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Abstract

Androgens, such as testosterone (T), are steroid hormones that exert effects on several
tissues, including the brain, through interaction with androgen receptors (ARs). In the brain,
androgens are traditionally known for modulation of reproductive behaviors mediated by
classical regions rich in ARs. However, there is growing recognition of androgen involvement in
higher-order cognitive processes, such as executive functions, which are mediated by non-
classical brain regions like the prefrontal cortex (PFC), nucleus accumbens (NAc), and ventral
tegmental area (VTA), which are part of the mesocorticolimbic system. In males, executive
functions and serum T levels decline with age, but it is unclear how age impacts
mesocorticolimbic ARs, and also mesocorticolimbic T levels. In these regions, ARs are present,
but often at lower abundances per cell, and are difficult to detect immunochemically. Given the
lack of information about mesocorticolimbic ARs and T, and how both may be altered by age,
the main goals of this thesis were to: (1) improve immunochemical visualization of ARs, (2)
phenotype prefrontal AR-expressing cells, and (3) examine how aging affects levels of ARs and
neural T. In brief, we use a male rat model to demonstrate superior detection of ARs through
application of tyramide signal amplification (TSA), confirm that prefrontal AR-expressing cells
are neuronal and not glial, and show region-dependent reductions in ARs and neural T levels
with age. More specifically, we show an age-associated decline in serum T and neural T, but an
increase in the ratio of neural T: serum T, suggesting partially compensatory T production may
occur in the aging brain. We also show an age-associated decrease in the amount of ARs in the
PFC, but not the NAc or VTA. We conclude that the observed declines in T and AR levels may
contribute to age-related impairment in executive functions. Furthermore, our results also
contribute to improved visualization and examination of mesocorticolimbic ARs, and ultimately,

a better understanding of the role they play in cognitive processes.
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Chapter 1: Introduction

1.1 Gonadal Hormones and Brain Aging

During the aging process, there is a decline in the function of many key endocrine systems
(Lamberts et al., 1997). These systems, including those involving the thyroid, pancreas,
adrenals, and gonads, are responsible for production and regulation of hormones involved in a
wide array of physiological processes, and as a result, their decline has significant impacts on
health during aging (Lamberts et al., 1997). In particular, declines in gonadal hormones such as
androgens and estrogens have important effects on the brain, and therefore important
implications in age-associated neurocognitive disorders (Veiga et al., 2004; Pike et al., 2009).
Gonadal hormones are known primarily for their effects in sexual differentiation and
development, but have more recently become known to play a role in cognition, learning, and
memory (Patchev et al.,, 2004). Consequently, their respective declines over the lifespan --
menopause in females, and andropause in males — are associated with symptoms of
psychological decline. The relationship between menopause, cognition, and the aging brain in
females has been well studied over the past few decades (Luine, 2014; McEwen et al., 1997),
although parallel issues in males have received comparatively less attention.

In males, age-associated decreases in circulating androgen levels, such as testosterone (T)
result in a number of brain changes, including impaired myelination and loss of synaptic density
(Janowsky, 2006). Androgen declines are also related to a number of neuropsychiatric
disorders, such as depression and Alzheimer’'s Disease (AD). Depression is associated with
lower levels of bioavailable T (Barrett-Connor et al., 1991; Baulieu, 2002), while men with AD
have been observed to have lower endogenous T levels (Moffatt et al., 2004), and there is

strong evidence for neuroprotective effects of T in AD (Pike et al., 2009). In light of these



findings, the study of gonadal steroids is important to our understanding of neurocognitive
pathologies of aging, and offers promising therapeutic potential to support healthful aging

mentally and physically (Schumacher et al., 2003).

1.2 Andropause

Andropause refers to the gradual decrease in the levels of androgen hormones such as T
and its metabolite dihydrotestosterone (DHT) that occurs during male aging (Morley and Perry,
1999; Vermeulen, 1991). Declines are observed in both bioavailable and total levels of serum T,
as well as increases in sex hormone binding globulin, a carrier protein that binds androgens in
the bloodstream (Swerdloff and Wang, 1993; Vermeulen et al., 1996; Baulieu, 2002), beginning
around the third and fourth decade of life (Pike et al., 2009). From age 30-80, free T declines by
as much as 50% (Beauchet, 2006; Lamberts et al., 1997), corresponding to about 100 ng/dl per
decade (Sternbach, 1998; Bhasin et al., 2010; Harman et al., 2001), or 3-4% per year (Pike et
al., 2009). Other sex hormones, such as estrogens, do not usually show decline in aged men
(Janowsky et al., 1994; Swerdloff and Wang, 1993). This progressive decline in serum T was
first reported in the 1970’s, and has since been supported by a number of cross-sectional (see
Vermeulen, 1991 for review) and longitudinal studies (Morley et al., 1997; Harman et al., 2001;
Feldman et al., 2002; Kaufman and Vermeulen, 2005).

