgm3-diol vs. Tgm-Vehicle, p=0.012; Tgf-3-diol vs. Tgf-Vehicle, p=0.007). Analysis of 

the overall dendritic spine density in the CA1 subfield also revealed a significant main 

effect of treatment [F(1,24)=7.453, p=0.012], but no significant interaction effects. A 

significant increase in overall dendritic spine density in CA1 was observed only in 3xTg-

AD males treated with 3-diol compared to 3xTg-AD males treated with vehicle (total: 

Tg-3-diol vs. Tg-Vehicle, p=0.023).  
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 For the CA3 subfield, a 2x2x2 ANOVA revealed significant a main effect of 

treatment in the proximal segments of the apical tree [F(1,18)=8.174, p=0.010] with no 

significant interaction effects. A significant increase in dendritic spine density in the 

proximal segment was observed in 3xTg-AD males treated with 3-diol compared to 

3xTg-AD males treated with vehicle (proximal: Tgm-3-diol vs. Tgm-Vehicle, p=0.025). 

In the medial segment, there was a significant main effect of treatment [F(1,18)=8.487, 

p=0.009] and genotype [F(1,18)=5.825, p=0.027], where 3xTg-AD mice had significantly 

reduced spine density compared to wildtype mice. A slight but significant increase in 

dendritic spine density in the medial segment was observed in 3xTg-AD females treated 

with 3-diol compared to 3xTg-AD females treated with vehicle (medial: Tgf-3-diol vs. 

Tgf-Vehicle, p=0.046). In the distal segment, there was a significant main effect of 

genotype [F(1,18)=6.758, p=0.018], where 3xTg-AD mice had significantly reduced 

spine density compared to wildtype mice. Post hoc analysis revealed a slight but 

significant decrease in dendritic spine density in the distal segment in vehicle treated 

3xTg-AD males and wildtype males (distal: Tgm-Vehicle vs. Wtm-Vehicle, p=0.047) and 

a significant increase in dendritic spine density in 3xTg-AD males treated with 3-diol 

compared to 3xTg-AD males treated with vehicle (distal: Tgm-3-diol vs. Tgm-Vehicle, 

p=0.042). In addition, analysis of the overall dendritic spine density in the CA3 subfield 

revealed a significant main effect of treatment [F(1,18)=6.869, p=0.017] with no 

significant interaction effects. The same effect as CA1 was observed where overall 

dendritic spine density in CA3 was observed only in 3xTg-AD males treated with 3-diol 

compared to 3xTg-AD males treated with vehicle (total: Tg-3-diol vs. Tg-Vehicle, 

p=0.030).  
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Figure 3.3 Dendritic spine density in the CA1 subfield of the hippocampus. (A) 
Representative images of dendrites used to count spines taken from the medial 

segment of CA1 apical dendrites for each treatment group (63x under oil). (B) 3-diol 
treated 3xTg-AD males (Tgm) had significantly increased dendritic spine density in the 

proximal segment of CA1 apical dendrites compared to controls. (C) Both 3-diol 
treated 3xTg-AD males and females (Tgf) had significantly increased dendritic spine 

density in the medial segment, while no significant effect of 3-diol treatment was 
observed in the distal (D) segment. (E) When analyzed independently of apical dendritic 

segment, 3xTg-AD males treated with 3-diol (Tgm-3) had significantly increased 
overall dendritic spine density in CA1 compared to controls (Tgm-V). Data are mean ± 
SEM (n=3-5 mice/group). *p<0.05, **p<0.01. 
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Figure 3.4 Dendritic spine density in the CA3 subfield of the hippocampus. (A) 
Representative images of dendritic spines from the medial segment of CA3 apical 

dendrites for each treatment group. (B) 3-diol treated 3xTg-AD males (Tgm) had 
significantly increased dendritic spine density in the proximal segment of CA3 apical 

dendrites compared to controls. (C) 3-diol treated 3xTg-AD females (Tgf) had 

significantly increased dendritic spine density in the medial segment. (D) 3-diol treated 
3xTg-AD males had significantly increased dendritic spine density in the distal segment 
of CA1 apical dendrites compared to controls and vehicle treated wildtype males (Wtm) 
had significantly increased spine density compared to vehicle treated 3xTg-AD males.  
(E) When analyzed independently of apical dendritic segment, 3xTg-AD males treated 

with 3-diol (Tgm-3) had significantly increased overall dendritic spine density in CA3 
compared to controls (Tgm-V). Data are mean ± SEM (n=3-5 mice/group). *p<0.05. 
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3.3.2  Effects of 3-diol Treatment on Dendritic Branching of CA1 Pyramidal 

Neurons  

  At 9-10 months of age, dendritic branching in the apical and basal dendritic trees 

were evaluated, as described above. In the apical dendritic tree, a 2x2x2x2 repeated 

measures ANOVA for number of intersections revealed significant interaction effects 

between sex x treatment [F(1,22)=15.615, p=0.001], Sholl radius x sex x treatment 

[F(3.218,70.800)=4.302, p=0.006], and Sholl radius x genotype x treatment 

[F(3.218,70.800)=3.023, p=0.032] (Figure 3.4). Post hoc analyses revealed 3-diol 

treated males had significantly decreased apical dendritic branching compared to 

vehicle treated males (M-3-diol vs. M-Vehicle, p=0.007) and 3-diol treated females 

had a significant increase in apical dendritic branching compared to vehicle treated 

females (F-3-diol vs. F-Vehicle, p=0.047). In addition, 3-diol treated males had 

significantly decreased apical dendritic branching compared to 3-diol treated females 

(M-3-diol vs. F-3-diol, p=0.040), while vehicle treated males had increased apical 

dendritic branching compared to vehicle treated females (M-Vehicle vs. F-Vehicle, 

p=0.009). Further, the interaction effects indicated specific distances from the soma 

where dendritic branching was significantly altered. Specifically, when comparing 

between treatment, males treated with 3-diol showed significantly decreased dendritic 

branching 50-200 μm from the soma compared to males treated with vehicle, while 

females treated with 3-diol showed significantly increased dendritic branching 75-100 

μm from the soma compared to females treated with vehicle. When comparing between 

sex, males treated with 3-diol showed significantly decreased dendritic branching 75-

150 μm from the soma compared to 3-diol treated females. In vehicle treated animals, 
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males showed significantly increased dendritic branching 50-175 and 275 μm from the 

soma compared to females. Post hoc analyses also revealed 3-diol treated 3xTg-AD 

animals had significantly increased dendritic branching 50-75 μm from the soma 

compared to 3-diol treated wildtype animals, and significantly decreased dendritic 

branching 225 and 275-400 μm from the soma.  

 In the basal dendritic tree, a 2x2x2x2 ANOVA for number of intersections 

revealed a significant Sholl radius x sex x treatment [F(1,22)=5.360, p=0.006] 

interaction. Post hoc analyses revealed males treated with vehicle had significantly 

increased basal dendritic branching 75-125 μm from the soma compared to females 

treated with vehicle, with no significant differences between 3-diol treated males and 

females or between 3-diol treated mice and vehicle treated mice. 

 At 9-10 months of age, dendritic length along the apical and basal dendritic tree 

was also analyzed. In the apical dendritic tree, a 2x2x2x2 repeated measures ANOVA 

revealed significant sex x treatment [F(1,22)=17.907, p<0.001] and Sholl radius x sex x 

treatment [F(3.005,66.119)=5.424, p=0.002] interaction effects (Figure 3.5). Post hoc 

analyses indicated 3-diol treated males had significantly decreased apical dendritic 

length compared to vehicle treated males (M-3-diol vs. M-Vehicle, p=0.003) and 3-

diol treated females had significantly increased apical dendritic length compared to 

vehicle treated females (F-3-diol vs. F-Vehicle, p=0.030). In addition, 3-diol treated 

males had significantly decreased apical dendritic length compared to 3-diol treated 

females (M-3-diol vs. F-3-diol, p=0.017), while vehicle treated males had significantly 

increased apical dendritic length compared to vehicle treated females (M-Vehicle vs. F-

Vehicle, p=0.006). When comparing between treatment, post hoc analyses revealed 
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males treated with 3-diol showed significantly decreased dendritic length 75-200 μm 

from the soma compared to males treated with vehicle, while females treated with 3-

diol showed significantly increased dendritic length 50-100 μm from the soma compared 

to females treated with vehicle. When comparing between sex, males treated with 3-

diol showed significantly decreased dendritic length 75-200 μm from the soma 

compared to females treated with 3-diol. In vehicle treated animals, males showed 

significantly increased dendritic length 50-175 and 275 μm from the soma compared to 

females.  

 In the basal dendritic tree a 2x2x2x2 repeated measures ANOVA revealed a 

significant Sholl radius x sex x treatment [F(2.029, 44.634)=5.416, p=0.008] interaction 

effect. Post hoc analyses revealed vehicle treated males had significantly increased 

basal dendritic length 100-150 μm from the soma compared to vehicle treated females. 

There were no significant differences in basal dendritic length between 3-diol treated 

males and females or between 3-diol treated mice and vehicle treated mice.  

 The average total dendritic length was also analyzed in the apical and basal 

dendritic trees of CA1 pyramidal neurons. In the apical dendritic tree, a 2x2x2 ANOVA 

revealed a significant sex x treatment [F(1,22)=17.907, p<0.001] interaction effect. Post 

hoc analyses revealed a significant difference in total dendritic length between females 

treated with 3-diol and females treated with vehicle (total: F-3-diol vs. F-Vehicle, 

p=0.030) and between males treated with 3-diol and males treated with vehicle (total: 

M-3-diol vs. M-Vehicle, p=0.003). Further analysis revealed that wildtype females 

treated with 3-diol had significantly increased total dendritic length compared to 

wildtype females treated with vehicle (total: Wtf-3-diol vs Wtf-Vehicle, p=0.013), and 
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3xTg-AD males treated with 3-diol had significantly decreased total dendritic length 

compared to 3xTg-AD males treated with vehicle (total: Tgm-3-diol vs Tgm-Vehicle, 

p=0.006). In the basal dendritic tree, there were no significant effects detected in total 

dendritic length.  
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Figure 3.5 Apical and basal dendritic branching in the CA1 subfield of the hippocampus. (A) Number of 

dendritic intersections of apical and basal dendrites in wildtype mice treated with vehicle (Wt-V) and 3-diol 

(Wt-3). (B) Number of dendritic intersections of apical and basal dendrites in 3xTg-AD mice treated with 

vehicle (Tg-V) and 3-diol (Tg-3). (C) 3-diol reversed the sex difference observed in vehicle treated mice 
where vehicle treated males (M-V) had increased dendritic branching compared to vehicle treated females (F-

V), while 3-diol treated males (M-3) had decreased dendritic branching compared to 3-diol treated females 

(F-3) at specific distances from the cell body. (D) 3xTg-AD animals treated with 3-diol had significantly 

altered dendritic branching compared to wildtype animals treated with 3-diol, while no genotype effect was 

observed in vehicle treated animals. In panel (C), * represents p<0.05 between M-V vs. M-3 at distances 50-

200 μm from the soma, φ represents p<0.05 between F-V vs. F-3 at 75-100 μm from the soma, † represents 

p<0.05 between M-3 vs. F-3 at 75-150 μm from the soma, and Δ represents p<0.05 between M-V vs. F-V at 

50-175 and 275 μm from the soma. In panel (D), * represents p<0.05 between Wt-3 vs. Tg-3 at 50-75, 225, 
and 275-400 μm from the soma. Data are mean ± SEM (n=3-5 mice/group). 
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Figure 3.6 Apical and basal dendritic length in the CA1 subfield of the hippocampus. (A) Average 

dendritic length of apical and basal dendrites in wildtype mice treated with vehicle (Wt-V) and 3-diol (Wt-

3). (B) Average dendritic length of apical and basal dendrites in 3xTg-AD mice treated with vehicle (Tg-

V) and 3-diol (Tg-3). (C) 3-diol reversed the sex difference observed in vehicle treated mice where 

vehicle treated males (M-V) had increased apical dendritic length compared to vehicle treated females (F-

V), while 3-diol treated males (M-3) had decreased apical dendritic length compared to 3-diol treated 

females (F-3) at specific distances from the cell body. (D) No significant changes were observed in total 

dendritic length in the basal dendrites. (E) 3xTg-AD males treated with 3-diol had significantly reduced 

total dendritic length while wildtype females treated with 3-diol had significantly increased total dendritic 

length in apical dendrites. In panel (C), * represents p<0.05 between M-V vs. M-3 at distances 75-200 

μm from the soma, φ represents p<0.05 between F-V vs. F-3 at 50-100 μm from the soma, † represents 

p<0.05 between M-3 vs. F-3 at 75-200 μm from the soma, and Δ represents p<0.05 between M-V vs. 

