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ABSTRACT

EFFECTS OF 5ALPHA-ANDROSTANE-3ALPHA,17BETA-DIOL (3ALPHA DIOL) ON

ATTENTION AND CORTICAL DENDRITIC MORPHOLOGY IN THE 3XTG MOUSE

MODEL OF ALZHEI MEROGS DI SEASE

Jacqueline Visscher Advisor:
University of Guelph, 2023 Dr. Boyer D. Winters

Neurosteroids promote neural cell survival, but their levels are significantly
reduced in neurodegenerative diseases, includ
work has suggested the androgen-d er i vad,dux@d me tdialmayl i t e 3U
specifically contribute to this neuroprotection, as well as to sex differences in AD,
although its mechanisms remain | afagletlase unchar
inhibitor, has been associated with multiple long-lasting, adverse effects. A s -Ediiced
metabolites may be critical in regulating neuroprotective effects of circulating steroids in
the brain, the studies pr edoemADeaholognangd st i gat e
importanc e  o-feduet) metabolites in cognition and emotionality. We assessed long-
t e r mdioBaldd finasteride treatment, respectively, observing alterations in task
acquisition, decisional speed, impulsivity, and dendritic branching and length, as well as
differential effects in the sexes. This research develops greater insight into the
neurobiological basis of AD and aging, and advances the understanding of sex

-
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1 Review of the Literature

1.1 Al zhei mer 6s Di sease
1.1.1 Introduction

Al zhei mer 6s disease (AD) is a chrmastic neur
common cause of dementia (Mosconi & McHugh, 2015; Nussbaum & Ellis, 2003). It is
believed that at least 50 million people worldwide are living with AD or other dementias
(Al zhei mer 6s Disease, 2019). With an imging gl
projected to drastically increase and there is currently no effective treatment or
prevention. Standard early symptoms of AD reveal a disruption of memory, learning,
and other cognitive functions (Gold & Budson, 2008). The average age that people are
diagnosed is 65 (Gold & Budson, 2008). AD development is a long process that begins
many years before diagnosis (Sperling et al., 2011). As AD develops, it affects various
neuropsychological, behavioural, and cognitive domains (Webster et al., 2014). Within
the cognitive domain, deficits of sustained attention and executive functioning appear
early on, with language and spatial impairments occurring thereafter (Baddeley et al.,
2001; Foldi et al., 2005; Lawrence & Sahakian, 1995; Levinoff et al., 2004; Romberg et
al., 2011; Sahakian & Coull, 1993). In addition to the projected increase of AD in the
future, the global cost of medical care will have a profound impact on the economy
(Al'zhei mer6s Disease, 2019). Therefore, it 1is
preparation to be conducted to improve the outcomes for those burdened by the

disease.



1.1.2 Biology

Classical pathological changes associated with AD begin appearing many years
before preclinical symptoms manifest. The three main and abnormal structural
characteristics of AD includet he devel opment of extracellul ar
the formation of neurofibrillary tau tangles (NFT) inside the axons of neurons, and
significant neuronal loss within fundamental brain areas (Gold & Budson, 2008). Despite
themi ni mal presence of NFT and ADb plaques in he
AD show an excessive accumulation of them throughout hippocampal and cortical
areas (Serrano-Pozo et al ., 2011). The precise mechan
NFT induceneur onal death is unknown. There are two
accumulation or hyper-phosphorylated tau protein deposition as the central event in AD
pathology, but the most prominent theory is currently the amyloid cascade hypothesis
(Hardy & Selkoe, 2002; Maccioni et al., 2010). This theory suggests that the
accumul ation of Ab is the primary pathologica

ultimately, the destruction of neurons in AD (Hardy & Higgins, 1992).

1.1.3 Amyloid Plaque Pathology

Ab plaques are one of the main pathologica
from fragments of amyloid precursor protein (APP), which are found most commonly
within neurons of the brain. The specific function of APP has not been confirmed, but
research has illustrated its importance in neuronal processes including neural migration
in early development and maintenance of synaptic plasticity in older organisms (Puzzo

et al., 2011; Seabrook et al., 1999; Turner et al., 2003; Young-Pearse et al., 2007). The

2



enzymati ¢ degradation process involved in the m

membrane-b o u n-d nfilks @ecr et ase. APP i -secrétase, ltowedbye aved b
>>secretase to generate Ab (Murphy &ecretasei ne, 2
generatesaprot ei n fragment that is not associated w
AD (Barber, 2012). Si nc-secretdseiarelaicely imprécisqpept i des
mul tiple Ab species exist. The -9%psdswalbsundant

A b 4 2 -10%) Which is the longer form of the peptide and the principal source of

extracellular plaques (Murphy & Levine, 2010).

As ADb plaques form, neural functioning is
plaques disrupt the neuroplasticity of synapses and dendrites and reduce long-term
potentiation (Gold & Budson, 2008; Oddo et al., 2003a; Puzzo et al., 2011; Serrano-
Pozo et al., 2011; Shankar et al., 2008; SpiresfJ ones & Knafo, 2012). ADb:
shown to cause an increase in prolonged extracellular signal-regulated kinase (ERK)
phosphorylation and caspase-3 cleavage, resulting in reduced cell survival (Mendell et
al ., 2016) . It has been noted that Ab plaques
class of polymorphic proteins, meaning they can modify the structure of other proteins
into an abnormal form, creating more prions (
plaques were extracted from a mouse with AD and transferred to the brain of a healthy
mouse, additional plaques would begin to originate in the healthy mouse. Moreover, it
has been suggested that animals who lack prion protein exhibit fewer behavioural
deficits and less damage to neural processes due to plaque formation (Gimbel et al.,

2010).



1.1.4 Neurofibrillary Tangles/Tau Pathology

Another salient pathological hallmark of AD is the development of NFT. NFT are
formed by abnormal disruption of tau (Murphy & Levine, 2010). Tau protein is the major
microtubule associated protein (MAP) of mature neurons and is found on microtubules
within the dendrites and axons of neurons, although it is most abundant within axons
(Chen et al., 1992; Igbal et al., 2010). Tau aids in promotion of microtubule assembly,
as well as stabilization of the microtubule n
microtubule-promoting abilities are regulated by its degree of phosphorylation. When
tau is hyperphosphorylated, the normal biological activity of tau and two other crucial
MAPs, MAP1 and MAP2, is sequestered (Igbal et al., 2010). Individuals who are
affected by AD have a three to four-fold increase in hyperphosphorylated tau in
comparison to unaffected individuals (Igbal et al., 2010). As abnormal
hyperphosphorylation of tau occurs, the protein begins to detach from microtubules,
polymerize, and either remain in the cell cytosol or aggregate into NFT (Ding et al.,
2006; Igbal et al., 2010). In the cytosolic state, hyperphosphorylated tau inhibits
microtubule assembly and disrupts structural support, interrupting the normal
functioning of affected neurons (Dickstein et al., 2010). Distribution of tau within
dendrites and axons has been shown to contribute to synaptic loss, deficits in synaptic
plasticity, mitochondrial function, cognition, and normal cell function (Gold & Budson,
2008; Hoover et al., 2010; Reddy, 2011). In turn, these alterations lead to severe

neuronal damage that often result in extensive cell death (Chun & Johnson, 2007).



1.1.5 Cell Death

The loss of connections between nerve cells in the brain is another pathological
feature of AD. Numerous cell types are distressed by AD. Cholinergic neurons have
been reported to be especially susceptible to AD pathology (Auld et al., 2002; Bowen et
al., 1976; Coyle et al., 1983; Davies & Maloney, 1976; Machov§ et al., 2010; Schliebs &
Arendt, 2011; Whitehouse et al., 1982). Ab burden is positively related to reductions in
cholinergic tone (Machovs et al., 2010). The cholinergic neurons of the nucleus basalis
within the basal forebrain tend to manifest a much greater proportion of cell death in
comparison to other cell types (Lyness et al., 2003; Vogels et al., 1990; Zarow et al.,
2003). Research has illustrated that patients affected by AD have a massive reduction
of cholinergic innervation to multiple cortical structures, particularly the entorhinal cortex
(Geula & Mesulam, 1989, 1996; Geula et al., 2008). This reduction of cholinergic
innervation has been repeatedly associated with impaired memory and attention
(Andrews et al., 1994; McGaughy et al., 2002; Winters & Bussey, 2005; Wrenn et al.,
1999). Therefore, changes in the cholinergic system are a plausible cause for many of

the cognitive dysfunctions associated with AD.

Another neural system which has been shown to be greatly altered by AD is the
glutamatergic system (Francis, 2003). Numerous reports have illustrated that individuals
affected by AD have much lower glutamate re-uptake in comparison to healthy controls
(Scott et al., 2011). It has been postulated that glutamatergic N-methyl-D-aspartate
(NMDA)r eceptors are specifically disru@2ed
Additionally, it has been reported that NMDA receptors play a role in calcium signaling

5
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which can trigger neurotoxic effects, including cell death (Francis, 2003). As neuronal
networks break down, various brain regions are negatively affected and begin to

experience atrophy.

1.1.6 Dendritic Pathology

In AD, a significant reduction in synapses and dendritic branching is prominent
from an early stage in both humans and animal models (Bittner et al., 2010; Coleman &
Perry, 2002; Crews & Masliah, 2010; Grutzendler et al., 2007; Masliah et al., 1994,
Masliah & Terry 1993; Oddo et al., 2003a, 2003b; Perlson et al., 2010). This loss has
been detected throughout the cortex, cerebellum, and hippocampus and is strongly
correlated with the progressive cognitive decline observed with AD, more so than tau
pathol ogy, neuronal |l oss and ADb plaques. Syna
plausibly the greatest contributing factor for the initial stages of memory loss in AD
(Dickson et al., 1995; Flood & Coleman, 1990; Sze et al., 1997; Terry et al., 1991),
demonstrating the critical importance of healthy dendritic and synaptic presence in CNS
function (Baloyannis, 2009; DeKosky & Scheff, 1990; DeKosky et al., 1996; Ferrer &
Gullotta, 1990; Kulkarni & Firestein, 2012; Oddo et al., 2003a; Subramanian et al.,
2020; Terry et al. 1991). The underlying mechanisms behind this pathology have not
been fully elucidated, although increased | ev
role (Glabe, 2005; Klein et al., 2001; Klein, 2002; Lacor et al., 2007; Lambert et al.,
1998; Lesne et al., 2006; Subramanian et al., 2020; Townsend et al., 2006; Walsh et al.,
2002; Walsh & Sel koe, 2004). An abundance of
including disruption of proper NMDA receptor signaling, inhibiting long-term potentiation

6



(LTP) and injuring spines and synapses (Klein et al., 2001; Li et al., 2009; Selkoe 2008;
Shankar et al., 2007; Townsend et al., 2006; Walsh & Selkoe, 2004). Accumulation of
intraneuronal tau is also implicated in dysregulation of synaptic function, where

increased tau levels have been associated with advanced spine loss in pyramidal

neurons (Gémez-Isla et al., 1997; Merino-Serrais et al., 2013; Terry et al., 1981). As the
aggressive aggr egasasbrang reldtionship withsythapticand h a
dendritic damage and interferences of neurogenesis (Crews & Masliah, 2010; Jin et al.,
2004; Li et al., 2008), further investigation is needed regarding how accumulation of
solubl e Ab, i nsol ubdpbosphdrylafed taucgne ewlyved m sydaptit y p

loss and neurodegeneration in AD.

1.1.7 Stages of Pathology

The progression of AD pathology within the brain tends to be quite consistent
(Serrano-Pozo et al., 2011). It has been commonly observed that initial damage
appears in the entorhinal cortex of the medial temporal lobe, followed closely by the
hippocampus (Gomez-Isla et al., 1996; Khan et al., 2014; Mazure & Swendsen, 2016;
Pooler et al., 2013; Smith, 2002; West et al., 1994). These brain areas are of major
importance to memory formation. As AD progresses, additional structures within the
medial temporal lobe and limbic system are compromised (Mokhtar et al., 2013;
Serrano-Pozo et al., 2011; Smith, 2002). Following this, pathology reaches neocortical
regions and structures within the brainstem (Iseki et al., 1989; Salat et al., 2001).
Degeneration of the limbic system, neocortical regions, and the basal forebrain is
closely linked to cognitive impairments in AD (Arnold et al., 1991; Teipel et al., 2005;

7



Terry et al., 1981). In the final stages of the disease, pathology continues to advance
until the organism dies, although death is often due to associated health issues

including pneumonia (Burns et al., 1990).