In contrast to menopause in females, andropause features a gradual decrease in hormone
levels, and does not signal a complete and irreversible cessation of reproductive ability
(Kaufman and Vermeulen, 2005). Furthermore, the decrease in androgen levels is not
considered a universal characteristic of male aging, and shows great individual variation
(Kaufman and Vermeulen, 2005). Some elderly men maintain testosterone levels similar to
those of young men, while others do not (Vermeulen, 2000). It is estimated that one in five men
over age 60 (Beauchet, 2006; Harman et al., 2001; Seidman and Walsh, 1999), and 50% of

men aged over 80 have hypogonadal levels of serum T (Stanworth and Jones, 2008). Of these



hypogonadal men, only a subset will be symptomatic (Borst and Mulligan, 2007; Seidman and
Weiser, 2013). For those reasons, terms like “late onset hypogonadism”, “partial androgen
deficiency in aging men (PADAM)” (Baulieu, 2002; Seidman and Weiser, 2013; Pike et al.,
2009), or “low-testosterone syndrome” are sometimes preferred over terms such as
“andropause” or “male climacteric” that imply direct parallels to menopause (Sternbach, 1998).

Symptoms of andropause range from somatic to sexual to psychological in nature (Lund et
al., 1999), and include frailty, reduced muscle mass and bone density, increased body fat,
changes in emotion and mood, decreased libido and erectile dysfunction, sleep disturbances,
and reduced memory and cognition (Swerdloff and Wang, 1993; Baulieu, 2002; Sternbach,
1998).

Aged men experiencing deficient androgen levels and symptoms of andropause can receive
treatment with hormone replacement therapy (HRT) in the form of injections, pills, buccal
tablets, gels, and transdermal patches (Bhasin et al., 2010). HRT can offer significant benefits,
but is also accompanied by poorly understood potential risks, such as increasing the likelihood
of prostate cancer (Bhasin et al., 2010; Sternbach, 1998; Schumacher et al., 2003; Borst and
Mulligan, 2007).

It is important to note that in addition to aging, several other factors can influence androgen
levels, including lifestyle, genetics, obesity, chronic diseases, and medication (Seidman and

Weiser, 2013; Bhasin et al., 2010; Vermeulen, 2000).

1.3 Androgens

Androgens are a major subclass of steroid hormones, chiefly known for their contribution to
differentiation, development, and maintenance of male phenotypic traits (Luu-The et al., 2008).
Like all steroid hormones, they are small, lipophilic molecules derived from a cholesterol
precursor, and therefore share a common four-ring carbon structure, and can easily cross the

blood brain barrier and diffuse through cell membranes (Sotomayor-Zarate et al., 2014).



Androgens exert physiologic effects on a number of body systems (Seidman and Walsh, 1999),
including the musculoskeletal, cardiovascular, reproductive, and nervous systems (Bhasin et al.,
2001). In the nervous system, they play an important role in modulating a range of behaviours
including sexual behaviours, aggression, territoriality, social dominance and submission, visual
acuity, stress responses, spatial learning and memory, and other aspects of cognition
(DonCarlos et al., 2006; Seidman and Walsh, 1999). Androgens also contribute to cellular
processes in the nervous system such as growth and survival of neurons, expression of
neurotransmitters, myelination, and adult neurogenesis (Don Carlos et al., 2006; Schumacher et
al., 2003). During aging, androgens can perform neuroprotective actions, including protecting
against oxidative stress and apoptosis, reducing p-amyloid secretion, inhibiting phosphorylation

of tau, and helping neurons recovery after injury (Beauchet, 2006).

1.3.1 Systemic Androgen Production

In males, the majority of androgens are produced and secreted by Leydig cells of the testes,
which are considered the primary provider of serum T (Luu-The et al.,, 2008). Androgen
production is regulated by the hypothalamic-pituitary-gonadal (HPG) axis, which involves
negative feedback between the hypothalamus, anterior pituitary gland, and testes through their
associated hormones. In general, T synthesis and secretion is stimulated by release of
luteinizing hormone (LH) from the anterior pituitary gland. LH is released upon receiving
stimulation from gonadotropin-releasing hormone (GnRH), which is released from the
hypothalamus. T secretion follows a diurnal rhythm, with its peak in the morning, and declining
levels in the evening (Seidman and Walsh, 1999). Androgens can also be produced to a lesser
extent by the adrenal glands in the form of dehydroepiandrosterone (DHEA), which can be
metabolized to T in other tissues, including the brain. Notably, while DHEA is produced by the

adrenals in humans, it is not produced in significant amounts by the adrenals of rats (Baulieu



and Robel, 1998). Age-associated declines in T are mainly attributed to decline in Leydig cell
function, as well as dysfunction of the HPG axis (Swerdloff and Wang, 1993; Seidman and

Walsh, 1999; Chen et al., 1994).