F-V at 50-175 and 275 μm from the soma. Data are mean ± SEM (n=3-5 mice/group).  
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3.4 DISCUSSION 

 

The results from this experiment suggest that 3-diol treatment may exert 

differential effects on the structure of apical dendritic spine density and branching within 

the hippocampus of male and female 3xTg-AD mice. In the CA1 subfield, a significant 

increase in spine density was observed in 3xTg-AD male mice treated with 3-diol 

compared to vehicle in the proximal and medial but not distal segment of the apical 

dendritic tree. In 3xTg-AD female mice treated with 3-diol, a significant increase in 

spine density was observed in the medial segment only. Similar findings were observed 

in the CA3 subfield in 3-diol treated 3xTg-AD female while 3xTg-AD male mice treated 

with 3-diol showed an increase in spine density in the proximal and distal but not 

medial segment. Further, the present study demonstrated that 3-diol differentially 

reduced dendritic branching and length of CA1 pyramidal neurons in males and 

increased dendritic branching and length in females at distances close to the cell body. 

To the best of our knowledge, this experiment is the first to detail the effects of long-

term 3-diol treatment on hippocampal dendritic morphology in a mouse model of AD.  

 Previous studies have demonstrated that treatment with testosterone or DHT 

increases dendritic spine density on CA1 and CA3 pyramidal neurons in adult male 

rodents (Hatanaka et al., 2009, 2015; Jacome et al., 2016), however, the effects of 3-

diol remain largely unexplored. Our laboratory previously indicated that finasteride 

treatment, which inhibits the conversion of testosterone to DHT and 3-diol, decreased 

hippocampal dendritic spine density in 3xTg-AD male mice, suggesting a key role of 5-

reduced neurosteroid metabolites of testosterone on hippocampal dendritic structure. 

This is consistent with our findings that revealed 3-diol supplementation in 3xTg-AD 
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male mice resulted in a significant increase in dendritic spine density on CA3 and CA1 

neurons. Additionally, we observed a significant increase in spine density on medial 

apical dendrites in 3xTg-AD female mice. While our previous finasteride study was 

conducted only in male mice, we were also interested in investigating how 3-diol 

treatment may influence plasticity in the female, since the brain is sexually differentiated 

and the administration of steroid hormones has been shown to result in divergent 

synaptic responses (Leranth et al., 2000, 2003). In the present study, 3-diol treatment 

induced increases in spine density in both male and female 3xTg-AD mice, but these 

effects appeared to differ depending on the hippocampal dendritic field analyzed. This 

suggests that specific inputs to CA1 and CA3 pyramidal neurons may be differentially 

regulated by 3-diol administration in males and females.  

An overall effect of 3-diol treatment was also indicated in the proximal and 

medial segments of CA1 and CA3 neurons, suggesting a more pronounced effect on 

pyramidal dendrites in the stratum radiatum and stratum lucidum (in CA3). The proximal 

and medial segments of CA1 pyramidal neurons are predominantly innervated by inputs 

from the medial septum and Schaffer collaterals, respectively, while mossy fibers from 

the DG and recurrent collaterals within CA3 innervate the proximal and medial 

segments of CA3 pyramidal neurons (Amaral & Witter, 1989; Johnston & Amaral, 2004; 

Witter & Amaral, 1991). The distal parts of both CA1 and CA3 pyramidal neurons, 

however, are largely innervated by projections from the entorhinal cortex (Amaral & 

Witter, 1989; Witter & Amaral, 1991). Thus, it is possible these differences in spine 

density across the dendritic tree may reflect a differential effect of 3-diol on the origins 

of these inputs. While such conclusions cannot be drawn from this study, it may be 



 

 102 

interesting for future studies to label synaptic terminals on CA1 and CA3 spines to 

determine whether there is an effect on the different sources of afferent inputs in 

response to 3-diol administration. Additionally, it is possible that synaptic plasticity may 

differ in the proximal, medial, and distal parts of CA1 and CA3 apical dendrites because 

of the differences in activation of voltage-dependent calcium channels and greater 

GABAergic innervation in more proximal compared to distal regions (Golding et al., 

2002; Megías et al., 2001). However, how 3-diol regulates hippocampal circuitry is not 

well understood and requires further investigation. Nonetheless, this study provides 

important initial findings that suggest 3-diol administration may exert beneficial effects 

on dendritic spine density in the CA1 and CA3 hippocampal subregions in 3xTg-AD 

male and female mice.  

Dendritic spines are highly dynamic in nature and may undergo changes that 

have important implications in memory and cognition (Golding et al., 2002; Megías et 

al., 2001). The loss of dendritic spines appears to be directly correlated with loss of 

synaptic function (Dorostkar et al., 2015) and has been reported in AD patients (Merino-

Serrais et al., 2013) and various animal models of AD (Bittner et al., 2010; Knafo et al., 

2009; Lanz et al., 2003). Our laboratory previously reported a differential reduction in 

dendritic spine density in male and female 3xTg-AD mice compared to wildtypes, with 

3xTg-AD females showing reduced spine density in the medial and distal segments of 

the CA3 apical dendritic tree and 3xTg-AD males showing reduced spine density in the 

distal segment (Mendell et al., 2020). This is consistent with our findings that showed a 

significant decrease in CA3 spine density in 3xTg-AD male mice compared to age-

matched wildtype mice in the distal segment. While an overall genotype effect was 
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indicated in the medial and distal segments of CA3 neurons, the difference between 

spine density in 3xTg-AD females and wildtype females was not significant. We also did 

not find a significant difference in dendritic spine density between 3xTg-AD mice and 

wildtype mice in the CA1 subfield at 9-10 months of age which is consistent with 

previous findings that detected a noticeable difference in this region only at 15 months 

of age once Aβ plaques and hyperphosphorylated tau were abundant (Bittner et al., 

2010).  As few studies have investigated these neuroplastic changes in the 3xTg-AD 

model, it would be useful for future work to better characterize the alterations in 

dendritic spine density that occur as the disease progresses.  

Compared to changes in dendritic spines and synapses, changes in dendritic 

branching occur over a longer period of time and reflect changes at a more macroscopic 

level, providing insight into overall effects on neuronal structure versus local synaptic 

effects (Born & Rubel, 1985). Interestingly, this study revealed a significant sex 

difference in dendritic branching and length of CA1 pyramidal neurons between 

untreated males and females, with males having greater apical dendritic branching and 

length compared to females. Meanwhile, 3-diol appeared to reverse this effect, where 

males treated with 3-diol showed significantly reduced dendritic branching and 

average length to levels comparable to female controls. Likewise, females treated with 

3-diol showed a slight but significant increase in dendritic branching and average 

length to levels comparable to male controls. These results are intriguing as 3-diol 

treatment in females appeared to abolish the sex difference between untreated males 

and females in CA1 dendritic branching. Although, how these changes may influence 

hippocampal function remain unclear and require further analysis. These findings are 



 

 104 

consistent with previous studies that illustrated hippocampal neurons in males exhibit 

greater complexity and dendritic intersections than neurons from females in both in vivo 

and in vitro models (Juraska et al., 1989; Keil et al., 2017). This appears to be 

subregion specific as others have reported greater primary dendrites in the CA3 region 

in females compared to males (Gould et al., 1990; Yagi & Galea, 2019). Furthermore, 

our finding that 3-diol treated males had reduced dendritic branching and length of 

CA1 neurons is consistent with previous research that suggested androgens may act to 

reduce plasticity in males given that testosterone depletion from gonadectomy in adult 

male rats was shown to facilitate LTP in the CA1 region (Harley et al., 2000). Although, 

information about the effects of androgens on neuroplasticity in the CA1 subfield of the 

hippocampus is limited, the results appear mixed. For instance, Smith and colleagues 

(Smith et al., 2002) reported testosterone treatment to potentiate Schaffer collateral 

transmission in CA1, suggesting an excitatory effect. This appears to be similar to our 

findings in females, where 3-diol increased dendritic length and branching in CA1. 

Thus, these results indicate that the effects of 3-diol are in fact significantly different in 

males and females.  

 Our results are consistent with previous studies showing clear sex differences in 

response to gonadal steroid hormones within the hippocampus. For example, in 

females, treatment of ovariectomized rats with estradiol or testosterone increased CA1 

pyramidal cell spine synapse density (Leranth et al., 2004), while in males, estradiol had 

no significant effect (Leranth et al., 2003). Fester and colleagues (2012) demonstrated 

that treatment of female rats with letrozole, which blocks the synthesis of estradiol, 

induced synapse loss in females but not in males. Therefore, while the effects of 
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androgens on hippocampal plasticity appear to be mediated at least in part, via 

estrogen-dependent mechanisms in the female brain, other mechanisms appear to be 

involved in males. It seems plausible then, that 3-diol may induce differential effects in 

the female brain via ER-dependent mechanisms, as 3-diol has been shown to bind to 

both the ERα and ER (Kuiper et al., 1998). ER agonists have been shown to increase 

key synaptic proteins including postsynaptic density protein 95 (PSD-95), synaptophysin 

and the AMPAR subunit GluR1, as well as increase dendritic branching and density of 

mushroom-type spines (Liu et al., 2008).  