1.1.8 Types

AD is classified as either sporadic (late-onset) or familial (early-onset). Sporadic
AD tends to be much more common than familial AD, accounting for ~95% of total
diagnosed cases of AD (Acosta-Baena et al ., 2011; Al zhei meros
Barber, 2012). Signs and symptoms of sporadic AD seem to appear around the age of
65, while familial AD symptoms tend to arise between the age of 30-60. Familial AD is
inherited in a Mendelian way, with little impact from the environment, while the source of
sporadic AD is less apparent (Barber, 2012). Non-genetic factors, such as diet, have
been found to influence sporadic AD, but genetics also play a role (Barber, 2012). A
form of the apolipoprotein E (APOE) gene, which is involved in amyloid processing, has
been implicated in sporadic AD risk (Gold & Budson, 2008). Individuals who bear the E4
allele of APOE have a ~10 1 20-fold increase in risk of developing sporadic AD, while
those who inherit the APOE?2 allele have a decreased risk (Barber, 2012; Gold &

Budson, 2008; Roses, 1996; Saunders et al., 1993).

Almost 200 mutations have been observed in three specific genes that cause
familial AD. If alteration to the genes encoding APP, presenilin 1, or presenilin 2 occurs,
substantial amounts of AD pegpdretadeclearzagee deposi t
(Barber,2012) . As ADb peptides aggregate to form pl a

common symptoms of AD become more apparent. The mechanisms and progression of
8



familial AD support the amyloid cascade hypot
precipitate tau hyperphosphorylation, as well as other downstream effects of the
disease, including synaptic dysfunction, neuronal loss, etc. (Mokhtar et al., 2013).
Although sporadic and familial AD seem to have different root causes, all afflicted
individuals develop plaques, tangles, and the common cognitive deficits associated with

AD.

1.1.9 Sex Differences

Significant sex differences exist within AD. Women have a significantly greater
risk of developing the disease (Carroll et al., 2010; Mazure & Swendsen, 2016).
Research has demonstrated a much higher incidence of and vulnerability to AD in
women (Andersen et al., 1999; Jorm & Jolley, 1998; Ruitenberg et al., 2001). Women
tend to exhibit greater AD plaque deposition
counterparts (Corder et al., 2004). It has been suggested that these sex differences
may be a product of sex steroid activational actions. It has been well established that
the primary gonadal steroid hormones bear numerous neuroprotective properties
relevant to AD (Wise, 2002). Sex steroid hormones promote neural cell survival and
reduce the accumulation of AD (Pike et al .,
differentially reduced as individuals age. The depletion of estrogens at menopause is
associated with a loss of neuroprotective properties. This significant loss in estrogen
neuroprotection has been postulated as a reason why the female brain is more
vulnerable to AD. Post-menopause, estrogen-based hormone therapy has proven to
minimize the risk of AD in some women (Carroll et al., 2010; Henderson et al., 1994;

9



Kawas et al., 1997; Paganini-Hill & Henderson, 1996; Tang et al., 1996; Zandi et al.,
2002). Conversely, as men age, a more gradual reduction in hormones occurs. Despite
this, reductions in testosterone have been linkedtoe |l evat ed | evel s of
risk of developing AD (Carroll et al., 2010; Gillett et al., 2003; Hogervorst et al., 2001,
Moffat et al., 2004; Rosario et al., 2004). Men who maintain high levels of testosterone
into old age have a reduced likelihood of developing AD (Hogervorst & Bandelow,
2004). In addition to the activational effects of estrogens and testosterone,
organizational effects of sex steroid hormones during early development may contribute
to sex differences in AD. Inclusive of familial AD, men and women display vulnerabilities
to many other neurodegenerative disorders that arise before age-dependent hormone
depletion (Cahill, 2006; Vagnerova et al., 2008). The developmental patterns of
testosterone and estrogen establish multiple structural and functional differences
between the sexes which may affect neuroprotection and susceptibility to neurological
disease (Cosgrove et al., 2007). Taken together, sex differences established during
early development may influence vulnerability to multiple diseases, including AD. As
well, exposure to sex steroid hormones in adulthood may regulate AD development in

both sexes.

1.1.10 Attention

AD is consistently perceived as a disorder of episodic memory, but attentional
impairments are a prominent aspect of the disease as well. Attention is a broad
cognitive domain consisting of various related mental functions that enable the
processing of specific stimuli (Sarter et al., 2006). Different functional subtypes of

10
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attentional processes include sustained attention (i.e. focusing attention over extended
periods of time), selective attention (i.e. focusing on a single relevant stimulus at one
time while ignoring irrelevant stimuli), and divided attention (i.e. sharing of attention by
focusing on more than one relevant stimulus at one time), as well as executive function
(i.e. ability to select and decide on a stimulus to target) (Perry & Hodges, 1999). It has
been made clear that the overall system of attention is negatively affected early in the
progression of AD (Baddeley et al., 2001; Malhotra, 2019; Perry & Hodges, 1999;
Romberg et al., 2011). For example, divided and selective attention are said to be
impaired early in AD (Foldi et al., 2005; Levinoff et al., 2004; Perry & Hodges, 1999).
Deficits in sustained attention capacity are strongly associated with AD, although some
studies have suggested that sustained attention is unimpaired in some subjects in the
mild, early stages of AD (Berardi et al., 2005; Perry & Hodges, 1999). In addition to
sustained attention deficits, executive functioning has been found to be impaired as a
result of AD pathology (Possin et al., 2013). Orienting and spatial attentional capacities
are also hindered, so switching from previous target stimuli to new stimuli, for example,

is extremely difficult for people affected by AD (Malhotra, 2019; Buck et al., 1997).

Attention involves multiple brain structures and neural systems. The majority of
attentional processes are supported by the prefrontal cortex (PFC) in humans (Asplund
et al., 2010; Kane & Engle, 2002; Romberg et al., 2011; Rossi et al., 2009). The PFC is
significantly affected in AD, undergoing substantial synapse reduction and grey matter
loss (DeKosky & Scheff, 1990; Salat et al., 2001). In addition to the PFC, the basal

forebrain has been suggested to contribute to attentional deficits seen in AD. The basal
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forebrain cholinergic system strongly modulates attention and provides cholinergic input
to areas including the PFC, thalamus, and parietal lobes, which are all brain areas
critically involved in attention (Bentley et al., 2008; Broussard, 2012; Maddux et al.,
2007; Perry & Hodges, 1999; Sellers et al., 2016). Cholinergic neurons are especially
vulnerable to AD pathology and anticholinesterase drugs, including Donepezil, have
been confirmed to improve attention in AD patients (Davies & Maloney, 1976; Romberg
et al., 2011; Whitehouse et al., 1982). Furthermore, a great deal of research has
reported significant grey matter loss in the thalamus and corticocortical tracts (Aggleton
et al., 2016; Yi et al., 2016). Attention is therefore a broadly distributed process that

requires multiple brain regions and systems in order to function properly.

1.1.11 Mouse Models

Multiple genetically modified animal models of AD have been created to better
understand the disease. One feature that most transgenic mouse models of AD have in
common is that they are based on genetic mutations more closely associated with
familial AD instead of sporadic AD. For example, the triple-transgenic (3xTg) mouse
model of AD pertains to the familial type. This strain contains three genetic mutations
(APPswe, PS1mi4ev, taupsoiL) that allow it to mimic some of the major pathological
hall marks of AD including NFT, Ab plhllthaughes, as
it lacks prominent neuronal loss (Romberg et al., 2011). Additionally, impaired synaptic
plasticity, including LTP, and a loss of cholinergic receptors occurs (Billings et al., 2005;
Oddo et al., 2003b). Due to minimal neuronal loss, 3xTg-AD mice more closely mimic
early stages of the disease in which only minor cognitive deficits are apparent. Despite
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a lack of neuronal loss, 3xTg-AD mice still develop memory and attentional impairments

similar to what is seen in patients with mild cognitive impairment and AD (Billings et al.,

2005; Oddo et al., 2003b). The onset of pathological features in this model is

progressive with some cognitive deficits, including working and reference memory
failures, apparent as early as 4 moumdbhs of ag
months of age, and NFT at 12 months of age (Billings et al., 2005; Romberg et al.,

2011; Stevens & Brown, 2015). Spine loss is observed in the hippocampus and frontal

cortex around 13 months of age (Bittner et al., 2010). This model is also one of the few
transgenic models that develop both NFT and A
commonly used transgenic mouse lines strictly model either tau or amyloid pathology or

express specific pathological hallmarks earlier and in a more condensed manner

Ball atore et al., 2007). For example, the APP
pathology at around 6 months of age. The 5XxFAD mouse model has 5 mutations that

trigger early and intense Ab pathology at abo
death beginning at around 6-7 months of age (Oakley et al., 2006). Since the 3xTg-AD

model causes both Ab and NFT pathology, as we
plasticity in a time-dependent manner and in a way that is characteristic of the human

form, it has been deemed one of the most clinically valid transgenic models of AD

(Billings et al., 2005; Oddo et al., 2003b).

In addition to mimicking the cognitive deficits and pathological hallmarks of AD,
3xTg mice exhibit sex differences in the rate of onset of the signs and symptoms of AD,
which parallel those observed in human patients (Carroll et al., 2010). Males tend to
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develop AD at a slower rate than females (Carroll et al., 2010; Corder et al., 2004).

Female 3xTg mice demonstrate gr eadgmtve Ab depos
deficits earlier in AD pathology compared to 3xTg males (Carroll et al., 2010; Corder et

al., 2004; Hirata-Fukae et al., 2008; Sterniczuk et al., 2010). These sex differences have

been thought to be a result of the activational and neuroprotective properties of sex

steroid hormones.

1.1.12 Neurosteroids

Neurosteroids are steroid hormones synthesized within the central nervous
system (CNS) that modulate neuronal functioning (Mendell & MacLusky, 2018; Reddy,
2010). The primary gonadal steroid hormones (testosterone, estradiol, and
progesterone) are synthesized and accumulate in the brain and have been shown to
exert neuroprotective effects in vivo and in vitro. Neurosteroid levels are significantly
reduced in patients with AD, as well as 3xTg-AD mice, suggesting a decrease in
neuroprotective effects (Caruso et al., 2013). As mentioned previously, the circulating
levels of these hormones are reduced more abruptly and completely in women after

menopause, while men experience a more gradual decline.

It has been found that the sex differences seen in 3xTg-AD mice are amplified in
ovariectomized females (Carroll et al., 2007). Both male and female 3xTg-AD mice that
undergo a gonadectomy-induced depletion of hormones display exacerbated pathology,
involvi ng i ncreased Ab and hyperphosphoryl ated ta
working memory and increased levels of anxiety (George et al., 2013; Rosario et al.,

2006, 2010, 2012). Sex steroid hormone replacement attenuates this AD pathology
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(Carroll et al., 2007). For example, estrogen treatment in female 3xTg-AD mice has
been shown to suppress increased Ab accumul at
the onset of AD; similar responses have been hypothesized to occur in women (Carroll

et al., 2007; Henderson et al., 1994; Henderson, 1997; Zhao et al., 2011).

It has also been shown that Ab accumul ati o
testosterone, but is reduced when high levels of testosterone or dihydrotestosterone
(DHT), a metabolite of testosterone that cannot be metabolized to estradiol, are present
(McAllister et al., 2010; Rosario et al., 2006, 2010, 2012). In addition to the evidence
presented with 3xTg-AD mice, gonadectomy in female guinea pigs (Petanceska et al.,
2000), and both male and female rats (Jayaraman et al., 2012; Ramsden et al., 2003)
has been found to increase brain Ab levels. Supplementation through estradiol and DHT
reverses these effects in females and males, respectively (Jayaraman et al., 2012,

Petanceska et al., 2000; Ramsden et al., 2003).

I n females, testosteroneds actions are att
testosterone to estradiol (MacLusky et al., 2006) which can interact with estrogen
receptors alpha (ERa) and beta (ERb) and the G-protein coupled estrogen receptor 1
(GPER1) to exert neuroprotective effects (Adams et al., 2002; Duarte-Guterman et al.,
2015; Frick et al., 2015; Kritzer, 2006; Milner et al., 2001; 2005; Mogi et al., 2015). In
mal es, protective effects are mainhegy ascribed
androgen receptor (AR), as well as to actions of its 5a-reduced metabolite, DHT. DHT

can be further metabolized to the weakly androgenic metabolites 5a-androstane-
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3a,17b-d i o | ( andr odiot),avhich Has a Weak afiflity for ERa and ERb
receptors, and 5a-androstane-3b,17b-diol (3b-diol), which is an ERb agonist (Handa et

al., 2008; Kuiper et al., 1998; Reddy & Jian, 2010).

In comparison to their parent hormones, neurosteroid metabolites of testosterone
and progesteroxdeée pl i gpedhand ilb-po-oB8elallopregnanolone;
allo; THP), respectively, are not as greatly reduced in AD and can act through different
mechanisms thanthoseo f t hei r p ar e-didlis theonrajormeumsteroid 3 U
metabolite of testosterone and is a positive allosteric modulator of gamma-aminobutyric
acid (GABA) activity at the GABAareceptor (Carver & Reddy, 2013; Reddy & Jian,

2010). Itis synthesized within astrocytes and neurons through sequential enzymatic
reducti orduyt % U-aydraxgsteroid dehydrogenase (3a-HSD) (Martini &
Mel cangi, 1991; Reddy & Ji an, -diRiflinfeylinregdels ear ch
to its cognitive and neuroprotective effects, although it has been found that

subcutaneous injections of 3 kHiol can improve the performance of male rats on multiple
cognitive and affective behavioural tasks, regardless of age (Frye et al., 2010).
Gonadectomi zed mal @iolrosits andragenic précursors,ia 3 U
subcutaneous, slow-release silastic capsule or acute intrahippocampal infusion

displayed greater analgesia, less anxiety-like behaviour, and increased learning ability
(Edinger & Frye, 2-@icd wiag showA o significantlynirecredsey , 3 U
dendritic spine density in cornu ammonis 1 (CAl1) and cornu ammonis 3 (CA3)
hippocampal subfields in male and female 3xTg-AD mice (Kuwahara, 2022). Inhibiting

t he svynt hdioshasbeen §howd t eliminate the sex differences in hippocampal
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dendritic morphology observed in 3xTg-AD mice, reversing the relative protection

normally observed in the 3xTg-AD male (Mendell et al., 2020). It has been previously
reporteditonatcanU significantly reduce Ab neuro
of dysregulated ERK signaling, activation of caspase-3, and cell death (Mendell et al.,

2016; Mendell & MacLusky, 2018), and refining various aspects of mitochondrial

bioenergetics (Grimm et al., 2014, 2016). However,theneur opr ot ecti-ve ef f ec
diol have not been fully characterized since most preliminary data are rooted in

observations using in vitro tissue culture models.

As mentioned previously, the n-édaaremot er oi d
as greatly reduced in AD or aging in comparison to the primary gonadal steroid
hormones. As well, their mechanism of action differs from that of their parent hormones.
One specific pathway that these neurosteroids act on is the extracellular signal-
regulated kinase (ERK) pathway (Mendell et al., 2016; Mendell & MacLusky, 2018).
This pathway regulates the phosphorylation of many proteins, including tau protein.
Transient activation of this pathway by primary gonadal steroid hormones is associated
with neuroprotective properties, including increased cell survival, and inhibition of pro-
apoptotic factors. In contrast, prolonged phosphorylation of the ERK pathway by
reactive oxygen species (ROS), such as hydrog

neurotoxicity and cell death.

Prol onged ERK phosphorylation induced by A
inhibited by neurosteroid me t a b o | -diol and allo (8&hdell et al., 2016; Mendell &

MacLusky, 20dBdl 8ptha-BhiROS$-indudedceliular oXicity
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effects. Although these metabolites act similarly in this way, allo is required in a much
greaterconcentrat i on t o exert t hd®l(Meadeleetak, 20l@).dntvivoas 3 U
research with allo has been conducted where allo exhibits neuroprotective effects in

3XTg-AD mi ce in the presence of intraneuronal ACFL
developmentof extraneuronal AD pl aque-seduge8i ngh et a
metabolites have been shown to contribute to neuroprotection, the effects of inhibiting

5 treductase with 17 beta-(N-tert-butylcarbamoyl)-4-aza-5 alpha-androstan-1-en-3-one

(finasteride) have been investigated. It was discovered that male 3xTg-AD mice treated

with finasteride had significantly higher ERK phosphorylation compared to both vehicle-

treated and finasteride-treated wild-type male mice, leading to increased AD pathology

in both the CA3 and CAL1 subfields of the hippocampus (Mendell et al., 2020). This may

be explained by -dhel reyYyntcheéosinsi molBIUowi ng fina
reductase actions are blocked, causing downstream effects on neurosteroid levels and

influencing levels of neuroprotection.

1.2 Finasteride and Post-Finasteride Syndrome
1.2.1 Introduction

Finasteri de i sedugtase iphibitohtleat biocks tbeldonversion of
testosterone to DHT, thereby reducing its highly potent androgenic metabolite, DHT,
while increasing or maintaining normal levels of testosterone (Chaudhary & Turner,
2010; Djavan et al., 2004; Mohler et al., 2011; Stoner, 1990). Treatment with finasteride
in humans is typically a single, 1-5 mg/day, orally-administered tablet (Diviccaro et al.,
2020). The dosing and effects are gradual, as the drug is designed to reduce DHT, not
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eliminate it. Following a single oral treatment, elimination half-life is 5-6 hours in adults
and even longer in the elderly. The mechanism of action involves irreversible
inactivation of 5U-reductase type II; even when drug concentrations begin to fall, the
enzyme does not immediately recover. Therefore, there is accumulation with treatment,

establishing stable effects quite rapidly, usually within 3 days.

1.2.2 Signs and Symptoms

Finasteride is approved to treat benign prostatic hyperplasia (BPH) and
androgenetic alopecia in men (Azarchi et al., 2019; Chaudhary & Turner, 2010; Stoner,
1990; Tacklind et al., 2010). Off-label, it has been used to treat hirsutism, promote
demasculinization and feminization among transgender women, and reduce side effects
associated with anabolic androgenic steroid use, among others in both men and women
(Azarchi et al., 2019; Blume-Peytavi & Hahn, 2008; Knezevich et al., 2012; Spack,
2013). Despite effective treatment with finasteride, many common adverse effects exist
and have become increasingly reported by both individuals who are taking and who
have taken the drug. These include varied sexual, physical, and neurological symptoms
that include, but are not limited to: impotence, decreased libido, postural hypotension,
reduction in penis size, penile curvature, ejaculatory disturbances, reduced
sensation/intensity of orgasm, gynecomastia, muscle atrophy, weakness, fatigue,
headaches, depression, anxiety, nausea, cognitive impairments, suicidal ideation, hot
flashes, severely dry skin, male infertility, teratogenicity, irregular menstrual bleeding,
cataract and intraoperative floppy-iris syndrome, pseudoporphyria, and T celli mediated
acute localized exanthematous pustulosis (Albasher et al., 2020; Basaria et al., 2016;
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Cauci et al., 2017; Chaudhary & Turner, 2010; Chiba et al., 2011; Diviccaro et al., 2020;
Ganzer et al., 2015; Ganzer & Jacobs, 2018; Glina et al., 2004; Hirshburg et al., 2016;
Irwig, 2015; Liu et al., 2008; Mervis et al., 2018; Muderris et al., 2000; Rahimi-Ardabili et
al., 2006; Romer & Gass, 2010; Santo Domingo et al., 2011; Traish et al., 2011; Traish,
2018; Tresch et al., 2012; Varothai & Bergfeld, 2014; Walf et al., 2018; Wong & Mak,
2011). Functional magnetic resonance imaging (MRI) has revealed abnormalities in the
nucleus accumbens and prefrontal cortex, areas involved in depression and sexual
arousal, of patients who have taken finasteride, consistent with symptoms described
(Basaria et al., 2016). The term post-finasteride syndrome (PFS) has been used to
describe the constellation of effects, as these complications appear during and often
remain present following treatment, continuing to negatively influence a subset of
individuals, despite drug discontinuation (Caruso et al., 2015; Diviccaro et al., 2020;

Duskova et al., 2010; Melcangi et al., 2013, 2017; Traish, 2018, 2020).

Observations regarding the persistent effects associated with PFS have mainly
been formed through self-reports of patient symptoms and limited research has
investigated the condition (Diviccaro et al., 2020). Additionally, few human or animal
studies have explored molecular and/or genetic mechanisms which may be involved in
the adverse effects observed.Fi nast eri de has aeddctesgactivaf fi ni ty
sites and, i n terms of phar macoki neeductass , I s a
with a slow rate of dissociation, resulting in long-lasting drug effects, regardless of dose
(Traish, 2020). Irreversible inhibition by finasteride can influence epigenetic
modifications, including deoxyribonucleic acid (DNA) methylation of the androgen
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receptor ( ARéductasegemesQauci®tlal., 2017; Melcangi et al., 2019).
Finasteride may also disrupt endocrine function, playing a role in mechanisms which
give rise to the severe, adverse sexual, physical, and neurological effects previously

mentioned.

1.2.3 Neurosteroids

As neurosteroids have been shown to be extremely important in CNS function, it
is no surprise that PFS is characterized by altered circulating and brain steroid levels
(Frye et al ., 2 aalithse enzymbsibypfinasteridenhasdbéen shaivn to
reduce the bioavailability of these critical physiological modulators, influencing
maintenance of a proper functioning CNS (Kokate et al., 1999; Poletti et al., 1998; Walf
et al., 2006; Traish, 2020). Research involving former finasteride users with persistent
PFS symptomatology, in comparison to age-matched, healthy controls, has
demonstrated significant reductions i n pregneno
dihydroprogesterone (DHP), 17b-estradiol, and DHT, and increased levels of
dehydroepiandrosterone (DHEA), t est o st e-did in eerebraspinal flBAYCSF)
of PFS individuals (Melcangi et al., 2017). In plasma, reductions in allopregnanolone
and DHP, along with increased pregnenolone, DHEA, and testosterone, were observed.
Progest er o ndol andI-estradidlwere not significantly altered. Previous
studies in PFS patients have shown similar results (Caruso et al., 2014; Fruzzetti et al.,
1994; Melcangi et al., 2013; Stanczyk et al., 2013; Traish 2020). Although plasma
neuroactive steroid levels have not exactly mirrored what occurs in the CSF, finasteride

useindeedmani pul ates | evels of both t-redutecdsterone s
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metabolites, as well as further metabolites and precursors, illustrating that this drug has

severe, ranging consequences even after discontinuation of its use.