In addition, the sex differences observed in this study may reflect a difference in 

regulation of BDNF. BDNF is one of the most extensively studied and widely distributed 

neurotrophin in the CNS and plays a critical role in structural and functional plasticity in 

the hippocampus (Gonzalez et al., 2016; Yang et al., 2020). While the role of BDNF on 

the dendritic structure of hippocampal neurons in vivo remains unclear, previous studies 

have reported that BDNF application induces LTP, and increases dendritic spine density 

and arborization (De Vincenti et al., 2019; Kellner et al., 2014). There is also evidence 

that points to a regulatory role of gonadal steroid hormones on BDNF in a sex-specific 

manner. For instance, it has been argued that estradiol upregulates BDNF synthesis in 

the mossy fibers of the hippocampus in female rats, while testosterone suppresses 

BDNF levels in male rats (Scharfman & MacLusky, 2014). This view provides one 

possible explanation for our findings as 3-diol may act through ER-dependent 

mechanisms in the female, resulting in an upregulation of BDNF and increase in 

dendritic branching, while actions via AR-dependent mechanisms in the male, may 

result in the suppression of BDNF and reduction in dendritic branching. However, this 
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may be an overly simplistic view as recent evidence suggests the effects on BDNF 

expression are much more complex than previously thought. BDNF is initially 

synthesized as a precursor known as proBDNF, which can then be cleaved by 

androgen-sensitive enzymes including tissue plasminogen activator (tPA) and the 

protease plasmin to give rise to mature BDNF (mBDNF) (Pang et al., 2004). Evidence 

suggests that proBDNF and mBDNF peptides may exert opposing effects in the brain. 

For instance, mBDNF has been shown to promote neuronal survival, facilitate LTP and 

increase axonal branching, dendritic growth, and spine number (Lu et al., 2005). On the 

other hand, proBDNF has been shown to induce apoptosis and LTD, as well as reduce 

dendritic length, complexity, and spine density in hippocampal neurons (Lu et al. 2005). 

A recent study by Alqahtani and Alhawiti (2019) showed that in the vascular system, 

testosterone induces tPA suggesting a regulatory role of testosterone on pro and 

mature BDNF conversion. Thus, given that 3-diol has the potential to act through 

either estrogenic or androgenic pathways, it is possible that the androgenic effects 

which predominate in the male, may have significant effects on BDNF processing, 

which may be different than the effects in the female. In addition, abnormalities in the 

ratio of proBDNF/mBDNF have been described in the brains of individuals with AD (Lim 

et al., 2015) and are associated with changes in cognitive performance in verbal 

memory and executive function (Cechova et al., 2020). Therefore, further studies 

investigating changes in proBDNF and mBDNF in response to 3-diol in both males and 

females are required.  

An important question from this study that remains to be resolved is how 3-diol 

can induce dendritic spine density while reducing dendritic branching in the CA1 
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subregion of the hippocampus in male mice. While BDNF plays a key role in 

hippocampal plasticity, other factors also appear to be involved. For example, recent 

evidence suggests that the effects exerted by BDNF on dendritic spines of mature 

hippocampal neurons depend on neuronal activity (Kellner et al. 2014) via signaling 

through NMDA receptors and calmodulin-dependent protein kinase II (CaMKII) 

(Hamilton et al., 2012). Studies have demonstrated that DHT, the 5-reduced 

metabolite of testosterone, increased dendritic spine density and NMDA receptor 

binding in the CA1 region in male rats, similar to estrogen treatment in female rats 

(Romeo et al., 2005). Therefore, it is possible that while suppression of BDNF levels 

following 3-diol treatment in males may result in a reduction in CA1 dendritic branching 

and average length, the concomitant increase in NMDA receptor activation may 

increase the effects of BDNF on dendritic spine density. However, this remains highly 

speculative, and a large amount of additional research would be necessary to determine 

the validity of these proposed mechanisms.  

A similar emerging picture can be interpreted from previous studies, where 

testosterone removal via gonadectomy in males appears to result in a decrease in spine 

synapses (Leranth et al., 2003; MacLusky et al., 2006) and spine density in CA1 (Hyer 

et al., 2018), while increasing apical dendritic branching in CA3 (Mendell et al., 2017; 

Skucas et al., 2013) and CA1 (Lawton, 2018). Gonadectomy has also been shown to 

adversely affect SOR (Aubele et al., 2008). On the other hand, treatment with 

testosterone or DHT has been shown to reverse the effects on spine and synapse 

density (Hyer et al., 2018; Leranth et al., 2003; Li et al., 2012) as well as on SOR task 

performance (Aubele et al., 2008). Although, missing from the literature are the effects 



 

 108 

of testosterone, DHT, or 3-diol administration on dendritic arborization in the CA1 

subfield. It is important to note that a causal link between the changes in hippocampal 

structure (ie. an increase or decrease in dendritic spine density and branching) and 

behaviour (ie. OR memory) has yet to be determined. Thus, while our findings indicate 

3-diol exerts significant effects on hippocampal morphology, it is unclear at this time 

whether these changes may result in the decrease in short-term OR memory and 

increase in long-term OR memory observed in 3xTg-AD males compared to females.  

Overall, the results from this study suggest: (1) 3-diol significantly increases 

dendritic spine density in the CA1 and CA3 subfields in male and female 3xTg-AD mice 

differentially across the dendritic tree, and (2) 3-diol differentially reduces dendritic 

length and branching of CA1 pyramidal neurons in males and increases dendritic length 

and branching in females. Thus, we hypothesize that 3-diol administration may 

contribute to both positive and negative effects on the hippocampus, which may help to 

explain some of the contradictory results in this study. In addition, we observed a 

significant difference in number of apical dendritic branches between 3-diol treated 

3xTg-AD animals and wildtype animals, suggesting that 3-diol administration may 

exert differential effects in a healthy versus diseased brain. Unraveling the complex 

actions of androgens including 3-diol on hippocampal plasticity is vital to develop a full 

understanding on how these hormones may influence hippocampal function and how 

they may exert differential actions in the male and female brain. This information may 

be essential in order to develop effective neurosteroid-derived therapeutics to treat 

diseases associated with hippocampal dysfunction such as Alzheimer’s disease.  
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CHAPTER 4 
 

5α-ANDROSTANE-3α,17β-DIOL (3α-DIOL) TREATMENT DOES NOT 
SIGNIFICANTLY AFFECT MARKERS OF AD-RELATED 

NEUROPATHOLOGY OR NEUROINFLAMMATION IN 9-MONTH-OLD 
3XTG-AD MALE AND FEMALE MICE 

 
 
4.1  INTRODUCTION  

 Alzheimer’s disease (AD) is characterized by the abnormal accumulation of β-

amyloid (Aβ) and hyperphosphorylated tau proteins which aggregate into the 

neuropathological hallmarks of AD known as Aβ plaques and neurofibrillary tangles 

(NFTs) (Braak & Braak, 1991). These pathological lesions do not appear to be 

distributed evenly across the brain but are mainly confined in the hippocampus and 

cerebral cortex, both of which are involved in memory and other higher cognitive 

functions (DeTure & Dickson, 2019). It is believed that Aβ and tau pathologies are 

associated with neuronal loss and cognitive decline in AD (Bierer et al., 1995; Knowles 

et al., 1999; Malek-Ahmadi et al., 2016), though there is evidence to suggest that the 

latter correlates more strongly with both (Giannakopoulos et al., 2003; Gómez-Isla et al., 

1997). In addition, neuroinflammation is thought to play an important role in contributing 

to and exacerbating AD pathology (Kinney et al., 2018). Indeed, studies have 

demonstrated that Aβ plaques and NFTs are surrounded by activated microglia and 

astrocytes, the resident glial cells involved in inflammation in the brain (Serrano-Pozo et 

al., 2011; Verkhratsky et al., 2016). While an acute immune response in the brain may 

have beneficial effects by promoting tissue repair and removing pathogens and cellular 

debris, chronic neuroinflammation resulting in sustained glial activation may be 

detrimental (Hickman et al., 2018; Kinney et al., 2018). This persistent inflammatory 
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response resulting in the continued release of proinflammatory, and toxic products has 

been shown to be associated with neurodegeneration and the facilitation of Aβ and NFT 

pathology (Kinney et al., 2018).  

 In 3xTg-AD mice, androgen depletion via gonadectomy was shown to increase 

levels of Aβ in the hippocampus, an effect prevented by treatment with testosterone or 

dihydrotestosterone (DHT) (Rosario et al., 2006, 2010). Testosterone but not DHT was 

also shown to reduce tau hyperphosphorylation in gonadectomized animals (Rosario et 

al., 2010), suggesting a key role of androgens in the regulation of AD-related 

tauopathology, possibly via local aromatization of testosterone since these effects are 

not reproduced by DHT. Furthermore, studies have demonstrated that androgen 

administration attenuates neuroinflammation by suppressing inflammatory cytokine 

expression and function (Yang et al., 2020; Yao et al., 2017). Treatment with the 3α-

hydroxy, 5α-reduced metabolite of progesterone, allopregnanolone, has also been 

reported to significantly reduce Aβ pathology and microglia activation in male 3xTg-AD 

mice (Chen et al., 2011). The structurally similar androgen metabolite, 5α-androstane-

3α,17β-diol (3α-diol), has been previously shown to exert neuroprotective effects 

against Aβ42 exposure in cell culture (Mendell et al., 2016) and cognitive decline in 

rodents (Frye, Edinger, et al., 2008; Frye & Edinger, 2004). However, to our knowledge, 

no studies have investigated 3α-diol for its role in AD-related neuropathology or 

neuroinflammation in an AD animal model.  

Thus, in the present study we aimed to examine whether 3α-diol treatment may 

contribute to the protection against the development of AD-related pathophysiology in 

3xTg-AD mice. Using immunohistochemistry (IHF) and immunofluorescence (IF), we 
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investigated the effects of long-term 3α-diol treatment on markers of AD-like pathology, 

neuronal loss, as well as the activation of microglia and astrocytes in the hippocampus 

of 9-month-old 3xTg-AD male and female mice.  

 

4.2  MATERIALS AND METHODS  
 
4.2.1  Animals  

 Colonies of male and female wildtype and 3xTg-AD mice were used and housed 

as described in Chapter 2. However, only 3xTg-AD mice were examined for the current 

experiment. All experimental protocols involving the use of animals in this study were 

approved by the University of Guelph Animal Care Committee and adhered to the 

guidelines of the Canadian Council on Animal Care.  

 

4.2.2  3α-diol Treatment and Surgical Procedure  

 Mice were implanted with subcutaneous capsules filled with either 3-diol-

diproprionate or were blank to serve as controls via the surgical procedure previously 

described in Chapter 2.  

 

4.2.3  Sacrifice and Tissue Collection  

 Mice were sacrificed at 9-10 months of age and within 1 month following 

behavioural testing. A subset of animals (n=3-6 animals per treatment group) were 

given intraperitoneal injections of 0.8 mL of avertin and subsequently transcardially 

perfused for IHC and IF analysis. Animals were perfused with approximately 50 mL of 

0.9% physiological saline followed by 4% paraformaldehyde (PFA) dissolved in 1x 
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phosphate-buffered saline (PBS) to clear the blood and preserve the brain for 

immunostaining (protocol detailed in Wu et al. 2021). Whole brains were then dissected 

from the skull and post-fixed in 4% PFA for 36 hours at 4°C. The brains were then 

thoroughly rinsed three times with PBS and transferred into PBS containing 0.01% 

sodium azide for storage at 4°C until processing.  

  

4.2.4  Histological Tissue Preparation  

 Following fixation, brains were processed using an automated processor (Fisher 

Scientific, Waltham, Massachusetts, USA) by dehydrating the tissue in a series of 

isopropanol solutions of increasing concentrations (70%, 85%, 90%, 95%, 100%, 100% 

for 45 minutes each) to remove water from the tissue followed by infiltration with wax. 