1.2.4 Studies in Animals

Consistent with what has been observed in humans, animal studies have
reflected the documented long-lasting effects involving neuroactive steroid alterations,
changes to receptor expression, as well as cognitive behavioural deficits. Giatti et al.
(2016) demonstrated that 20 days of finasteride treatment (3 mg/kg) in adult male rats,
followed by a one-month withdrawal period, significantly altered neuroactive steroid
levels in CSF and plasma, as well as CNS areas, including the cerebral cortex,
cerebellum, and hippocampus, in adult male rats. Expression of receptors is
significantly affected by finasteride treatment. For example, up-regulation of AR in the
cerebral cortex and up-regulation of the beta 3 GABAA receptor subunit in the
cerebellum occurs, among other changes, demonstrating the broad consequences on
brain function from finasteride. Giatti et al. (2016) further demonstrated cognitive
alterations relevant to depression with the forced swim test, in which the finasteride-
treated rats showed an increased immobility compared to controls, indicating
behavioural despair, or a depressive-like state. Sasibhushana et al. (2019) built off this,
showing that repeated (6-day) finasteride administration in adult male rats significantly
increased immobility time. The same researchers explored anhedonia in which 3- and
6-day finasteride-treated rats showed decreased grooming duration and increased
latency to groom in the splash test, illustrating that motivational behaviour was altered in
a negative way. Both behavioural tests run by this group noted dose-dependent (30 and

22



100 mg/kg) effects. Finasteride doses required to effectively inhibit 5 Ereductase in
rodents are significantly higher than in humans, hence the higher dose range. As
changes in hippocampal neurogenesis have been linked to depressive-like behaviours,
Romer & Gass (2010) demonstrated that finasteride treatment (100 mg/kg) for 6 days in
10-week-old male C57BL/6N mice decreased hippocampal neurogenesis. In terms of
anxiety-like behaviour, finasteride treatment at both 25 and 50 mg/kg for 14 days
inhibited Open Field (OF) behaviours and decreased levels of dopamine and its
metabolites in the CNS of adolescent male rats (Li et al., 2018). Frye et al. (1998) noted
a trend for finasteride treatment (50 mg/kg) in female rats to reduce cognitive
performance in the Morris water maze task. Finasteride treatment (50 mg/kg) for 20
consecutive days in male 3xTg-AD and wild-type mice was found to impair short- and
long-term memory, respectively, in the objection recognition task (Mendell et al., 2020).
Additionally, altered dendritic morphology, amplified AD pathology, and disrupted
hippocampal signaling in the male 3xTg-AD mice was observed. The notion that the
vast range of these effects are attributed to finasteride treatment, illustrates the
importance of any alterations to neuroactive steroid levels and receptor expression on

behaviour and cognition.

1.2.5 Administration

Despite the severe and significant effects observed, many previous studies,
including those listed above, have been confounded by injection stress. Rather than
habituation of repeated injection occurring, animals show sensitization to the procedure
(Azar et al., 2011; Gartner et al., 1980; Stuart & Robinson, 2015). In addition to
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repeated injection, the accompanying restraint can cause ill effects, including
discomfort, negative affective state, depression-like phenotype, and increased heart
rate and body temperature (Cinell.| et al
Stuart et al., 2013; Turner et al., 2012). Injections, concomitant with restraint, initiate an
acute pain response, inducing stress, and ultimately cause changes to animal biology.
Exposure to 6 weeks of repeated injection was shown to promote an anxiety-like
phenotype, reduce systemic inflammation, increase corticosterone reactivity, increase
microglial activation, and decrease neuronal differentiation in the dentate gyrus (Preez
et al., 2020). Stress, including injection stress, has the ability to chronically alter both
behavioural and biological outcomes; therefore, choosing a more economical,
convenient, safe, and, arguably, voluntary route, such as oral, may be preferable, as it

is also the most common administration route for humans.

1.3 Behavioural and Morphometric Measures
1.3.1 5-Choice Serial Reaction Time Task

The 5-Choice Serial Reaction Time Task (5-CSRTT) is a rodent behavioural
paradigm similar to other touchscreen-based tasks, including the continuous
performance test, used to study attention in human AD patients (Beck et al., 1956;
Romberg et al., 2011; Sahakian and Coull, 1993). The task is performed in
touchscreen-equipped automated chambers with five separate response windows on
the screens. It is designed to measure the effects of drugs and other manipulations,
including genetic, on attentional performance and stimulus control (Asinof & Paine,
2014; Robbins, 2002). During a normal trial, one of the five response windows is
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illuminated for a fixed period of time. Through conditioning, animals learn to correctly
respond with a nosepoke to brief flashes of light in the response windows to receive a
food reward. Over the course of training, stimulus duration decreases, making the
attentional task more challenging. During testing, all animals undergo manipulation of

different stimulus durations of 0.6, 0.8, 1.0, and 1.5 seconds.

The 5-CSRTT has been extensively utilized with rodents and there is evidence
that several transgenic mouse models of AD, including 3xTg-AD, 5xFAD, and APP/PS1
strains, are impaired on this task, with attentional deficits seen as early as 4 months of
age (Beraldo et al., 2019; Romberg et al., 2011). Similarly to deficits seen in humans
affected by AD, 3xTg-AD mice, specifically, initially respond at the same level of
accuracy as wild-type mice, but subsequently have difficulty in sustaining their attention
over the duration of a given testing session (Berardi et al., 2005; Perry & Hodges, 1999;
Romberg et al., 2011). These attentional impairments are likely to be a result of AD
pathology in the PFC or its afferents (Romberg et al., 2011). It is also worth noting that
the 5-CSRTT is widely accepted as being highly sensitive to cholinergic manipulations
as attention is strongly modulated by cholinergic input from the basal forebrain (Bentley
et al., 2003; Muir et al., 1992, 1996; Jones & Higgins, 1995; Blondel et al., 2000; Mirza

& Stolerman, 2000; Mcgaughy et al., 2002; Dalley et al., 2004).

1.3.2 Open Field

The open field (OF) procedure is a behavioural test commonly used to measure
anxiety-like behaviour and motor activity in rodents (Seibenhener & Wooten, 2015). The

test relies on thigmotaxis, the tendency for rodents to explore the periphery of the
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apparatus, opposed to the center, as they have a natural aversion to avoid brightly lit,
open spaces to protect themselves (Choleris et al., 2001). This translates to animals
with low levels of anxiety displaying increased exploratory behaviour, entering the

center space more often, while animals with increased levels of anxiety spending more

time in the periphery wdiokdamohseadirg signdficamd mot i on.

anxiolytic properties (Edinger & Frye, 2004; Frye et al., 2008, 2010; Reddy, 2004;

W

Reddy & Jian, 2010) and f i nadplleselsiiFihneeta.onsi st en

2006; Gangisetty & Reddy, 2010; Reddy et al., 2005, 2012; Reddy & Ramanathan
2012), it may be suggested that finasteride increases anxiety-like behaviour. Li et al.
(2018) investigated OF behaviours and reported that administration of finasteride in
male adolescent, but not early developmental, rats dose-dependently inhibited
exploratory and motor behaviours. As most individuals prescribed finasteride and who
are experiencing PFS symptoms, including anxiety, are of adolescent or older age,
there is a blatant gap in knowledge of the regulatory effects of androgens throughout

aging that must be filled (Shin et al., 2019; Worsley et al., 2017).

1.3.3 Golgi-Cox Staining

The Golgi-Cox staining procedure is reliably and extensively used to identify and
visualize dendritic morphology in neurons (Zaqout & Kaindl, 2016). As dendrites project
from neurons, receiving information and allowing for communication among cells, their

branching patterns and overall density dictate the amount and distribution of synapses

received and processed by each neuron (O6Neil

regulated development and maintenance of dendrites is necessary for proper CNS
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function (DeKosky & Scheff, 1990; DeKosky et al., 1996; Ferrer & Gullotta, 1990;
Kulkarni & Firestein, 2012; Oddo et al., 2003a; Subramanian et al., 2020; Terry et al.,
1991). As dendritic morphology is highly plastic, alterations and dysregulation can result
from multiple intrinsic and environmental factors (Baloyannis, 2009; Jan & Jan 2010;
Kul karni & Firestein, 2012; McAIlIlister,
2015). The intricate process of dendritic growth and branching may be controlled in part
by sex steroid hormones. Sex steroid hormones are highly involved in the healthy
growth, development, and maintenance of the CNS, regulating morphology, physiology,
and behavior of neural cells (Larson, 2018). In early life, permanent, organizational
effects of sex steroid hormones occur, while in later life, plastic, activational effects
occur, causing changes to neuron and synapse numbers and overall dendritic
morphology within the brain (Gould et al., 1990). Steroid-induced alterations are critical
to normal development, as they play a distinctive role in sexual differentiation, muscle
tone, hair growth, bone maintenance, and cognitive function, among other things
(Banerjee et al., 2018; Grymowicz et al., 2020; Vanderschueren et al., 2004). Normal
development may be disrupted by dysregulation of these hormones. For example, sex
steroid hormones are significantly reduced in AD and dendritic morphology is
concomitantly stunted (Caruso et al., 2013; Gould et al., 1990; Leranth et al., 2003;
MacLusky et al., 2006; Toran-Allerand et al., 1983; Woolley et al., 1990). These
dendritic morphological changes coincide with impaired neuronal function and

communication, as well as integration of synaptic signals, which are all crucial in regard
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to behavioural and attentional processes (Baloyannis, 2009; Gould et al., 1990;

MacLusky et al., 2006).

1.4 Rationale
1.4.1 Study1l

The goal of study 1 was to determine the effect of long-t e r mdioBtigdatment on
the development of neuropathology and cognitive dysfunction associated with the 3xTg-
AD mouse model. Mice were trained and tested on the 5-CSRTT while receiving chronic
(3-4 months) 3 -diol treatment. Following behavioural testing, all brains were collected
and Golgi-Cox staining was performed to assess dendritic pathology. We predicted that
continuous, long-term treatment with 3 -diol would slow the cognitive decline and
progression of AD-like pathology in the 3xTg mouse model, female 3xTg-AD mice
would display exacerbated AD pathology compared with male 3xTg-AD counterparts,

and male mice would see greater enhancements than female mice.

1.4.2 Study 2

The goal of study 2 was to determine the effect of long-term finasteride treatment
on the development of cognitive deficits and anxiety-like behaviour in wild-type
(C57BL/6) mice. Mice were trained and tested on the 5-CSRTT during a period of
prolonged (32-37 days) finasteride treatment. Following completion of the 5-CSRTT,
mice were run on the OF test. We predicted that finasteride treatment would impair
cognitive function and increase anxiety-like behaviour, as well as display more severe

effects in males.
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2 Materials and Methods
2.1 Study 1

2.1.1 Animals

All 3xTg-AD (B6;129Psen1ltm1Mpm Tg(APPSwe, tauP301L)1Lfa/Mmjax) and
wild-type (B6129SF2/J) mice were bred in-house and weaned at 21 days of age at the
University of Guelph Central Animal Facility. Initially, mice were housed in groups of 3-4
mice per cage. If fighting occurred between animals, they were separated and housed
singly. Initially, three cohorts of mice aging for 6, 9, and 12 months were intended for
this study, although data were only collected from the 6-month-old cohort, as the project
was significantly disrupted by the Covid-19 pandemic. Mice were maintained on a 12-
hour light/dark cycle (0800h lights on; 2000h lights off) and all behavioural testing was
conducted during the light phase. Mice had ad libitum access to water and Teklad 14%
rodent chow. Mice were food restricted on Teklad 18% rodent chow before 5-CSRTT
training and throughout the experiment to maintain performance. Mice were weighed
daily to ensure maintenance of 85% of their initial free-feed weight. Subjects were
divided into experimental versus control groups. Experimental mice were
subcutaneously implanted with Silastic slow-release capsules containing 3 -diol
dipropionate at 3 months of age, while normal aging control mice were implanted with
blank capsules. The 3 -diol dipropionate used to prepare the Silastic capsules was
obtained from Steraloids (Newport, RI, USA) and was used instead of the parent 3 -
diol because 3 -diol is only slowly released from Silastic capsules. Propionate esters of

steroids are more rapidly released and converted back to the parent steroids via
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hydrolysis by non-specific serum esterases (Hochberg, 1998). Both types of capsules
were identical in size (1.2 cm long) to control for surgical stress. Capsules were
submerged in bovine serum albumin solution 24 hours prior to surgery in order to begin
the slow release of 3 -diol. Incisions were made on the upper backs of the animals and
capsues wer e i mplanted vertically on the ani mal
isoflurane anesthesia and mice were injected with appropriate body-weight amount of
Meloxicam (5 mg/kg) and lidocaine (20 mg/kg). It was determined by The MacLusky
Lab that crystalline 3 -diol persists in the capsules utilized in this study for at least 3
months after surgical implantation. Mice were then counterbalanced by genotype and
sex. A total of 102 mice were used in the 6-month-old 5-CSRTT cohort (11 wild-type
female control; 12 3xTg female control; 13 wild-type female experimental; 12 3xTg
female experimental; 14 wild-type male control; 14 3xTg male control; 14 wild-type male
experimental; 12 3xTg male experimental). Mice were trained and tested 6 days per
week and up to 50 trials per day (or up to 1 hour). As testing was concluded, mice were
sacrificed and one half of the brain was placed in Golgi-Cox solution to be used later for

morphological analysis.