Brains were then processed in three sequential steps of xylene for 45 minutes each, 

followed by three steps in paraffin wax for 45 minutes each. Once processing was 

complete, brains were placed into a mold with molten wax using a heated paraffin 

embedding station to form a wax block that could be clamped into a microtome for 

sectioning. Brains were sectioned into 5µm-thick coronal slices using a rotary 

microtome (HM 355S Automatic Microtome; Thermo Scientific, Ottawa, Canada) and 

mounted onto charged slides (Surgipath X-tra; Leica Microsystems, Ontario, Canada) 

before being baked at 60°C overnight to guarantee adhesion.   

  

4.2.5  Immunohistochemistry  

 Immunohistochemistry was used to visualize tau phosphorylation using 

antibodies AT8 which recognizes tau protein phosphorylated at serine residue 202 and 
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threonine 205 (Ser202/Thr205) and AT100 which recognizes tau protein phosphorylated 

at threonine 214 and serine residue 212 (Ser214/Thr212). Brain sections containing the 

dorsal, intermediate, and ventral regions of the hippocampus (Figure 4.1; n=3 per 

animal; n=3-6 animals per treatment group) taken approximately 200μm apart were 

selected to be stained for each protein of interest. Sections were deparaffinized and 

rehydrated in the following sequence: three changes in xylene (2 minutes each) 

followed by three changes in 100% isopropanol (2 minutes each), one change in 70% 

isopropanol (2 minutes) and one change in deionized water (2 minutes). Sections were 

then quenched in 3% hydrogen peroxide diluted in deionized water for 20 minutes at 

room temperature and then rinsed three times in PBS for 2 minutes each. Sections then 

underwent antigen retrieval in citrate buffer in a hot water bath set to 95°C for 12 

minutes and were allowed to cool at room temperature for 20 minutes. Sections were 

rinsed three times in PBS for 2 minutes each and then were blocked for 1 hour at room 

temperature in 5% normal goal serum (NGS; MJS BioLynx Inc. Brockville, ON, Canada) 

in a humidity chamber. After blocking, sections were incubated with primary antibody 

(see Table 4.1) in PBS overnight at 4°C (one section per slide served as the omission 

control being incubated in PBS only). The following day, sections were rinsed three 

times in PBS with Tween-20 (PBST) for 2 minutes each and then were incubated with a 

biotinylated secondary antibody (Table 4.1) for 1 hour at room temperature. Sections 

were then rinsed three times with PBS (2 minutes each) before being incubated with 

horseradish peroxidase conjugated streptavidin (HRP; Jackson ImmunoResearch 

Laboratories Inc., West Grove, Pennsylvania, USA) for 1 hour at room temperature. 

Next, sections were rinsed three times with PBS (2 minutes each) and then stained with 
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3,3’-diaminobenzidine (DAB; Vector Laboratories, Burlingame, California, USA) for 3 

minutes. Sections were rinsed in deioinized water two times (2 minutes each), 

counterstained in Modified Harris Hematoxylin Solution (Fisher Scientific, Ottawa, ON, 

Canada) for 1 minute and rinsed again in deionized water before being dipped (1 time) 

in acid alcohol. Sections were rinsed with deionized water, blued in ammonia water (~10 

dips) and then rinsed in deionized water once again. Finally, sections underwent a 

series of changes in 100% isopropanol (three times for 2 minutes each) and xylene 

(three times for 2 minutes each) before being coverslipped with Cytoseal (Fisher 

Scientific).  

 

 

 

 

 

A 

B 

Figure 4.1 Representative schematics of the mouse hippocampus divided 
into dorsal, intermediate, and ventral portions. (A) Corresponding mouse 
brain atlas images indicating the brain sections selected for IHC and IF analysis; 
taken from Paxinos et al. (2001). (B) Representative coronal sections taken from 
the 3xTg-AD mouse brain stained with hematoxylin and eosin.  
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4.2.6  Immunofluorescence  

 Immunofluorescence was used to examine the effect of 3-diol on the 

expression of glial fibrillary acidic protein (GFAP), ionized calcium-binding adaptor 

molecule 1 (Iba-1), CC-chemokine receptor 7 (CCR7), arginase 1 (Arg-1), and neuronal 

nuclei (NeuN). Selected sections as previously described were deparaffinized and 

rehydrated with deionized water (see above), followed by a 15-minute rinse in PBS. The 

following steps were conducted for GFAP and Iba-1: sections underwent antigen 

retrieval in citrate buffer at 95°C for 12 minutes and were allowed to cool at room 

temperature for 20 minutes. Next, sections were rinsed in PBS (2 minutes) followed by 

incubation in 0.1% trypsin for 20 minutes in an oven set to 37°C. Sections were rinsed 

in PBS (2 minutes) before being blocked with 5% NGS in diluent for 30 minutes at 37°C 

in a humidity chamber and then incubated with the primary antibody (Table 4.1) in 

diluent overnight at 4°C. The following steps were conducted for NeuN, CCR7 and Arg-

1: sections underwent antigen retrieval using tris-EDTA buffer in a hot water bath set to 

95°C for 30 minutes, and then were allowed to cool at room temperature for 30 minutes. 

Sections were transferred to PBST (10 minutes) and then rinsed twice in PBS (5 

minutes each). Sections were blocked in 10% NGS diluted in PBS with 0.3% tritonX-100 

(Sigma-Aldrich) for 30 minutes at room temperature in a humidity chamber and then 

incubated in primary antibody (Table 4.1) diluted in PBS and 1% bovine serum albumin 

(BSA) overnight 4°C. For all antibodies, the second day of the protocol was similar. 

Sections were rinsed in PBS three times for 2 minutes each (for GFAP and Iba-1) or 

PBS and 1% BSA three times for 10 minutes each (for NeuN, CCR7 and Arg-1). 

Sections were then incubated with the secondary antibody diluted in PBS for 1 hour at 
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room temperature. Sections were rinsed three times with PBS (2 minutes each) before 

being incubated with 6-diamindino-2-phenylindole (DAPI; Fisher Scientific) diluted in 

sterile PBS (1:5000) for 2 minutes at room temperature, rinsed three times in PBS (2 

minutes each) and then coverslipped with Dako Fluorescent Mounting Medium (Dako 

Canada, Burlington, Ontario, Canada).  

In addition, although immunofluorescence was used to detect levels of Aβ in the 

9-month-old brain sections, little to no staining was observed at that time point and was 

insufficient for quantification. Therefore, a preliminary study to examine the effect of 3-

diol on the expression of Aβ was conducted using 12-month-old 3xTg-AD brain ventral 

sections (n=3 per treatment group) as a continuation from the project that was disrupted 

due to the covid-19 pandemic. Images were qualitatively analyzed for any obvious 

differences between 3-diol treated and vehicle treated animals. Further analysis and 

quantification of Aβ will conducted in future studies. Selected sections as previously 

described were deparaffinized and rehydrated with deionized water before undergoing 

antigen retrieval in citrate buffer at 95°C for 12 minutes. Sections were allowed to cool 

for 20 minutes at room temperature before being transferred to tris buffered saline with 

Tween 20 (TBST) for 10 minutes. Sections were rinsed two times in PBS (5 minutes 

each) and then blocked in 5% NGS for 1 hour at room temperature before being 

incubated with the primary antibody (Table 4.1) diluted in blocking buffer (0.3% tritonX-

100 in PBS and 1% BSA) overnight at 4°C. The following day, sections were rinsed two 

times in PBS (5 minutes each) and incubated with the secondary antibody for 1 hour at 

room temperature. Sections were then rinsed again two times in PBS (5 minutes each), 

incubated with DAPI (2 minutes) at room temperature, rinsed three times in PBS (2 
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minutes each) and then coverslipped with Dako Fluorescent Mounting Medium. All IF 

slides were stored in the dark at 4°C.  

 

4.2.7  Quantification  

 Two different strategies were used for quantification: (1) the total number of 

positively stained cells in each region of interest (ROI) and (2) the percentage of area 

positively stained in each ROI. From each brain section (n=3 per animal per treatment 

group), three regions of the hippocampus were analyzed: cornu ammonis 1 (CA1), 

cornu ammonis 3 (CA3), and the dentate gyrus (DG), except for Arg-1 as staining was 

only found in the subiculum (SB) of the hippocampus. For each of these regions, an 

ROI was selected to be the area in which each protein of interest was quantified. For 

AT8 and AT100, the total number of positively stained cells in each ROI were manually 

counted using ImageJ/FIJI software (Schindelin et al., 2012).  For NeuN, the total 

number of nuclei in each image (indicated by the nuclear counterstain DAPI) and the 

total number of NeuN negative nuclei were counted manually using ImageJ/FIJI 

software to give a total number of NeuN positive cells (total number of nuclei – number 

of NeuN negative nuclei). For GFAP, Iba-1, CCR7, and Arg-1, the percentage of area 

positively stained was generated automatically using ImageJ/FIJI software (see detailed 

protocol in Appendix 2).  

 

4.2.8 Statistical Analysis  

 All statistical analyses were performed using SPSS Statistics 26 Software (IBM, 

Armonk, NY, USA) and graphs were produced using GraphPad Prism version 8.0 
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(GraphPad Software Inc., La Jolla, California, USA). IHC and IF data were analyzed by 

a two-way ANOVA with sex and treatment as between-subjects factors. Post hoc 

analyses with the Bonferroni correction were used to examine significant group 

differences. Sample sizes for the treatment groups used to analyze AT8, AT100, NeuN, 

and GFAP were as follows: Tgm-V n=3, Tgm-3 n=5, Tgf-V n=5, Tgf-3 n=6. Sample 

sizes for the treatment groups used to analyze Iba-1 and CCR7 were as follows: Tgm-V 

n=4, Tgm-3 n=4, Tgf-V n=5, Tgf-3 n=6. Sample sizes for the treatment groups used 

to analyze Arg-1 were as follows: Tgm-V n=3, Tgm-3 n=3, Tgf-V n=5, Tgf-3 n=6. All 

data were tested for homogeneity of variance using the Levene’s test. Significance for 

all statistical analysis was determined as p<0.05.  
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Antigen Peptide/ 
Protein 
Target 

Type Retrieval Block Primary Secondary HRP DAB 

AT8 
(Ser202/
Thr205) 

Epitope 
containing 
phosphoryla
ted Ser202 
and Thr205 
residues 

IHC Citrate buffer 
for 12 
minutes at 
95°C, 20 
minutes in 
solution at 
room 
temperature 

5% NGS in 
1XPBS for 1 
hour at room 
temperature  

Mouse anti-
human PHF-tau 
antibody  
1:100 in 1XPBS  
overnight at 4°C 
 (ThermoFisher, 
MN1020)  

Biotinylated goat 
anti-mouse  
1:200 in 1XPBS 
for 1 hour at room 
temperature 
(Vector 
Laboratories, BA-
9200) 

1:50  3 min 

AT100 
(Ser214/
Thr212) 

Epitope 
containing 
phosphoryla
ted Ser214 
and Thr212 
residues 

IHC Citrate buffer 
for 12 
minutes at 
95°C, 20 
minutes in 
solution at 
room 
temperature 

5% NGS in 
1XPBS for 1 
hour at room 
temperature 

Mouse anti-
human PHF-tau 
antibody  
1:100 in 1XPBS  
overnight at 4°C 
 (ThermoFisher, 
MN1060) 