2.1.2 Apparatus
2.1.2.1 Touchscreen Operant Chamber

All behavioural testing was performed in Bussey-Saksida touchscreen chambers
(Lafayette Instrument). The apparatus features a trapezoidal environment (188 cm?
surface area; 185 mm wal |l height) that focuse

chamber (Figure 1) has perforated flooring (6 mm diameter, 9 mm pitch) and is isolated
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within a larger, sound-attenuating chamber equipped with a ventilation fan. The infrared
touchscreen monitor (30.5 cm) to detect touch responses is situated on one end of the
chamber and the screen is blocked with black, plastic slides that restrict the screen to 5
response windows for the 5-CSRTT. A liquid pump feeder supplies liquid to the reward
magazine, positioned directly opposite of the touchscreen, through 0.5 mm bore tubing.
A speaker and light are located at the top of each chamber. The touchscreen chambers

are controlled by ABET Il Touch software developed by Lafayette Instrument.

Figure 1. The Bussey-Saksida touchscreen chamber. The apparatus features a

trapezoidal environment that focusesther odent 6 s attention. Each op
perforated flooring and has a touchscreen monitor situated on one end of the chamber

to detect rodent touch responses. In the 5-CSRTT, the screen is restricted to 5

response windows and mice are rewarded for correct responses with a liquid substance

released into the reward magazine, located opposite of the touchscreen.

2.1.3 Procedure
2.1.3.1 5-CSRTT
2.1.3.1.1 Pretraining

All mice were run through multiple pre-training stages prior to task training and

probe trials. On the first day, mice were habituated to the touchscreen-based automated
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chambers, or the test environment, for a 10-minute period. All lights were turned off and

no stimulus or reward was presented. On the second and third days, mice were

habituated for a 20-minute period. During this time, the reward tray light was turned on

and a tone was played to indicate the priming delivery of strawberry milkshake. Mice

had unlimited access to milkshake which was d
10 seconds. On the fourth day, mice experienced the same habituation as described for

the second and third days, but for a 40-minute period. After completion of habituation

sessions, mice were run through a Paviovian-s t y |l e fAl ni t i al Toucho con
During this stage, a light stimulus was pseudo randomly presented in one of 5 response

windows. After a delay of 30 seconds, the light stimulus was removed. If no response

was made during the 30 second timeframe, 7 ¢l

made a response by nose-poking the lit window within the 30 second timeframe, the

l'ight stimulus was removed and 21 ¢l of food
next stage, mice must have completed 30 trial
Toucho stagecedthite AMuat Toucho training. Dur

required to nose-poke the lit response window in order to elicit a tone (1000
milliseconds) and food reward. A 7 ¢l mi | ks ha
nose-poking the illuminated response window. No tone or reward occurred if mice

touched a blank response window. Mice must have completed 30 trials within 60

mi nutes to progress to the next stage. Follow
proceeded to the f Mus:tsstagejniice aeregaguirpgdioa se. Dur i n

voluntarily nose poke and exit the illuminated reward tray in order to initiate a trial. Once
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a trial was initiated, a light stimulus would appear in one of the five response windows

and mice were able to nose-poke the illuminated window to receive a milkshake reward.

Mice must have completed 30 trials within 60 minutes to progress to the next stage. The

final stageofpre-t r ai ni ng was APunish Incorrect. o This
an incorrect response window in order to avoid punishment. If mice did not nose-poke

the correct, illuminated window during a trial, a time-out period would occur in which the

house light was turned on for 5 seconds and no reward was given. Mice must have

completed 23/30 correct trials or better within 60 minutes for 2 consecutive sessions in

order to progress to the training stages.

2.1.3.1.2 Training
All mice were trained to respond to stimuli presented for a short duration in one
of the 5 response windows of the touchscreen apparatus in exchange for a milkshake
reward. To begin, mice were required to initiate a trial by entering and exiting the food
magazine (Figure 2). Upon exiting th8 magazin
seconds would occur, followed by one response window being illuminated for 4 seconds
(stimulus duration). Mice had to respond to the illuminated window within 5 seconds
(limited hold period) after the light offset in order to make a correct response. Following
a correct response, a del i vemagazimefwouldiodcut,s hak e (
accompanied by illumination of the tray light and a tone (1000 milliseconds). Once mice
collected the reward and exited the food magazine, a 5 second intertrial interval (ITI)
began. Following the ITI, the tray light would turn on and mice had to enter and exit the
food magazine to initiate the next trial and start the Delay. If an incorrect response
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(touching a response window other than where the stimulus was presented) or no

response (omission) was made within the limited hold period, a time-out (5 seconds)

occurred where the house light was turned on. Following a time-out, the house light was
turned off and an dal TI l ncorrecto (5 seconds)
tray light turned on and mice had to enter and exit the food magazine to initiate the next

trial and start the Delay. Responses that were made prematurely, or during the Delay,

were recorded and resulted in a time-out. Once animal performance stabilized at the 4-

second stimulus dur ®208&n ombO88WoascuD8O0ytrials
days), stimulus duration was decreased to 2 seconds. The 2-second stimulus duration

was run the same way as the 4-second stimulus duration, except the Delay interval was
always 5 seconds long. After stabilizing atthe2-s econd sti mul us durati on
accuracy, O20% omi ssions, 50 trials for 3 con
training. Mice were given 1 session per day for up to 30 days for each of the two

stimulus durations to learn the task. Mice were removed from the study if they failed to

reach criterion.
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Omission

Figure 2. 5-CSRTT trial. Photo retrieved from Palmer (2016). In a typical 5CSRTT

session, mice initiate a trial by entering an
Following a 5-second delay, one response window illuminates (lpr esent ati onodo) . M
trained to respond to the illuminated window within 5 seconds of the light offset.

Foll owing a Acorrecto response, a delivery of

occur s. | f a no nfisien coorr rneoc troe srpeosnps € (-Se@omditimes i o n 0 )

out occurs during which the house light is illuminated. Stimulus duration may be
shortened to increase task difficulty.

2.1.3.1.3 Probe Trials

After mice passed performance criteria on the 2-second stimulus duration, they
advanced to testing on the probe trials. During the probe trials, animals underwent
manipulation of different stimulus durations of 0.6, 0.8, 1.0, and 1.5 seconds. To control

for order effects of different stimulus durations, the succession in which stimulus
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durations were presented to each animal in a group was randomized and

counterbalanced across all mice. Each animal performed 2 consecutive days at the 0.6,

0.8, 1.0, and 1.5 second stimulus durations, but were placed onto the 2-second stimulus
duration for 2 consecutive days in between ea

order to be re-baselined. Therefore, testing took 14 consecutive days for each animal.

2.1.3.1.4 Data Analysis

For the training stages (4-second and 2-second stimulus duration) of the 5-CSRTT,
acquisition of the task was evaluated. The number of sessions to reach criterion were
analyzed in order to determine whether differences in acquisition existed among groups

of mice.

For the probe trials, data were collected and organized into respective groups.
Each set of two probe trials with each stimulus duration (0.6, 0.8, 1.0, and 1.5 seconds)
was averaged. The following behavioural measures were analyzed: 1. Accuracy (% of
trials in which a correct response was made); 2. Omissions (% of trials in which no
response was made); 3. Total Time (total time to complete a session); 4. Total Trials (#
of trials completed per session); 5. Correct Response Latency (time taken to make a
correct response); 6. Incorrect Response Latency (time taken to make an incorrect
response); 7. Reward Collection Latency (time taken to retrieve the reward); 8.
Premature Responses (responses made prior to the presentation of the stimulus, or
during the initial ITI); 9. Perseverative Errors (repeated responding after a response has

already been made).
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Training data were analyzed by a 2 (Genotype) x 2 (Sex) x 2 (Treatment)
factorial ANOVA. Probe trial data were analyzed by a 4 (Stimulus Duration) x 2
(Genotype) x 2 (Sex) x 2 (Treatment) factorial repeated measures ANOVA. All data
were statistically evaluated using SPSS Statistics (Version 26) software. To explore
significant three-way interactions, simple two-way interactions were investigated. To
explore significant two-way interactions, simple main effect analyses were conducted.
Bonferroni adjustments were applied, where appropriate. Statistically significant simple
main effects were followed up with pairwise comparisons. Effects with a p-value < .05
were considered to be statistically significant. Graphs were created using GraphPad
Prism version 8.0 (GraphPad Software Inc., La Jolla, California, USA). Data displayed in

graphs were reported as mean +/- standard error of the mean.

2.1.3.2 Golgi-Cox Staining and Analysis

Following behavioural testing, mice were sacrificed at 6-7 months of age.
Animals were sacrificed by cervical dislocation and brains were immediately extracted,
placed on ice, and cut in half down the longitudinal fissure. To avoid the potential
confound of lateralization, an equal amount of left and right half brain samples were
collected and placed in 20 mL scintillation vials of 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)), which had been
filtered through Whatman grade 1 paper (Fisher Scientific) and stored in the dark at

room temperature until its use. Samples were then stored in the dark at room
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temperature for 26 days. On the 27" day, samples were transferred to 30% sucrose

0.1M phosphate buffer and stored in the fridge at 4°C until sectioning.

Samples were encased in 3% agar (Fisher Scientific), superglued to the Leica
VT1000S vibrating blade microtome (Leica Biosystems, Concord, ON, Canada) stand,
submergedin30% sucrose solution, and sectioned i1into
coronal plane. Sections of free-floating brain were carefully placed into histology
baskets inserted into 6-well plates filled with 6% sucrose 0.1M phosphate buffer.
Samples were wrapped in aluminum foil and stored in the fridge at 4°C for

approximately 24 hours.

The following day, samples were removed from the fridge before being placed on
an agitator in 2% paraformaldehyde (PFA; Sigma-Aldrich) for 15 minutes, ammonium
hydroxide (Sigma-Aldrich) for 15 minutes, and Kodak Rapid Fixative A (Sigma-Aldrich)
for 25 minutes. Samples were rinsed with Milli-Q water between steps. After rocking,
sections were stripped of any excess agar and mounted onto gelatinized microscope
slides to dry for approximately 40 minutes. Sections were sequentially dehydrated in
50%, 75%, and 95% ethanol for 2 minutes each, 100% ethanol for 5 minutes (twice),
and xylene for 5 minutes (twice). Slides were mounted with Permount Mounting Medium
(Sigma-Aldrich), left to dry horizontally in the dark for approximately 24 hours, and

sealed with clear nail polish to avoid oxidation.

Golgi-Cox stained sections containing the posterior parietal cortex (PPC) were

used to analyze dendritic branching, length, and volume in both apical and basal
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regions of neurons in layer II/Ill. Initially, we intended to look at the PFC, but much of
this tissue disintegrated and was lost during vibratome sectioning, making analysis on
the remaining intact tissue statistically unreliable. Alternatively, the PPC was chosen as
it has strong links to attentional processing and early AD pathology (Jacobs et al., 2012;
Perry & Hodges, 1999), although lesions of cholinergic afferents of the PPC have not
been specifically implicated in changes to 5-CSRTT performance (Broussard, 2012;
Maddux et al., 2007; Muir et al., 1996). Therefore, although this region may not be
essential for sustained attention in the 5-CSRTT, underlying pathological manifestations
which impact the growth and adaptability of a neuron may be observed (Wong & Ghosh,
2002). Images were obtained using a 30x objective lens and an Olympus BX53
microscope (Olympus, Richmond Hill, ON, Canada) with Q-Imaging camera (MBF
Bioscience, Williston, VT, USA) and formed into image stacks using Fiji software
(version 2.9.0) (Schindelin et al., 2012). All neurons were traced by an experimenter
blind to experimental conditions using Neuromantic software (V1.6.3; Myatt et al., 2012;
3-4 neurons/animal, n = 3 animals/group were three-dimensionally traced. To be
included for tracing and analysis, neurons were selected on the basis that they were
fully impregnated with Golgi-Cox stain, relatively isolated from surrounding neurons, and
contained within the section with no breakage from the cell body to the dendritic exterior
(Mendell et al., 2017). Sholl analysis (Sholl, 1953) was performed using Neurolucida
software (MBF Bioscience) by placing concentr
cell body and ending at the dendritic exterior. Apical and basal dendritic segments were

analyzed separately. The number of intersections (total number of times the dendrite
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intersected with each Sholl ring), length (total quantity of dendrite between each Sholl
ring)(em), and vol ume ( di arbetweenreach$holt he sum of

r i n g3 weeemssessed.