Biotinylated goat 
anti-mouse  
1:200 in 1XPBS 
for 1 hour at room 
temperature 
(Vector 
Laboratories, BA-
9200) 

1:50  3 min 

Aβ Peptide 
correspondi
ng to 
residues 
near the 
amino 
terminus of 
human Aβ 
peptide 

IF Citrate buffer 
for 12 
minutes at 
95°C, 20 
minutes in 
solution at 
room 
temperature 

5% NGS in 
PBST for 1 
hour at room 
temperature 

Rabbit anti-Aβ 
(D54D2) 
antibody 
1:500 in 0.3% 
tritonX-100 + 
1XPBS+ 1% 
BSA  overnight 
at 4°C 
(Cell Signalling, 
8243)  

Cy3-conjugated 
goat anti-rabbit  
1:300 in 1XPBS 
for 1 hour at room 
temperature 
(Jackson 
ImmunoResearch 
Laboratories, 
111-165-144)    

  

Table 4.1 Summary table of the optimized immunohistochemistry and immunofluorescence protocols for proteins of 
interest:  AT8, AT100, Aβ, NeuN, GFAP, Iba-1, CCR7, and Arg-1 
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NeuN Synthetic 
peptide 

IF Tris buffer 
for 30 
minutes at 
95°C, 30 
minutes in 
solution at 
room 
temperature  

10% NGS in 
1XPBS with 
0.3% tritonX-
100 for 30 
minutes at 
room 
temperature 

Rabbit anti-
NeuN antibody 
1:500 in 1XPBS 
+ 1% BSA  
overnight at 4°C 
(Abcam, 
ab104225)  

Cy3-conjugated 
goat anti-rabbit  
1:500 in 1XPBS 
for 1 hour at room 
temperature 
(Jackson 
ImmunoResearch 
Laboratories, 
111-165-144)  

  

GFAP Detects 
endogenou
s levels of 
total GFAP 
protein  

IF 1) Citrate 
buffer for 12 
minutes at 
95°C, 20 
minutes in 
solution at 
room 
temperature 
 

2) 0.1% 
trypsin in 
PBS for 20 
minutes at 
37°C 

5% NGS in 
diluent for 30 
minutes at 
37°C (See 
Appendix 2)  

Rabbit anti-
GFAP antibody  
1:400 in diluent 
overnight at 4°C 
(Agilent 
Technologies 
Inc., Z0334)  

Cy3-conjugated 
goat anti-rabbit  
1:1000 in 1XPBS 
for 1 hour at room 
temperature 
(Jackson 
ImmunoResearch 
Laboratories, 
111-165-144) 

  

Iba-1 Synthetic 
peptide 
correspondi
ng to 
human 1ba-
1 

IF 1) Citrate 
buffer for 12 
minutes at 
95°C, 20 
minutes in 
solution at 
room 
temperature 
 

5% NGS in 
diluent for 30 
minutes at 
37°C (See 
Appendix 2) 

Rabbit anti-Iba-
1 antibody  
1:250 in diluent 
overnight at 4°C 
(Abcam, 
ab178847) 

Cy3-conjugated 
goat anti-rabbit  
1:500 in 1XPBS 
for 1 hour at room 
temperature 
(Jackson 
ImmunoResearch 
Laboratories, 
111-165-144) 
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2) 0.1% 
trypsin in 
PBS for 20 
minutes at 
37°C 

CCR7 Synthetic 
peptide 
correspondi
ng to 
human 
CCR7  

IF Tris buffer 
for 30 
minutes at 
95°C, 30 
minutes in 
solution at 
room 
temperature 

10% NGS in 
1XPBS with 
0.3% tritonX-
100 for 30 
minutes at 
room 
temperature 

Rabbit anti-
CCR7 antibody 
1:50 in 1XPBS 
+ 1% BSA  
overnight at 4°C 
(Abcam, 
ab32527) 

Cy3-conjugated 
goat anti-rabbit  
1:200 in 1XPBS 
for 1 hour at room 
temperature 
(Jackson 
ImmunoResearch 
Laboratories, 
111-165-144) 

  

Arg-1 Synthetic 
peptide 
correspondi
ng to 
residues 
surrounding 
Pro338 of 
human 
arginase-2 
protein 

IF Tris buffer 
for 30 
minutes at 
95°C, 30 
minutes in 
solution at 
room 
temperature 

10% NGS in 
1XPBS with 
0.3% tritonX-
100 for 30 
minutes at 
room 
temperature 

Rabbit anti-
Arginase 
antibody  
1:50 in 1XPBS 
+ 1% BSA  
overnight at 4°C 
(Cell Signalling, 
93668) 

Cy3-conjugated 
goat anti-rabbit  
1:200 in 1XPBS 
for 1 hour at room 
temperature 
(Jackson 
ImmunoResearch 
Laboratories, 
111-165-144) 
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4.3  RESULTS 
 

4.3.1  Effects of 3-diol Treatment on AT8 and AT100 Immunoreactivity  
 

 To determine the effects of 3-diol treatment on AD-related neuropathology in 9-

month-old 3xTg-AD male and female mice, brain sections were stained for 

phosphorylated tau using the antibodies AT8 (Ser202/Thr205) and AT100 

(Ser214/Thr212). Our analyses were carried out using three hippocampal regions of 

interest: CA1, CA3, and the DG. For AT8, a 2x2 ANOVA revealed no significant effects 

of treatment [CA1: F(1, 15)=0.085, p=0.775; CA3: F(1,14)=0.073, p=0.791; DG: 

F(1,14)=0.331] or sex [CA1: F(1,15)=1.071, p=0.317; CA3: F(1,14)=1.238,p=0.285; DG: 

F(1,14)=1.015, p=0.331]. For AT100, a 2x2 ANOVA revealed a significant main effect of 

sex in the CA1 region [CA1: F(1,15)=6.923, p=0.019; CA3: F(1,15)=1.869, p=0.192; 

DG: F(1,15)=1.563, p=0.230] and no significant effect of treatment [CA1: F(1,15)=0.446, 

p=0.514; CA3: F(1,15)=0.001, p=0.971; DG: F(1,15)=0.023, p=0.881]. No significant 

differences between treatment groups were detected using post-hoc analysis with the 

Bonferroni correction. 
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  Figure 4.2 Pathological phosphorylated tau staining using AT8 

(Ser202/Thr205) in the hippocampus of 3xTg-AD mice. (A) Representative 
images of immunohistochemical detection of Ser202/Thr205 phosphorylated 

tau in male and female 3xTg-AD vehicle and 3-diol treated mice in the CA1, 
CA3, and DG regions of the hippocampus. Immunohistochemistry was 
visualized with DAB (brown) and hematoxylin counterstaining (blue). (B-D) 
Quantification of staining showed no significant difference between treatment 
groups in the CA1, CA3, or DG regions of the hippocampus. The magnified 
(CA1) images indicate the presence of pre-tangles (arrows). Scale bar = 50 μm 

B C D 

A 
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Figure 4.3 Pathological tau staining using AT100 (Ser214/Thr212) in the 
hippocampus of 3xTg-AD mice. (A) Representative images of 
immunohistochemical staining of Ser214/Thr212 phosphorylated tau in male 

and female 3xTg-AD vehicle and 3-diol treated mice in the CA1, CA3, and DG 
regions of the hippocampus. Immunohistochemistry was visualized with DAB 
(brown) and hematoxylin counterstaining (blue). (B-D) Quantification of staining 
showed no significant difference between treatment groups in the CA1, CA3, or 
DG regions of the hippocampus. The magnified (CA1) images indicate traces of 
intracellular tangle material with no evidence of pre-tangles. Scale bar = 50 μm  
 

B C D 

A 
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4.3.2  Effects of 3-diol Treatment on Aβ Immunoreactivity 

 To investigate the effects of 3-diol treatment on the expression of Aβ in the 

hippocampus, immunofluorescence was performed using the Aβ (D54D2) antibody. A 

preliminary study conducted on 12-month-old animals demonstrated a detectable 

presence of amyloid plaques in the subiculum of 3xTg-AD females with some 

perinuclear staining. Sections from 3xTg-AD males demonstrated a detectable 

presence of perinuclear Aβ staining but no plaques. There was no obvious qualitative 

difference between 3-diol and vehicle treated animals in both male and female 3xTg-

AD animals.  

 

Figure 4.4 Immunofluorescent staining of Aβ in the subiculum of 3xTg-AD 
mice. 3xTg-AD males displayed perinuclear Aβ staining while 3xTg-AD females 
displayed Aβ plaque staining, with no detectable qualitative difference between 

animals treated with 3-diol or vehicle. Nuclei are stained with DAPI (Blue). 

Scale bar = 50 μm   
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4.3.3  Effects of 3-diol Treatment on NeuN Immunoreactivity 

To determine the effects of 3-diol treatment on AD-related neuropathology in 9-

month-old 3xTg-AD male and female mice, brain sections were stained for the mature 

neuronal marker NeuN. Our analyses were carried out using three hippocampal regions 

of interest: CA1, CA3, CA4 (hilus) and the DG. A 2x2 ANOVA revealed a significant 

main effect of sex in the CA1, CA3, and DG [CA1: F(1,14)=23.219, p<0.001; CA3: 

F(1,14)=9.283, p=0.009; DG: F(1,14)=6.245, p=0.026] but not treatment [CA1: 

F(1,14)=2.652, p=0.126; CA3: F(1,14)=0.855, p=0.371; DG: F(1,14)=0.735, p=0.406]. In 

the CA4 region, no significant effects of sex [F(1,13)=3.06, p=0.104] or treatment 

[F(1,13)=2.156, p=0.166] were revealed. Post-hoc analysis with the Bonferroni 

correction revealed a significant difference between vehicle treated 3xTg-AD males and 

3xTg-AD females treated with vehicle or 3-diol in the CA1 region (Tgm-Vehicle vs. Tgf-

Vehicle, p=0.005; Tgm-Vehicle vs. Tgf-3-diol, p=0.003) and between vehicle treated 

3xTg-AD males and females in the CA3 region (Tgm-Vehicle vs. Tgf-Vehicle, p=0.04). 

No significant differences between treatment groups were revealed in the DG.  
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Figure 4.5 NeuN staining in the hippocampus of 3xTg-AD mice. (A) 
Representative images of immunofluorescent detection of NeuN in male 

and female 3xTg-AD vehicle and 3-diol treated mice in the CA1, CA3, 
CA4 and DG regions of the hippocampus. Nuclei are counterstained with 
DAPI (Blue). (B-C) Quantification of NeuN showed a significant difference 
in the CA1 subfield between vehicle treated 3xTg-AD males (Tgm) and 

3xTg-AD females (Tgf) treated with vehicle and 3-diol, and between 
vehicle treated 3xTg-AD males and females in the CA3 subfield. (D-E) No 
significant difference was observed between treatment groups in the CA4 
and DG. *p<0.05, **p<0.01. Scale bar = 50 μm   
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4.3.4  Effects of 3-diol Treatment on Markers of Neuroinflammation (GFAP, Iba-

1, CCR7 and Arg-1)  

 

To determine the effects of 3-diol treatment on neuroinflammation in 9-month-

old 3xTg-AD male and female mice, brain sections were stained for neuroinflammatory 

markers: GFAP, iba-1, Arg-1, and CCR7. Our analyses were carried out using three 

hippocampal regions of interest including the CA1, CA3, and DG, with the exception for 

Arg-1 in which we analyzed the subiculum only due to lack of staining in the other 

regions. For GFAP, a 2x2 ANOVA revealed no significant main effects of sex [CA1: 

F(1,13)=0.637, p=0.439; CA3: F(1,13)=0.679, p=0.425; DG: F(1,13)=1.534, p=0.237]  or 

treatment [CA1: F(1,13)=0.556, p=0.469; CA3: F(1,13)=0.368, p=0.554; DG: 

F(1,13)=0.008, p=0.932]. For Iba-1, a 2x2 ANOVA revealed no significant main effects 

of sex [CA1: F(1,13)=0.036, p=0.852; CA3: F(1,13)=0.064, p=0.805; DG: F(1,13)=0.002, 

p=0.961] or treatment [CA1: F(1,13)=1.622, p=0.225; CA3: F(1,13)=2.326, p=0.151; 

DG: F(1,13)=0.698, p=0.419]. For Arginase, a 2x2 ANOVA revealed no significant main 

effects of sex [F(1,13)=0.225, p=0.643] or treatment [F(1,13)=0.018, p=0.895] in the 

subiculum. For CCR7, a 2x2 ANOVA revealed no significant effects of sex [CA1: 

F(1,15)=0.078, p=0.784; CA3: F(1,15)=0.059, p=0.812; DG: F(1,15)=1.581, p=0.228] or 

treatment [CA1: F(1,15)=1.311, p=0.784; CA3: F(1,15)=0.913, p=0.354; DG: 

F(1,15)=0.136, p=0.718].  
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Figure 4.6 GFAP staining in the hippocampus of 3xTg-AD mice. (A) 
Representative images of immunofluorescent staining of GFAP in male and 

female 3xTg-AD vehicle and 3-diol treated mice in the CA1, CA3 and DG 
regions of the hippocampus. Nuclei are counterstained with DAPI (Blue). (B-D) 
Quantification of GFAP showed no significant difference between treatment 
groups in the CA1, CA3, or DG regions of the hippocampus. Magnified images 
(40x) show GFAP positive astrocytes. Scale bar = 50 μm   

B C D 
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Figure 4.7 Iba-1 staining in the hippocampus of 3xTg-AD mice. (A) 
Representative images of immunofluorescent staining of iba-1 in male and 

female 3xTg-AD vehicle and 3-diol treated mice in the CA1, CA3 and DG 
regions of the hippocampus. Nuclei are counterstained with DAPI (Blue). (B-D) 
Quantification of iba-1 showed no significant difference between treatment 
groups in the CA1, CA3, or DG regions of the hippocampus. Magnified images 
(40x) show iba-1 positive microglia. Scale bar = 50 μm   

B C D 
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Figure 4.8 Arg-1 and CCR7 staining in the hippocampus of 3xTg-AD mice. 
(A) Representative images of immunofluorescent staining of Arg-1 in male and 

female 3xTg-AD vehicle and 3-diol treated mice in the subiculum. (B) 
Representative images of immunofluorescent staining of CCR7 in male and 

female 3xTg-AD vehicle and 3-diol treated mice in the CA1, CA3, and DG. 
Nuclei are counterstained with DAPI (Blue). (C-F) Quantification of Arg-1 and 
CCR7 showed no significant difference between treatment groups in the 
subiculum (C) CA1 (D), CA3 (E), or DG (F) regions of the hippocampus. 
Magnified images (40x) show Arg-1 and CCR7 positive perinuclear staining. 
Scale bar = 20 μm   
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4.4  DISCUSSION  
 

  The cardinal pathological features associated with AD include extracellular 

amyloid plaques and intracellular NFTs, which are accompanied by neuronal loss and 

neuroinflammation (Gallardo & Holtzman, 2019). The present study aimed to investigate 

the effects of 3α-diol treatment on the immunoreactivity of phosphorylated tau, Aβ, 

NeuN, GFAP, iba-1, CCR7, and Arg-1 in 3xTg-AD mice. Using immunohistochemical 

and immunofluorescent staining, we demonstrated that at 9 months of age, 3α-diol 

administration does not significantly alter the immunoreactivity of these biomarkers in 

the CA1, CA3, or DG regions of the hippocampus.  

A definitive diagnosis of AD requires the presence of both amyloid plaques and 

NFTs composed of filamentous tau proteins (Thal & Braak, 2005). Compared to normal 

tau, in the AD brain, tau proteins are hyperphosphorylated and have lost their ability to 

bind and stabilize microtubules (Alonso et al., 1994). Neuropil threads are also present 

in AD which are dendritic and axonal elements containing abnormally 

hyperphosphorylated filaments of tau, thought to have originated from neurons 

containing NFTs (DeTure & Dickson, 2019). Together, NFTs and neuropil threads 

indicate widespread alteration of the neuronal cytoskeleton and are believed to be 

associated with neuronal and cognitive deterioration in AD (DeTure & Dickson, 2019; 

Perry et al., 1991). There are several serine, threonine and tyrosine residues on tau 

isoforms that are potential sites of phosphorylation and some of these sites have been 

shown to be associated with AD and other tauopathies (Wang & Mandelkow, 2016). For 

instance, tau phosphorylation at Ser202/Thr205 (recognized by AT8) has been 

associated with early stages of AD and is widely used as a marker to study NFT 

formation (Regalado-Reyes et al., 2019; J. H. Su et al., 1994). In addition, AT100 is 
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highly specific for Ser214/Thr212 phosphorylated tau in paired helical filaments found in 

the AD brain (Zheng-Fischhöfer et al., 1998). Thus, in the present study we investigated 

the effects of 3α-diol on both markers of pathological tau.  

While testosterone administration was previously shown to reduce numbers of 

AT8-labelled neurons in 7-month-old 3xTg-AD mice, DHT administration had no 

significant effect, which may suggest that the effects of testosterone are dependent on 

local aromatization (Rosario et al., 2010). Similar to the result for DHT, we found no 

significant effect of 3α-diol treatment on number of AT8- or AT100-labelled neurons. We 

did, however, find a significant main effect of sex in the number of AT100-labelled 

neurons, although post hoc analysis did not reveal significant differences between 

groups. Interestingly, we observed a noticeable difference between AT8- and AT100-

labelled neurons, showing different stages of NFT pathology. NFTs develop through 

stages starting from neurons that contain abnormal intracellular tau deposition, to pre-

tangles which contain perinuclear accumulation of tau staining in distended cell bodies 

and dendrites, to mature tangles which displace the nucleus and other cellular 

components (DeTure & Dickson, 2019; Moloney et al., 2021). Eventually, the neurons 

die and release insoluble filaments in the extracellular space, where they associate with 

Aβ, microglia and astrocytes to form ghost tangles. In our study, AT8 labelling showed 

intracellular pre-tangles (in CA1 and CA3 regions), while AT100 labelling showed only 

traces of intracellular tangle material which appeared as granular perinuclear 

immunostaining of tau. This is consistent with previous studies that showed that AT8 

pre-tangles appear prior to AT100 (Luna-Muñoz et al., 2007).  

Though only a preliminary study was conducted to examine the effects of 3α-diol 

treatment on Aβ, we found no detectable qualitative changes in Aβ between animals 
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treated with 3α-diol or vehicle. However, we did observe an apparent difference in Aβ 

staining between 3xTg-AD males and females. 3xTg-AD females at 12 months of age 

had clear Aβ plaque staining in the subiculum, while 3xTg-AD males displayed 

perinuclear Aβ staining with no detectable plaques. This is consistent with studies that 

showing that 3xTg-AD females display higher levels of Aβ immunoreactivity in the 

subiculum than 3xTg-AD males, which is significant at 12-14 months of age (Carroll et 

al., 2007). The idea that the male and female brain are differentially vulnerable to AD is 

consistent with the literature on sexual dimorphisms in AD patients. Several studies 

have reported greater neuropathological changes and worsened cognitive deterioration 

in women with AD compared to men (Corder et al., 2004; Gao et al., 1998; Laws et al., 

2016).  

Based on a qualitative assessment, contrary to our hypothesis, 3α-diol treatment 

did not appear to reduce Aβ levels in the subiculum of 3xTg males or females at 12 

months of age. While immunofluorescence did not reveal quantifiable Aβ levels in the 9-

month-old animals, our laboratory also found no significant effect of 3α-diol treatment on 

Aβ expression using western blot (Bhullar, 2021) at 6 and 9 months of age. In 

comparison, previous studies have demonstrated that treatment with testosterone, DHT, 

or estradiol significantly decreases the gonadectomy-induced Aβ accumulation in the 

subiculum, CA1 and amygdala of 3xTg-AD male mice (Rosario et al. 2010). Thus, we 

hypothesized that long-term treatment with 3α-diol may itself contribute to a reduction in 

Aβ load. However, it seems plausible that supplementation with 3α-diol in intact animals 

may have inhibited testosterone production through a negative feedback loop via the 

hypothalamic-pituitary-gonadal axis, contributing to a reduction in neuroprotective 

hormones testosterone and estradiol and thus, masking any positive effects that may 
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have occurred in response to administered 3α-diol levels. In addition to a quantitative 

assessment of Aβ levels at 12 months of age, it may be valuable for future studies to 

investigate the effects of 3α-diol on levels of Aβ and phosphorylated tau in 

gonadectomized animals.   

In the present study, we also demonstrated that 3α-diol treatment did not 

significantly alter the number of positively stained cells of the mature neuronal marker, 

NeuN. NeuN is a widely used marker to estimate neuronal loss in neurodegenerative 

diseases such as AD (Virgili et al., 2018). According to several studies, the extent of 

neuronal loss reported in AD models has been limited or null, which does not reproduce 

the extensive neurodegeneration observed in humans with AD (Eimer & Vassar, 2013; 

Elder et al., 2010). However, a recent in-depth study by Esquerda-Canals and 

colleagues (2017) revealed a strong correlation between intracellular Aβ pathology and 

neuronal depletion in 5-month-old 3xTg-AD mice, specifically in populations of 

pyramidal neurons in the hippocampus. In addition, evidence suggests that androgens 

activate neuroprotective mechanisms that inhibit cell death involving apoptosis (Nguyen 

et al., 2010). Therefore, we were interested in assessing the possibility that 3α-diol 

treatment directly reduced neuronal loss in the hippocampus. However, future studies 

investigating these effects in mice at 12 months of age is warranted once AD pathology 

is pronounced.  

Interestingly, our findings revealed a significant reduction in the number of NeuN-

immunoreactive cells in 3xTg-AD females compared to males in the CA1 and CA3 

regions of the hippocampus. This is in line with previous research that reported NeuN to 

be sexually dimorphic in the adult rat brain. Scharfman and MacLusky (2014) showed 

that adult female rats had reduced expression of NeuN in various areas of the cortex, 
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which was hypothesized to be indicative of an inherent vulnerability of neurons. Indeed, 

previous studies have suggested that various forms of insults, injury, or disease can 

lead to phosphorylation of NeuN, which can lead to a loss of NeuN immunoreactivity as 

the antibody may be unable to recognize the conformational change in the 

phosphorylated protein (Duffy et al., 2011). This data defines a sex difference in the 

hippocampus of 3xTg-AD mice that has not been previously described.   