Data were analyzed by a 12 (Distance from Soma) x 2 (Genotype) x 2 (Sex) x 2
(Treatment) factorial ANOVA, with genotype, sex, and treatment as between-subjects
factors and distance from the soma (mm) as a within-subjects factor. All data were
statistically evaluated using SPSS Statistics (Version 26) software. To explore
significant three-way interactions, simple two-way interactions were investigated. To
explore significant two-way interactions, simple main effect analyses were conducted.
Bonferroni adjustments were applied, where appropriate. Statistically significant simple
main effects were followed up with pairwise comparisons. Effects with a p-value <.05
were considered to be statistically significant. Graphs were created using GraphPad
Prism version 9.0 (GraphPad Software Inc., La Jolla, California, USA). Data displayed in

graphs were reported as mean +/- standard error of the mean.

2.2 Study 2
2.2.1 Animals

All wild-type (C57BL/6) mice were sourced from Charles River Laboratories
(Kingston, NY, USA), arriving at the University of Guelph Central Animal Facility at 8
weeks of age. Mice were housed in groups of 2 mice per cage. If fighting occurred
between animals, they were separated and housed singly. Mice were maintained on a
12-hour light/dark cycle with ad libitum access to water and Teklad 14% rodent chow. A

total of 43 mice were used in this experiment and further divided into experimental
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versus control groups (10 female control; 10 female experimental; 11 male control; 12
male experimental). All mice in the same cage were part of the same treatment group to
avoid any potential drug cross-over between mice. Mice were weighed daily to ensure
maintenance of 85% of their initial free-feed weight and to guarantee an accurate
treatment dose of 50 mg/kg. This dose was chosen as previous studies have
demonstrated it to significantly reduce peripheral and CNS neurosteroid concentrations
with acute and chronic administration (Finn et al., 2006; Reddy & Ramanathan 2012,
Reddy et al., 2005, 2012; Gangisetty & Reddy, 2010). Experimental treatment was a
combination of crystalline finasteride thoroughly mixed into NutellaN, while control
treatment was pure NutellaN. The finasteride used to prepare the finasteride X NutellaN
mixture was sourced from Sigma-Aldrich, USA. The confound of injection stress was
avoided as the finasteride mixture was given orally and, therefore, voluntary for the mice
to consume (Mervis et al., 2018). Mice began food restriction on Teklad 18% rodent
chow prior to commencing 5-CSRTT training, as well as throughout the experiment in
order to maintain performance. When treatment began, feed was restricted further in
order to compensate for the extra calories associated with treatment and preserve
motivation to perform the 5-CSRTT. Using a thin, stainless steel spatula, treatment
mixtures were weighed on glass microscope slides down to two decimal places. To
achieve a 50 mg/kg dose of finasteride, 10 mg of the finasteride X NutellaN mixture per
gram of body weight was administered at the same time each day. Mice were trained
and tested 6 days a week and up to 50 trials a day (or up to 1 hour). Throughout

training, all mice were administered pure NutellaN (vehicle) only each day. As mice
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passed the final stage of training, treatment began and lasted for 7 days. During this 7-
day period, mice were maintained on a 2-second stimulus baseline on the 15t, 4 and
7t day to ensure a continuous and accurate scoring of the final training phase while
altering food restriction and ensuring full, voluntary drug administration. These 7 days
were necessary to establish a stable, circulating effect of finasteride and significantly
decrease DHT levels (Chaudhary & Turner, 2010; Djavan et al., 2004; Mohler et al.,
2011; Stoner, 1990). within the experimental group prior to 5-CSRTT testing. Mice were
consistently administered their treatment at the same time each day, 1 hour prior to
entering the 5-CSRTT, in case of non-specific effects. Following completion of testing,
mice were given a rest period between behavioural tests to minimize stress. Food
restriction was slightly eased as milkshake was not being received any longer after
completion of the 5-CSRTT. After the rest period, mice were run on the OF test and
were treated following completion of the task. Mice were tested at 13-14 months of age,
as taste preference trials for oral administration of finasteride were completed during the
first year of age, and received treatment for a total range of 32-37 days. As all behaviour

testing concluded, mice were sacrificed <24 hours after their final treatment.

2.2.2 Procedure
2.2.2.1 5-CSRTT

The 5-CSRTT task was executed exactly as previously stated in Study 1, except
for the fact that after mice passed the final training stage, they directly entered 7 days of
treatment (experimental and control), whereby they were maintained on a 2s-stimulus

baseline on the 1, 4", and 7" day of treatment. This was done to ensure animals were
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still scoring accurately, passing the final training stage, prior to entering the testing
phase and to achieve a stable effect of finasteride. Therefore, 7 additional days in
between passing the training phase and commencement of testing were introduced in

Study 2.

2.2.2.1.1 Data Analysis

Training data were analyzed by a 2 (Sex) x 2 (Treatment) factorial ANOVA.
Probe trial data were analyzed by a 4 (Stimulus Duration) x 2 (Sex) x 2 (Treatment)
factorial repeated measures ANOVA. All data were statistically evaluated using SPSS
Statistics (Version 26) software. Evaluations of data and follow-up analysis regarding
significant effects were performed as previously stated in Study 1. Data displayed in

graphs were reported as mean +/- standard error of the mean.

2.2.2.2 Open Field

The OF test was performed in a square-shaped open field arena made of white
cardboard with dimensions of 50 cm (length) x 50 cm (width) x 30 cm (height). Mice
were removed from their home cage and placed in the center of the OF apparatus,
allowed to freely explore the bright, empty context for 10 minutes. The researcher was
always outside of the test r oom. Each ani mal o
suspended video camera above the apparatus in order to track the entire arena. At the
end of the 10 minutes, mice were removed from the OF and placed back in their home

cage. The OF apparatus was cleaned of any animal droppings between each mouse.
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For analysis, the automated video-tracking software EthoVision XT (v.11, Noldus,
VT, USA) was used to process the video recordings. Within the software application, the
OF arena was divided into an outer, square periphery zone and an inner, square center
zone (22.5 cm x 22.5 cm) in order to track animal behaviour. Exploratory behaviour was
calcul ated by automated tracking of an ani mal
Animals were considered to have entered a specific zone when the center point crossed
the dividing line between zones. OF behaviour was assessed through measures of
duration (total time spent in zone; seconds), frequency (total entries into each zone),
and latency (time taken to initially leave the center zone; seconds). Locomotor activity

was assessed by total distance (cm) moved during the 10-minute time period.

2.2.2.2.1 Data Analysis

Duration, frequency, and latency data were analyzed by a 2 (Zone) x 2 (Sex) x 2
(Treatment) factorial ANOVA. Total distance was analyzed by a 2 (Sex) x 2 (Treatment)
factorial ANOVA. All data were statistically evaluated using SPSS Statistics (Version 26)
software. Evaluations of data and follow-up analysis regarding significant effects were
performed as previously stated in Study 1. Data displayed in graphs were reported as

mean +/- standard error of the mean.
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2.3 Results

2.3.1 Study 1

2.3.1.1 5-CSRTT

2.3.1.1.1 Training

2.3.1.1.1.1 Acquisition
2.3.1.1.1.1.1 4-second acquisition

In looking at 4-second acquisition of 6-month-old control and experimental wild-
type and 3xTg-AD mice, it was found that 3xTg-AD mice reached criterion more quickly
than wild-type mice and males reached criterion at a faster rate than females. Moreover,
female control mice were found to reach criterion faster than female treated mice,
whereas males displayed no differences regarding treatment (Figure 3). The main
effects of genotype, F(1,94) = 8.91, p<.005, and sex, F(1,94) = 16.96, p<.001, were
significant. The main effect of treatment was not significant, F(1,94) = 1.41, ns. The
interaction between sex and treatment was significant, F(1,94) = 4.74, p<.05. Follow up
analysis revealed a significant simple main effect of treatment for female mice, F(1,94) =
5.37, p<.05, but not for male mice, F(1,94) = 0.51, ns. In simpler terms, female control
mice reached criterion significantly faster than female treated mice, whereas male mice
showed no differences regarding treatment. The interactions between genotype and sex
F(1,94) = 0.17, ns, genotype and treatment F(1,94) = 0.02, ns, and genotype, sex, and

treatment F(1,94) = 0.40, ns, were not significant.
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2.3.1.1.1.1.2 2-second acquisition

In looking at 2-second acquisition of control and experimental wild-type and
3xTg-AD mice, it was found that 3xTg-AD mice reached criterion more quickly than wild-
type mice (Figure 3). The main effect of genotype was significant, F(1,94) = 11.90,
p=.001. The interactions between sex and treatment, F(1,94) = 4.02, p<.05, and
genotype and treatment, F(1,94) = 4.60, p<.05, were significant. Follow up analysis of
the interaction between genotype and treatment revealed a significant simple main
effect of genotype for control mice, F(1,94) = 15.61, p<.001, but not for experimental
mice, F(1,94) = 0.85, ns. In other words, 3xTg-AD control mice reached criterion
significantly faster than wild-type control mice, whereas no significant difference was
observed within treated mice. Follow up analysis of the interaction between sex and
treatment revealed no significant simple main effects. The main effects of sex, F(1,94) =
0.35, ns, and treatment F(1,94) = 0.05, ns, were not significant. The interactions
between genotype and sex F(1,94) = 0.55, ns, and genotype, sex, and treatment

F(1,94) = 0.40, ns, were not significant.
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Figure 3. Acquisition of 5-CSRTT by 6-month-old control and experimental 3xTg-AD
and wild-type mice. At both 4- and 2-second acquisition phases, a main effect of
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genotype indicated that 3xTg-AD mice reached criterion more quickly than wild-type
mice. At 4-second acquisition, a main effect of sex indicated that males reached
criterion at a faster rate than females. As well, female control mice reached criterion
significantly faster than female treated mice, whereas male mice showed no differences
regarding treatment. At 2-second acquisition, 3xTg-AD control mice reached criterion
significantly faster than wild-type control mice, whereas no significant difference was
observed within treated mice. * = p<.05, ** = p<.01

2.3.1.1.2 Probe Trials
2.3.1.1.2.1 Accuracy

In looking at accuracy of control and experimental wild-type and 3xTg-AD mice, it
was found that wild-type mice performed significantly better than transgenic mice.
Female mice performed better than male mice across all stimulus durations (Figure 4).
The main effects of stimulus duration, F(2.74,257.79) = 205.35, p<.001, genotype,
F(1,94) = 24.98, p<.001, and sex, F(1,94) = 4.34, p<.05, were significant. There was a
statistically significant two-way interaction between stimulus duration and genotype,
F(2.74,257.79) = 3.66, p<.05. The interactions between genotype and sex, F(1,94) =
0.11, ns, treatment and sex, F(1,94) = 0.19, ns, treatment and genotype, F(1,94) = 0.99,
ns, treatment, genotype, and sex, F(1,94) = 0.69, ns, stimulus duration, treatment,
genotype, and sex, F(2.74,257.79) = 1.61, ns, stimulus duration, genotype, and sex,
F(2.74,257.79) = 0.37, ns, stimulus duration, treatment, and sex, F(2.74,257.79) = 1.35,
ns, stimulus duration, treatment, and genotype, F(2.74,257.79) = 0.36, ns, stimulus
duration and sex, F(2.74,257.79) = 1.76, ns, and stimulus duration and treatment,

F(2.74,257.79) = 0.84, ns, were not significant.
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Figure 4. Accuracy of 6-month-old control and experimental 3xTg-AD and wild-type
mice. 3xTg-AD mice had significantly lower accuracy than wild-type mice at all stimulus
durations. Female mice performed better than male mice. No significant effect of
treatment was found. ** = p<.01

2.3.1.1.2.20missions

In looking at omissions of wild-type and 3xTg-AD control mice, it was found that
wild-type and transgenic mice performed similarly. Experimental mice performed
similarly to control mice across all stimulus durations (Figure 5). The main effect of
stimulus duration was significant, F(3,282) = 168.40, p<.001. The main effects of
genotype, F(1,94) = 0.58, ns, and sex, F(1,94) = 0.49, ns, were not significant, but the
interaction between genotype and sex, F(1,94) = 13.01, p<.001, was significant. Follow
up analysis revealed significant simple main effects of genotype for female, but not
male, mice at the 0.6s, F(1,94) = 6.70, p<.05, and 0.8s, F(1,94) = 6.82, p<.05, stimulus
duration. In simpler terms, transgenic females made significantly more omissions in
comparison to wild-type females at stimulus durations of 0.6s and 0.8s. As well, simple
main effects regarding sex were found at each stimulus duration. At 0.6s, female

transgenic mice had significantly more omissions, F(1,94) = 4.95, p<.05. Wild-type male
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mice made significantly more omissions than wild-type female mice at 0.8s, F(1,94) =
7.50, p<.01, 1.0s, F(1,94) = 4.63, p<.05, and 1.5s, F(1,94) = 6.18, p<.05. The
interactions between stimulus duration, treatment, genotype, and sex, F(3,282) = 0.41,
ns, stimulus duration, genotype, and sex, F(3,282) = 1.03, ns, stimulus duration,
treatment, and sex, F(3,282) = 0.67, ns, stimulus duration, treatment, and genotype,
F(3,282) = 0.74, ns, stimulus duration and sex, F(3,282) = 0.84, ns, stimulus duration
and genotype, F(3,282) = 0.59, ns, and stimulus duration and treatment, F(3,282) =
1.24, ns, were not significant. No significant effect of treatment was found, F(1,94) =
0.38, ns. The interactions between treatment, genotype, and sex, F(1,94) = 0.51,

treatment and sex, F(1,94) = 2.22, ns, treatment and genotype, F(1,94) = 0.93, ns, were

not significant.
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Figure 5. Omissions made by 6-month-old control and experimental 3xTg-AD and wild-
type mice. 3xTg-AD and wild-type mice had a similar level of omissions at all stimulus

durations. Male and female 3xTg-AD mice performed similarly. No significant effect of
treatment was observed. * = p<.05
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2.3.1.1.2.3Total Time

In looking at total time required to complete sessions, wild-type mice were found
to require more time in comparison to 3xTg-AD mice (Figure 6). The main effects of
stimulus duration, F(2.64,248.49) = 18.80, p<.001, and genotype, F(1,94) = 4.90, p<.05,
were significant. The main effects of sex, F(1,94) = 1.59, ns, and treatment, F(1,94) =
0.35, ns, were not significant. The interactions between genotype and sex, F(1,94) =
1.99, ns, genotype and treatment, F(1,94) = 0.01, ns, and sex and treatment, F(1,94) =
2.34, ns, stimulus duration and genotype, F(2.64,248.49) = 0.62, ns, stimulus duration
and sex, F(2.64,248.49) = 0.29, ns, stimulus duration and treatment, F(2.64,248.49) =
0.85, ns, genotype, sex and treatment, F(1,94) = 0.20, ns, stimulus duration, genotype,
and sex, F(2.64,248.49) = 0.92, ns, stimulus duration, genotype, and treatment,
F(2.64,248.49) = 0.34, ns, stimulus duration, sex, and treatment, F(2.64,248.49) = 2.71,
ns, and stimulus duration, genotype, sex, and treatment, F(2.64,248.49) = 0.19, ns,

were not significant.
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Figure 6. Total session length of 6-month-old control and experimental 3xTg-AD and
wild-type mice. 3xTg-AD mice required less time to complete sessions in comparison to
wild-type mice. As stimulus duration increased, total time required to complete sessions
tended to decrease. * = p<.05
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2.3.1.1.2.4Total Trials

No significant differences were observed in total trials completed per session for
6-month-old control and experimental 3xTg-AD and wild-type mice (Figure 7). The main
effects of stimulus duration, F(2.33,219.11) = 0.18, ns, genotype, F(1,94) = 0.63, ns,
sex, F(1,94) = 0.18, ns, and treatment, F(1,94) = 0.63, ns, were not significant. The
interactions between stimulus duration and genotype, F(2.33,219.11) = 1.38, ns,
stimulus duration and sex, F(2.33,219.11) = 0.34, ns, stimulus duration and treatment,
F(2.33,219.11) = 0.35, ns, genotype and sex, F(1,94) = 1.28, ns, genotype and
treatment, F(1,94) = 0.64, ns, sex and treatment, F(1,94) = 1.01, ns, genotype, sex, and
treatment, F(1,94) = 0.79, ns, stimulus duration, genotype, and sex, F(2.33,219.11) =
1.14, ns, stimulus duration, genotype, and treatment, F(2.33,219.11) = 1.44, ns,
stimulus duration, sex, and treatment, F(2.33,219.11) = 1.87, ns, and stimulus duration,

genotype, sex, and treatment, F(2.33,219.11) = 0.86, ns, were not significant.
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Figure 7. Total trials completed per session for 6-month-old control and experimental
3xTg-AD and wild-type mice. No statistically significant effects were found.

51



2.3.1.1.2.5Correct Response Latency

In looking at correct response latencies, it was found that 3xTg-AD mice had
longer response latencies compared to wild-type mice (Figure 8). The main effects of
stimulus duration, F(2.68,252.80) = 17.48, p<.001, and genotype, F(1,94) = 5.31, p<.05,
were significant. The main effects of sex, F(1,94) = 0.43, ns, and treatment, F(1,94) =
0.10, ns, were not significant. The interactions between stimulus duration and genotype,
F(2.68,252.80) = 0.29, ns, stimulus duration and sex, F(2.68,252.80) = 0.34, ns,
stimulus duration and treatment, F(2.68,252.80) = 0.79, ns, genotype and sex, F(1,94) =
3.11, ns, genotype and treatment, F(1,94) = 2.25, ns, sex and treatment, F(1,94) = 0.20,
ns, genotype, sex, and treatment, F(1,94) = 2.07, ns, stimulus duration, genotype, and
sex, F(2.68,252.80) = 1.06, ns, stimulus duration, genotype, and treatment,
F(2.68,252.80) = 0.67, ns, stimulus duration, sex, and treatment, F(2.68,252.80) = 0.82,
ns, and stimulus duration, genotype, sex, and treatment, F(2.68,252.80) = 0.79, ns,

were not significant.
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Figure 8. Correct response latencies for 6-month-old control and experimental 3xTg-AD
and wild-type mice. Wild-type mice had shorter response latencies than 3xTg-AD mice.
As stimulus duration increased, response latencies tended to increase. * = p<.05
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2.3.1.1.2.6Incorrect Response Latency

It was found that wild-type mice had greater response latencies on incorrect trials
than 3xTg-AD mice. A main effect of sex also indicated that males had shorter response
latencies than their female counterparts (Figure 9). The main effects of stimulus
duration, F(3,282) = 1.94, ns, and treatment, F(1,94) = 1.44, ns, were not significant.
The main effects of genotype, F(1,94) = 8.45, p<.005, and sex, F(1,94) =4.02, p<.05,
were significant. The interactions between stimulus duration and genotype, F(3,282) =
0.74, ns, stimulus duration and sex, F(3,282) = 0.38, ns, stimulus duration and
treatment, F(3,282) = 1.32, ns, genotype and sex, F(1,94) = 0.42, ns, genotype and
treatment, F(1,94) = 0.01, ns, sex and treatment, F(1,94) = 0.69, ns, stimulus duration,
genotype, and sex, F(3,282) = 0.87, ns, stimulus duration, genotype, and treatment,
F(3,282) = 0.53, ns, stimulus duration, sex, and treatment, F(3,282) = 0.37, ns, and
stimulus duration, genotype, sex, and treatment, F(3,282) = 0.64, ns, were not
significant. The interaction between genotype, sex, and treatment, F(1,94) = 6.96,
p<.05, was significant. After further analysis, it was found that there was a statistically
significant two-way interaction between genotype and sex, F(1,94) = 4.49, p<.05, at
1.5s. Simple main effects of treatment for both 3xTg-AD males, F(1,60) = 27.64, p<.001,
and wildtype females, F(1,60) = 9.36, p<.005, at the 1.5 second probe were found. In
simpler terms, treated 3xTg-AD males had significantly shorter incorrect response
latencies than control 3xTg-AD males at 1.5s. As well, treated wild-type females had
significantly greater incorrect response latencies in comparison to control wild-type

females at 1.5s.
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Figure 9. Incorrect response latencies of 6-month-old control and experimental 3xTg-AD
and wild-type mice. Wild-type mice had longer response latencies than 3xTg-AD mice.
Male mice had shorter response latencies than female mice. At the 1.5s probe, treated
3xTg-AD males had shorter response latencies than control 3xTg-AD males. Treated
wild-type females had longer response latencies than control wild-type females at 1.5s.
** = p<.01

2.3.1.1.2.7Reward Collection Latency

Male mice were found to have significantly longer reward collection latencies
than female mice (Figure 10). The main effects of stimulus duration, F(2.77, 260.96) =
0.10, ns, genotype, F(1,94) = 2.73, ns, and treatment, F(1,94) = 0.95, ns, were not
significant. The main effect of sex, F(1,94) =6.90, p<.05, was significant. The
interactions between stimulus duration and genotype, F(2.77, 260.96) = 0.40, ns,
stimulus duration and sex, F(2.77, 260.96) = 2.09, ns, stimulus duration and treatment,
F(2.77, 260.96) = 0.35, ns, genotype and sex, F(1,94) = 3.16, ns, genotype and
treatment, F(1,94) = 1.01, ns, genotype, sex, and treatment, F(1,94) = 0.30, ns, sex and
treatment, F(1,94) = 0.77, ns, stimulus duration, genotype, and sex, F(2.77, 260.96) =
0.18, ns, stimulus duration, genotype, and treatment, F(2.77, 260.96) = 0.31, ns,
stimulus duration, sex, and treatment, F(2.77, 260.96) = 1.03, ns, and stimulus duration,

genotype, sex, and treatment, F(2.77, 260.96) = 1.79, ns, were not significant.
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Figure 10. Reward collection latency of 6-month-old control and experimental 3xTg-AD
and wild-type mice. Male mice had significantly longer reward collection latencies than
female mice.