In addition to investigating the effects of 3α-diol on NeuN in the three major areas 

of the hippocampus (CA1, CA3, DG), we also analyzed the CA4 or hilar region of the 

DG. Previous studies have shown that 3α-diol exerts anxiolytic effects in rodents, which 

we also demonstrated in chapter 2. This coupled with unpublished data (Scharfman et 

al., unpublished) that revealed lesioning the neurons in the hilus resulted in a significant 

increase in anxiety in an AD mouse model, we hypothesized that 3α-diol may exert 

effects on hilar neurons in particular by protecting them from neuronal cell death. 

However, there is evidence that NeuN expression is present only in certain neuronal 

populations and may not the best marker for neuronal differentiation (Gusel’nikova & 

Korzhevskiy, 2015). Thus, we strongly recommend additional studies to be conducted in 

order to further evaluate this potential link.  

Lastly, we investigated the effects of 3α-diol on the expression of various 

markers associated with neuroinflammation. GFAP is a major astrocytic cytoskeletal 

protein and is widely used as a marker of astroglial activation and astrocytosis 

(Cicognola et al., 2021). Increased levels of GFAP have been reported in patients with 

various neurological conditions including AD (Chatterjee et al., 2021; Elahi et al., 2020; 

Ishiki et al., 2016; Oeckl et al., 2019) as well as in AD models including 3xTg-AD mice 

(Caruso et al., 2013). Our findings revealed no significant effect of 3α-diol on GFAP-
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immunoreactivity in the CA1, CA3, or DG regions of the hippocampus. This is in line 

with a previous study that reported 3α-diol and testosterone to have no significant effect 

on GFAP mRNA expression in cultures of rat type 1 astrocytes (Melcangi et al., 1996). 

However, DHT was shown to significantly decrease GFAP mRNA after 24 hours of 

exposure. This lends evidence to suggest that the possible effects of DHT via back 

conversion from 3α-diol may not have been substantial in this experiment, though this 

remains speculative as hormone level measurements were not conducted. We also 

investigated the potential effects of 3α-diol on the expression of iba-1, a commonly used 

microglia marker, which has been demonstrated to correlate with microglial activation 

and neuroinflammation (Ito et al., 1998; Walker & Lue, 2015). We found no significant 

change in iba-1-immunoreactivity between 3α-diol treated and vehicle treated 3xTg-AD 

mice. Similar findings by our laboratory showed no significant effect of 3α-diol treatment 

on GFAP or iba-1 expression demonstrated by western blot analysis (Bhullar, 2021). 

However, we were surprised to see no significant sex differences, as prior studies have 

described a significant increase in iba-1 activation in 3xTg-AD females compared to 

age-matched males (Yang et al., 2018). Although, since these results were found in 

older animals with more progressed forms of the disease, ongoing studies will be 

conducted to evaluate changes in these markers once pathology is more developed.  

Further, we investigated markers CCR7 and Arg-1 for their involvement in 

neuroinflammation and AD pathology. CCR7 is a CC chemokine receptor expressed on 

microglia, important for mediating the migration of immune cells in the brain and its role 

as a proinflammatory receptor has been described in various models of inflammatory 

diseases (Bulati et al., 2019). Specifically in AD, there is evidence that CCR7 

expression is significantly increased in microglia after Aβ exposure (Lue et al., 2019) 
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and recently, a study reported that a decrease in CCR7 expression is linked to 

worsened Aβ deposition and cognitive impairment in 5xFAD mice (Da Mesquita et al., 

2021). In addition, Arg-1 is commonly expressed in microglia and is thought to promote 

inflammation and participate in Aβ clearance (Cherry et al., 2015). A previous study also 

reported a reduction in hyperphosphorylated tau deposition after Arg-1 overexpression 

in a tauopathy mouse model (Hunt et al., 2015). However, in the present study we found 

no evidence that 3α-diol treatment affected hippocampal levels of CCR7 or Arg-1. We 

also revealed no significant difference between levels of these markers in 9-month-old 

3xTg-AD mice compared to wildtypes using western blot (Bhullar, 2021). Although, 

reduction in CCR7 expression was previously reported only in 12–14-month-old mice 

(Da Mequita et al., 2021), which may suggest that we were unable to detect any 

changes at this age.  

Overall, we found no significant effect of 3α-diol treatment on markers of 

pathological tau (detected with AT8 and AT100), Aβ, or astrocytic or microglial markers 

(GFAP, Iba-1, CCR7, Arg-1) in the hippocampus of 9-month-old 3xTg-AD mice. 

However, we hypothesize that at this age, pathology and glial cell responses in these 

mice have not fully developed and further examination is required to investigate 

changes in levels of these markers at a later age.   
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CHAPTER 5 
 

CONCLUSIONS, LIMITATIONS AND FUTURE DIRECTIONS 
 
 

5.1  SUMMARY OF FINDINGS  
 
 The results presented in this thesis provide evidence that 3α-diol treatment 

exerts significant effects on object recognition (OR) memory, anxiety, and hippocampal 

morphology in the 3xTg-AD mouse model. Findings from chapter 2 demonstrated that at 

9 months of age, long-term 3α-diol treatment via subcutaneous slow-release Silastic 

capsules, differentially impaired short-term OR memory and improved long-term OR 

memory in 3xTg-AD males, while 3α-diol treatment did not protect 3xTg-AD females 

from OR memory impairment. Importantly, it appears as though the effects of 3-diol 

treatment on OR memory may depend on several factors including age of the animals, 

length of the treatment, retention delay, and sex. In addition, 3α-diol treatment 

significantly decreased anxiety like behaviour in the open field under certain conditions 

compared to animals treated with control capsules, consistent with previous studies 

indicating 3-diol exerts anxiolytic effects in rats and mice (Frye, Ediner et al. 2008, 

Koonce et al. 2008).  

 Data presented in chapter 3 revealed that 3α-diol treatment significantly 

increased dendritic spine density in both male and female 3xTg-AD mice in the CA1 and 

CA3 subfields of the hippocampus. However, the effects of 3α-diol administration may 

not be consistent across the length of the apical dendritic tree. We also revealed a 

significant sex-specific effect of 3α-diol treatment on dendritic branching and length of 

CA1 pyramidal neurons. Males treated with control capsules showed significantly 

increased apical dendritic branching and length compared to females, while 3α-diol 
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treatment reversed this effect resulting in reduced dendritic branching and length in 

males compared to females. However, when given to females, 3α-diol treatment 

appeared to abolish this apparent sex difference in branching between untreated male 

and females by increasing dendritic branching and length to levels comparable to male 

controls. While 3α-diol administration showed significant effects (both positive and 

negative) on neuroplasticity in the hippocampus, it remains unclear how these changes 

may influence hippocampal function. The data imay indicate a significant sex difference 

in OR memory and dendritic branching in response to 3α-diol, possibly reflecting a more 

androgen-sensitive response in males vs females. Further investigation into how 3α-diol 

influences hippocampal connectivity in the male versus female is required. It is 

important to mention however, that changes in structural neuroplasticity does not 

necessarily mean changes in function. For instance, previous studies have shown that 

newly formed spines often contain “silent synapses” which lack glutamate receptors of 

the α-amino-3-hydroxy-5-methyl-4- isoxazolepropionate (AMPA) subtype and thus are 

unable to mediate synaptic transmission (Kerchner & Nicoll, 2008). This may help to 

explain the increase in dendritic spine density in 3α-diol treated 3xTg-AD females, while 

no improvement in OR memory was observed, although a more detailed analysis is 

necessary.   

 Lastly, the findings presented in chapter 4 of this thesis indicated that 3α-diol 

treatment had no significant effect on the expression of phosphorylated tau markers, 

detected with AT8 or AT100 antibodies, mature neuronal marker NeuN, or the 

qualitative assessment of Aβ levels in the hippocampus of 9-month-old 3xTg-AD mice. 

Similarly, 3α-diol treatment did not significantly alter commonly used markers of 

neuroinflammation: GFAP, iba-1, CCR7, or Arg-1. We did reveal interesting findings that 
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Ser202/Thr205 phosphorylated tau pathology develops prior to Ser214/Thr212 

phosphorylated tau in this mouse model of AD, and that female 3xTg-AD mice had 

reduced numbers of NeuN-immunoreactive cells compared to males in the CA1 and 

CA3 regions of the hippocampus. In summary, the results presented herein provide 

important early findings of the role of 3α-diol supplementation on cognitive behaviour, 

dendritic morphology, and markers associated with AD.  

 

5.2  LIMITATIONS AND FUTURE DIRECTIONS  
 

 The major limitation of this study, as with all research using experimental animal 

models, is the possibility that the findings indicated in the 3xTg-AD mouse model, may 

not be translatable to humans. Often overlooked is the fact that AD animal models do 

not have AD but rather express AD-like pathological features similar to what is observed 

in humans. This is emphasized by the particularly high failure rate of clinical trials in 

patients with AD, while preclinical testing in AD animal models may have been 

successful (Drummond & Wisniewski, 2017). Nonetheless, the development of AD 

models has advanced our knowledge of AD pathogenesis and allowed us to answer 

questions that are not have been possible in humans. In this case, in order for 

androgen-derived neurosteroids to even be considered as a possible AD therapeutic, 

we must first develop a better understanding for how they may be exerting their effects 

in a preclinical context.  

 In chapter 2, we found that 3α-diol treatment significantly impaired OR memory 

with the 5-minute delay in 3xTg-AD males. However, according to previous studies, 

while AD mouse models appear to have intact short-term OR memory with 2–3-minute 

delays, there is evidence to suggest that AD mice may already have impaired OR 
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memory if the retention delay is greater than or equal to 5-minutes (Creighton et al., 

2019). Thus, additional studies are required to determine when OR memory is impaired 

in these mice using varied retention delays and whether 3α-diol treatment does in fact 

have an impairing effect of short-term memory. Additionally, our study only looked at the 

effects on memory and behaviour using the spontaneous OR (SOR) task and open 

field. Although the open field test is a widely used measure of anxiety-like behaviour, it 

has been criticized for its inability to provide independent measures of anxiety, 

locomotor activity and exploration (File, 2001), and it was shown that common anxiolytic 

drugs do not reduce the amount of time animals spent in the center of the open field 

(Thompson et al., 2015). Therefore, our findings that 3α-diol treatment exerts anxiolytic 

effects should be followed up with more specific anxiety tests including the elevated 

plus maze or the light-dark box assay (Bourin & Hascoët, 2003; Walf & Frye, 2007). In 

addition, the SOR task has its own limitations. For instance, unlike some other assays 

of memory that can be attributed to a specific brain region, the SOR task relies on 

different regions including the hippocampus and perirhinal cortex (Warburton & Brown, 

2015; Winters et al., 2008). Therefore, it may be difficult to interpret what may be 

occurring in terms of underlying neurobiology. Further, there does not appear to be any 

standardization of objects used as stimuli. Evidence suggests that different properties of 

objects can have a significant effect on a rodent’s interest in an object and may 

influence task performance (Antunes & Biala, 2012) . Objects are also often re-used in 

the SOR task and require the use of a sanitization agent that itself may introduce a 

powerful or aversive odor cue. Thus, it would be valuable for future research to be 

conducted using additional hippocampus-dependent cognitive tasks such as the Morris 

water maze and active place avoidance task (Vorhees & Williams, 2006; Willis et al., 
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2017), or a recently developed homecage-based paradigm that uses disposable 

wooden stimuli to eliminate confounding odor cues (Wooden et al., 2021).  