2.3.1.1.2.8Premature Responses

As stimulus duration increased, fewer premature responses were made (Figure
11). The main effects of stimulus duration, F(1.02,95.98) = 26.07, p<.001, and
treatment, F(1,94) = 5.42, p<.05, were significant. The main effects of genotype, F(1,94)
=0.10, ns, and sex, F(1,94) = 1.57, ns, were not significant. The interaction between
stimulus duration and treatment, F(1.02,95.98) = 4.22, p<.05, was significant. Further
analysis revealed a significant simple main effect of treatment, F(1,94) = 4.56, p<.05, at
0.6s. Therefore, both wild-type and 3xTg-AD mice showed significant differences
regarding treatment at the 0.6s probe. The interaction between genotype and sex,
F(1,94) = 3.86, p = .052, was approaching significance. The interactions between
stimulus duration and genotype, F(1.02,95.98) = 0.08, ns, stimulus duration and sex,
F(1.02,95.98) = 2.26, ns, genotype and treatment, F(1,94) = 1.14, ns, sex and
treatment, F(1,94) = 0.30, ns, genotype, sex, and treatment, F(1,94) = 1.12, ns, stimulus

duration, genotype, and sex, F(1.02,95.98) = 2.98, ns, stimulus duration, genotype, and
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treatment, F(1.02,95.98) = 1.52, ns, stimulus duration, sex, and treatment, F(1.02,95.98)
= 0.36, ns, and stimulus duration, genotype, sex, and treatment, F(1.02,95.98) = 0.59,

ns, were not significant.
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Figure 11. Premature responses of 6-month-old control and experimental 3xTg-AD and
wild-type mice. * = p<.05

2.3.1.1.2.9Perseverative Errors

As stimulus duration increased, perseverative errors increased. Across all
stimulus durations, wild-type mice made more perseverative errors than 3xTg-AD mice
(Figure 12). The main effects of stimulus duration, F(3,282) = 23.44, p<.001, and
genotype, F(1,94) = 20.76, p<.001, were significant. The main effects of treatment,
F(1,94) = 0.85, ns, and sex, F(1,94) = 2.74, ns, were not significant. The interactions
between stimulus duration and treatment, F(3,282) = 0.52, ns, stimulus duration and
genotype, F(3,282) = 0.77, ns, stimulus duration and sex, F(3,282) = 0.36, ns, genotype
and sex, F(1,94) = 1.40, ns, genotype and treatment, F(1,94) = 0.91, ns, genotype, sex,
and treatment, F(1,94) = 0.75, ns, stimulus duration, genotype, and sex, F(3,282) =

0.21, ns, stimulus duration, genotype, and treatment, F(3,282) = 0.30, ns, stimulus
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duration, sex, and treatment, F(3,282) = 0.74, ns, and stimulus duration, genotype, sex,
and treatment, F(3,282) = 0.91, ns, were not significant. The interaction between sex

and treatment, F(1,94) = 3.79, p = .054, was approaching significance.
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Figure 12. Perseverative errors of 6-month-old control and experimental 3xTg-AD and
wild-type mice. As stimulus duration increased, perseverative errors increased. ACross
all stimulus durations, wild-type mice made more perseverative errors than 3xTg-AD

mice, regardless of treatment. ** = p<.01

2.3.1.2 Golgi-Cox

2.3.1.2.1 Apical Intersections

As distance from soma increased, the number of apical dendritic intersections
decreased (Figure 13). The main effect of distance from soma was significant,
F(11,176) = 120.44, p<.001. The interactions between distance from soma, genotype,
sex, and treatment, F(11,176) = 1.43, ns, distance from soma, sex, and treatment,
F(11,176) = 0.90, ns, distance from soma, genotype, and treatment, F(11,176) = 0.31,
ns, distance from soma, genotype, and sex, F(11,176) = 0.82, ns, distance from soma
and treatment, F(11,176) = 0.36, ns, and distance from soma and genotype, F(11,176)

=0.52, ns, were not significant. The interaction between distance from soma and sex,
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F(11,176) = 2.28, p<.05, was significant. Further analysis revealed no significant simple
main effects. The main effects of genotype, F(1,16) = 0.04, ns, sex, F(1,16) =1.56, ns,
and treatment, F(1,16) = 0.72, ns, were not significant. The interactions between
genotype and sex, F(1,16) = 0.19, ns, genotype and treatment, F(1,16) = 0.38, ns, sex
and treatment, F(1,16) = 2.96, ns, and genotype, sex, and treatment, F(1,16) = 1.42, ns,

were not significant.

2.3.1.2.2 Basal Intersections

As distance from soma increased, the number of basal dendritic intersections
decreased (Figure 13). 3xTg-AD control mice had significantly increased basal dendritic
branching25-50 e m fr om t he s o mge wrolmmee. Wild-typeonicevi | d
treated with 3a-diol had significantly increased basal dendritic branching25-50 e m f r om
the soma compared to wild-type mice treated with vehicle. The main effect of distance
from soma was significant, F(11,176) = 347.03, p<.001. The interactions between
distance from soma, genotype, sex, and treatment, F(11,176) = 0.21, ns, distance from
soma, sex, and treatment, F(11,176) = 0.08, ns, distance from soma, genotype, and
sex, F(11,176) = 0.55, ns, distance from soma and treatment, F(11,176) = 0.44, ns, and
distance from soma and sex, F(11,176) = 1.40, ns, were not significant. The interaction
between genotype and treatment, F(1,16) = 7.94, p<.05, was significant. The main
effects of genotype, F(1,16) = 4.21, ns, sex, F(1,16) = 1.93, ns, and treatment, F(1,16) =
0.56, ns, were not significant. Interactions between genotype, sex, and treatment,

F(1,16) = 0.37, ns, sex and treatment, F(1,16) = 0.05, ns, and genotype and sex,
F(1,16) = 0.00, ns, were not significant. Interactions between distance from soma,
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genotype, and treatment, F(11,176) = 4.15, p<.001, and distance from soma and

genotype, F(11,176) = 2.60, p<.005, were significant. Follow up analysis revealed 3xTg-

AD control mice had significantly increased basal dendritic branching 25-50 € m

soma, F(1,20) = 9.21, p<.025, compared to wild-type control mice. Wild-type mice
treated with 3a-diol had significantly increased basal dendritic branching 25-50 € m

the soma, F(1,20) = 7.54, p<.025, compared to wild-type mice treated with vehicle.
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Figure 13. Apical and basal dendritic branching. (A) Number of dendritic intersections of
apical and basal dendrites in wildtype and 3xTg-AD mice treated with vehicleand 3 -U
diol. 3xTg-AD control mice had significantly increased basal dendritic branching 25-50
em from t he s o ma -typeccanpchmice.dVild-tgpe miceltreated with 3a-
diol had significantly increased basal dendritic branching25-50 e m fesomman t h
compared to wild-type mice treated with vehicle. * = p<.05 (B) Number of dendritic
intersections of apical and basal dendrites in male and female wildtype mice treated
with vehicle and 3 -dibl. (C) Number of dendritic intersections of apical and basal
dendrites in male and female 3xTg-AD mice treated with vehicle and 3 -dibl. (D)
Number of dendritic intersections of apical and basal dendrites in male and female mice
treated with vehicle and 3 -dibl.
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2.3.1.2.3 Apical Length

As distance from soma increased, apical length decreased (Figure 14). 3xTg-AD
mice had significantly increased apical dendriticlength75-1 00 e m fr om t he s o m:
compared to wild-type mice. The main effect of distance from soma was significant,
F(11,176) = 127.68, p<.001. The interactions between distance from soma, genotype,
sex, and treatment, F(11,176) = 1.41, ns, distance from soma, sex, and treatment,
F(11,176) = 0.29, ns, distance from soma, genotype, and treatment, F(11,176) = 1.10,
ns, distance from soma, genotype, and sex, F(11,176) = 0.84, ns, distance from soma
and treatment, F(11,176) = 0.35, ns, and distance from soma and sex, F(11,176) =
0.45, ns, were not significant. The interaction between distance from soma and
genotype, F(11,176) = 2.55, p<.025 was significant. Follow up analysis revealed
significant simple main effects where 3xTg-AD mice had significantly increased apical
dendritic length 75-100e m f r o wmat(gx.€5) sompared to wild-type mice. The
interactions between genotype, sex, and treatment, F(1,16) = 2.26, ns, sex and
treatment, F(1,16) = 0.18, ns, genotype and treatment, F(1,16) = 2.38, ns, and genotype
and sex, F(1,16) = 0.54, ns, were not significant. The main effects of genotype, F(1,16)
= 2.70, ns, sex, F(1,16) = 0.00, ns, and treatment, F(1,16) = 0.76, ns, were not

significant.

2.3.1.2.4 Basal Length

As distance from soma increased, basal length decreased (Figure 14). 3xTg-AD
control mice had significantt y i ncreased basal dendritic |l eng

compared to wild-type control mice. Wild-t y pe mi c e t rd®ldhadeignifizantly h 3 U
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greater basal dendritic | engypehconsddmice.iihef r o m

main effect of distance from soma was significant, F(11,176) = 337.39, p<.001. The
interactions between distance from soma, genotype, sex, and treatment, F(11,176) =
0.40, ns, distance from soma, sex, and treatment, F(11,176) = 0.12, ns, distance from
soma, genotype, and sex, F(11,176) = 0.44, ns, and distance from soma and treatment,
F(11,176) = 0.29, ns, were not significant. The interactions between genotype, sex, and
treatment, F(1,16) = 0.46, ns, sex and treatment, F(1,16) = 0.03, ns, and genotype and
sex, F(1,16) = 0.01, ns, were not significant. The main effects of genotype, F(1,16) =
3.63, ns, sex, F(1,16) = 2.23, ns, and treatment, F(1,16) = 0.26, ns, were not significant.
The interactions between distance from soma, genotype, and treatment, F(11,176) =
4.36, p<.001, distance from soma and sex, F(11,176) = 1.92, p<.05, distance from soma
and genotype, F(11,176) = 2.25, p<.025, and genotype and treatment, F(1,16) = 7.26,
p<.025, were significant. Follow up analysis revealed 3xTg-AD control mice had
significantly increased basal dendritic length50 e m f r o m t H{1e20)s &2m04, ,
p<.005, compared to wild-type control mice. Wild-type mice treated with 3a-diol had
significantly greater basal dendritic length50e m f r o m t H{1620)s 6.0d ap<.025,

than wild-type control mice.

2.3.1.2.5 Total Apical and Basal Length

Total dendritic length was analyzed in the apical and basal dendritic trees (Figure
14 E). No significant effects were observed for total apical length (Figure 14 F). In the
basal tree, male mice treated with 3 kHiol had significantly greater total basal length

compared to male control mice. Female control mice had significantly greater total basal

62

t

he



length compared to male control mice (Figure 14 F). In the apical tree, the interactions
between genotype, sex, and treatment, F(1,16) = 2.26, ns, sex and treatment, F(1,16) =
2.37, ns, genotype and treatment, F(1,16) = 0.17, ns, and genotype and sex, F(1,16) =
0.54, ns, were not significant. The main effects of sex, F(1,16) = 2.69, ns, treatment,
F(1,16) = 0.75, ns, and genotype, F(1,16) = 0.00, ns, were not significant. In the basal
tree, the interactions between genotype, sex, and treatment, F(1,16) = 0.46, ns,
genotype and treatment, F(1,16) = 0.03, ns, and genotype and sex, F(1,16) = 0.00, ns,
were not significant. The main effects of sex, F(1,16) = 3.62, ns, treatment, F(1,16) =
0.26, ns, and genotype, F(1,16) = 2.23, ns, were not significant. The interaction between
sex and treatment, F(1,16) = 7.25, p<.025, was significant. Follow-up analysis revealed
a simple main effect of treatment for sex, F(1,16) = 5.14, p<.05, where male mice
treated with 3 EHiol had significantly greater total basal length compared to male control
mice. A simple main effect of sex for treatment, F(1,16) = 10.57, p<.005, was also found

where female control mice had significantly greater total basal length compared to male

control mice.
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Figure 14. Apical and basal dendritic length (¢ m.)(A) Dendritic length of apical and

basal dendrites in wildtype and 3xTg-AD mice treated with vehicle and 3 -dibl. 3xTg-

AD mice had significantly increased apical dendriticlength75-1 00 e m fr om t he so
compared to wild-type mice. 3xTg-AD control mice had significantly increased basal
dendritic |l ength 50 em f r-tgpscontiolenices Wild#ypec o mpar ed
mice treatddd | wihtad 33Wgni ficantly greater basal
soma than wild-type control mice. (B) Dendritic length of apical and basal dendrites in

male and female wildtype mice treated with vehicle and 3 -dibl. (C) Dendritic length of

apical and basal dendrites in male and female 3xTg-AD mice treated with vehicle and 3

U-diol. (D) Dendritic length of apical and basal dendrites in male and female mice

treated with vehicle and 3 -dibl. (E) Total apical and basal dendritic length. (F) Male

and female total apical and basal dendritic length. In the basal tree, male mice treated

with 3 kHiol displayed greater total dendritic length compared to male control mice.

Female control mice had greater total dendritic length compared to male control mice. *

= p<.05, * = p<.01
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