 In chapter 3, we used Golgi-Cox staining, a widely used technique that allows 

researchers to study neuronal morphology with relatively low interference from 

background structures (Cox, 1891). However, only a small population of neurons (3-5% 

of cells in the brain) are randomly stained by an unidentified mechanism, allowing 

researchers to study only select cells (Spacek, 1989). Golgi-Cox staining in this study 

was also visualized with light microscopy, however more recent advancements using 

combined techniques of Golgi staining and electron microscopy (EM) allow researchers 

to visualize high-resolution three-dimensional structures and quantify not only the 

number of dendritic spines but also provide information regarding exact morphology and 

spine type (Parajuli & Koike, 2021). It is still debated whether spine number is as 

functionally relevant as maturation of spines. Indeed, there is evidence to suggest 

gonadectomy reduces mushroom-type spines and increases stubby and thin-type 

spines, while testosterone replacement recovers these changes in spine type (Li et al., 

2012). Thus, it would be interesting for future research to investigate potential changes 

on dendritic spine number and shape using EM.  

 In chapter 4, we revealed no significant effect of 3α-diol treatment on any of the 

AD-related or neuroinflammatory markers assessed. However, we hypothesized that a 

major limitation of these findings is that these effects were examined in 9-month-old 

transgenic animals although, the literature suggests that AD-related pathology is not 

fully developed until at least 12 months of age (Belfiore et al., 2019). Therefore, it will be 

important for future studies to investigate these effects in an older aged cohort of 

animals. In addition, we used the microglial marker iba-1 in our study although, it is 
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considered to be a marker of all microglia and as such, further investigation using 

markers for an activated subset such as major histocompatibility complex II (MHCII) and 

cluster of differentiation 68 (CD68) markers (Hopperton et al., 2018) may be more 

informative. In order to better characterize potential changes in neuroinflammation, it 

may also be useful for future research to assess expression of pro-inflammatory 

cytokines such as tumor necrosis factor α (TNFα) interleukin 1 (IL-1), and interleukin 6 

(IL-6) and anti-inflammatory cytokines such as interleukin 4 (IL-4) and interleukin 10 (IL-

10) which have been shown to be altered in AD (Su et al., 2016).  

 Due to the experimental design using intact animals and the fact that 3α-diol can 

back-convert to DHT, it remains difficult to conclude whether the findings from these 

studies are due to 3α-diol itself or changes in circulating parent hormone levels. Thus, 

definitive measures of testosterone, DHT, 3α-diol, estrogen, and progesterone levels via 

liquid chromatography-mass spectrometry in vehicle treated versus 3α-diol treated 

animals are needed. However, given the reported effects of androgens, including DHT 

on amyloid accumulation in the 3xTg-AD mouse model (Rosario et al., 2010), the fact 

that there were no significant effects of 3α-diol treatment observed in the present study 

suggests that back conversion to DHT was not sufficient to exert a biological effect. 

Finally, while chapters 3 and 4 of this thesis focused on the hippocampus, several other 

brain regions such as the entorhinal cortex, are greatly impacted in AD such as the 

entorhinal cortex and should be examined to gain a better overall understanding of 

potential changes 3α-diol may have on the brain.  

  

5.3  POTENTIAL CLINICAL IMPLICATIONS   
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 Approximately 50 million people suffer from Alzheimer’s disease or other 

dementias worldwide (Jellinger, 2020). However, to date, there are no available 

treatments to slow or reverse the progression of the disease. The work in this thesis 

builds on observations that AD is sexually differentiated, where men, particularly with 

high levels of circulating testosterone, have a reduced risk of developing AD (Moffat et 

al., 2004). This is hypothesized to be due, at least in part, to the neuroprotective effects 

of testosterone. However, recent findings suggest that the neurosteroid metabolite of 

testosterone, 3α-diol, may itself contribute to protective effects in the brain (Mendell & 

MacLusky, 2018). While previous studies investigating the protective potential of 

neurosteroids have focused on the 5α-reduced metabolite of progesterone, 

allopregnanolone, little is known about the structurally similar androgen metabolite, 3α-

diol. At least in vitro, 3α-diol appears to be more potent than allopregnanolone as a 

neuroprotectant against neurotoxicity induced by Aβ42. In vivo, we were able to 

demonstrate that raising levels of 3α-diol improved OR memory in 3xTg-AD males, 

increased hippocampal dendritic spine density, and differentially regulated dendritic 

branching. These findings suggest that androgen-derived neurosteroid metabolites may 

have beneficial effects in protecting brain function in AD patients.   
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APPENDICES  

Appendix 1: Immunohistochemical Protocols and Solutions 

AT8/AT100 Protocol 

1. Xylene x3 (2 minutes each)  

2. 100% isopropanol x3 (2 minutes each)  

3. 70% isopropanol (2 minutes)  

4. Deionized water (2 minutes)  

5. Quench endogenous peroxidases in 3% H2O2 (20 minutes at room temperature)  

6. 1X Phosphate buffered saline (PBS) x3 (2 minutes each)  

7. Citrate buffer retrieval (12 minutes in a 95°C water bath)  

8. Allow to cool for 20 minutes at room temperature  

9. 1X PBS x3 (2 minutes each)  

10.  Block in 5% normal goat serum in humidity chamber (1 hour at room 

temperature)  

11.  Tip off block  

12.  Apply primary antibody at appropriate concentration in humidity chamber 

(overnight at 4°C) 

13.  Phosphate buffered saline with Tween-20 (PBST) x3 (2 minutes)  

14. Apply biotinylated secondary antibody at appropriate concentration in humidity 

chamber (1 hour at room temperature)  

15.  1X PBS x3 (2 minutes each)  

16.  Apply horseradish peroxidase at appropriate concentration in humidity chamber 

(1 hour at room temperature)  

17.  1X PBS x3 (2 minutes each)  
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18.  Apply DAB for appropriate time, stopping reaction by rinsing in deionized water 

19.  Rinse in deionized water x2 (2 minutes each)  

20.  Haematoxylin (1 minute)  

21.  Rinse in running deionized water  

22.  Blue in ammonia water (6-10 dips)  

23.  Rinse in running deionized water  

24.  100% isopropanol x3 (2 minutes)  

25.  Xylene x3 (2 minutes)  

26.  Coverslip  

 

Solutions  

1. Citrate buffer  

Solution A (0.1M citric acid):  

• 1.92 g citric acid powder  

• 100 mL deionized water  

Solution B (0.1M sodium citrate dihydrate):  

• 14.7 g sodium citrate dihydrate  

• 500 mL deionized water  

Mix 9 mL solution A with 41 mL solution B into 450 mL deionized water, adjust pH to 

6.0.  

 

2. DAB  

Vector Laboratories DAB Substrate Kit, Peroxidase  

• 5 mL deionized water  
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• 1 drop H2O2 stock  

• 1 drop Buffer stock  

• 2 drops DAB stock  

 

3. PBST  

• 1000 mL 1x Phosphate buffered saline  

• 1 mL Tween-20  

 

Appendix 2: Immunofluorescence Protocols and Solutions  

Aβ Protocol  

1. Xylene x3 (2 minutes each)  

2. 100% isopropanol x3 (2 minutes each)  

3. 70% isopropanol (2 minutes)  

4. Deionized water (2 minutes)  

5. Citrate buffer retrieval (12 minutes in a 95°C water bath)  

6. Allow to cool for 20 minutes at room temperature  

7. Tris buffered saline with Tween-20 (TBST) (10 minutes at room temperature)  

8. 1X PBS x3 (2 minutes each) 

9. Block in 10% normal goal serum in PBST (1 hour at room temperature)  

10.  Apply primary antibody at appropriate concentration in blocking buffer (overnight 

at 4°C) 

11.  1X PBS x2 (5 minutes each) 
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12.  Apply secondary antibody at appropriate concentration (1 hour at room 

temperature)  

13.  1X PBS x2 (5 minutes each) 

14.  DAPI (1:5000) (2 minutes at room temperature)  

15.  1X PBS x3 (2 minutes each) 

16. Coverslip with fluorescent mounting media 

 

Solutions  

1. 10x Tris Buffered Saline with Tween-20 (TBST) 

• 24.2 g Tris Base (20 mM)  

• 80 g NaCl  

• Adjust pH to 7.6  

• Add 10 mL Tween-20 (0.1%)  

• Top up with deionized water to 1 L 

 

2. Blocking Buffer Solution  

• 100 mL 1x Phosphate buffered saline  

• 0.3 mL TritonX-100  

• 1% BSA  

 

GFAP/Iba-1 Protocol  

1. Xylene x3 (2 minutes each)  

2. 100% isopropanol x3 (2 minutes each)  

3. 70% isopropanol (2 minutes)  
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4. Deionized water (2 minutes)  

5. Citrate buffer retrieval (12 minutes in a 95°C water bath)  

6. Allow to cool for 20 minutes at room temperature  

7. 1X PBS (2 minutes) 

8. Incubate in 0.1% trypsin (20 minutes at 37°C)  

9. 1X PBS (2 minutes) 

10.  Block in 5% normal goat serum in diluent (30 minutes at room temperature)  

11. Tip off block  

12.  Apply primary antibody at appropriate concentration in diluent (overnight at 4°C)  

13.  1X PBS x3 (2 minutes) 

14.  Apply secondary antibody at appropriate concentration in 1x phosphate buffered 

saline (1 hour at room temperature)  

15.  1X PBS x3 (2 minutes) 

16.  DAPI (1:5000) (2 minutes at room temperature)  

17.  1X PBS x3 (2 minutes) 

18.  Coverslip with fluorescent mounting media 

 

Solutions  

0.1% Trypsin  

• 0.1 g Trypsin  

• 100 mL Phosphate buffered saline 

 

Diluent  

• 1 g Bovine serum albumin  
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• 0.5 mL Tween20  

• 0.1 g Sodium azide  

• 100 mL Phosphate buffered saline 

 

NeuN/ CCR7/ Arg-1 Protocol  

1. Xylene x3 (2 minutes each)  

2. 100% isopropanol x3 (2 minutes each)  

3. 70% isopropanol (2 minutes)  

4. Deionized water (2 minutes)  

5. Tris retrieval (30 minutes at 95°C in water bath)  

6. Allow to cool for 30 minutes at room temperature  

7. PBST (10 minutes)  

8. 1X PBS x2 (5 minutes) 

9. Block in 10% normal goat serum in 0.3% TritonX-100 in 1X PBS (30 minutes at 

room temperature)  

10.  Tip off blocking solution  

11.  Incubate in primary antibody diluted in 1X PBS + 1% BSA (overnight at 4°C)  

12.  1X PBS + 1% BSA x3 (10 minutes each)  

13.  Apply secondary antibody diluted in 1X PBS (1 hour at room temperature)  

14.  1X PBS x3 (2 minutes each)  

15.  DAPI (1:50000) (2 minutes at room temperature)  

16.  1X PBS x3 (2 minutes each)  

17.  Coverslip with fluorescent mounting media  
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Solutions  

1. Trypsin Retrieval Solution (0.1% Trypsin in 1X PBS)  

• 0.1 g Trypsin  

• 100 mL 1X PBS  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