1.3.2 Androgen Metabolism

Major androgens include T, dihydrotestosterone (DHT), and their respective metabolites,
which are produced via stepwise conversions from cholesterol. These conversions are
dependent on a number of steroidogenic enzymes which maintain cell- and tissue-specific
expression and concentrations (Mellon and Griffin, 2002; Seidman and Walsh, 1999). The
principal androgen, T, is the most abundant, and can be metabolized in multiple ways to other
biologically active steroids, including reduction via 5a-reductase to 5a-DHT, a more potent
androgen with higher affinity for the androgen receptor (AR), and aromatization via cytochrome
p450 aromatase to 17p-estradiol, an active estrogen which interacts with estrogen receptors

(ERs) (Beyer et al., 1971; Lieberburg and McEwen, 1977).

1.3.3 Neural Androgen Production

According to the traditional endocrine understanding of androgen action, androgens are
produced by endocrine organs such as the testes, and subsequently transported through the
bloodstream to influence target tissues, such as muscle, bone, or the brain (Schmidt et al.,
2008; Mukai et al., 2006; Baulieu and Robel, 1998). In this view, androgens act in a systemic
manner to influence physiology or behavior, and the brain is primarily a regulator and target of
hormones. However, more recent evidence also suggests that the brain itself is capable of
producing androgens and other steroids that can interact locally with their intracellular receptors

(Zwain and Yen, 1998; Gooren, 2007; Do Rego et al.,, 2009). Described by the term



“neurosteroid” (Corpechot et al., 1981), these brain-derived steroids could be produced via de
novo synthesis from cholesterol, or conversion from precursors or metabolites (Schimdt et al.,
2008; Schumacher et al., 2003). Expression of enzymes required for T and other sex steroids
has been demonstrated in the human and rat brain (Zwain and Yen, 1998; Schumacher et al.,
2003; Hojo et al., 2009; Hojo et al., 2004).

Importantly, brain and circulating levels of steroids are not equivalent counterparts, and
blood levels are not always indicative of brain concentrations (Schumacher et al., 2003). As a
result, the age-associated decline in systemic androgens may not be fully reflected in neural
androgens (Schumacher et al., 2003). It has been suggested, but not rigorously explored, that
neurosteroid synthesis may compensate for the decrease in systemic steroids in aging

(Schumacher et al., 2003; Wu et al., 2009).

1.4 Androgen Receptor

Androgens can exert biological effects through interaction with their receptor, AR (Arnold
and Gorski, 1984). A member of the nuclear steroid hormone receptor NR3 superfamily that
also includes ERs, progesterone receptors (PRs), mineralocorticoid receptors (MRs), and
glucocorticoid receptors, AR acts as a ligand-dependent transcription factor to regulate gene
expression (Evans, 1988). It interacts primarily with T and DHT for which it has high affinity, and
is not known to significantly bind other androgens (Kaufman and Vermeulen, 2005). Upon ligand
binding in the cytosol, AR dissociates from chaperone proteins, dimerizes, and translocates to
the nucleus, where it binds to androgen-response elements of target genes (Pascal and Wang,
2014).

Along with the well-established genomic effects of AR, there is growing evidence for rapid
non-classical capabilities of nuclear ARs, including inducing of signaling cascades such as the

MAPK/ERK pathway, and increasing intracellular calcium levels (Heinlein and Chang, 2002;



Rahman and Christian, 2007). In contrast to genomic actions, which take hours to days for
effect, these actions are rapid, occurring on the time scale of seconds to minutes (Rahman and
Christian, 2007). It is thought that these actions occur via association of nuclear ARs with the
plasma membrane and membrane proteins such as the c-Src kinase, and may ultimately serve
to activate gene expression, albeit a potentially wider array of genes than are affected by
traditional AR action (Rahman and Christian, 2007).

Finally, in addition to the classical nuclear AR, recent work has uncovered evidence of a
novel membrane-bound AR (Thomas et al., 2014). Existence of such a receptor had long been
suspected, due to experiments showing rapid effects of androgens, and androgen binding to the
plasma membrane (Sato et al., 2010), as well as the fact that several other steroid receptors
such as ER, PR, and MR have corresponding membrane receptors (Heinlein and Chang, 2002).

Classical nuclear ARs are broadly but selectively distributed throughout the mammalian
body and brain (Seidman and Walsh, 1999). In humans, there have been relatively few studies
describing AR distribution in the central nervous system, so the bulk of knowledge on AR’s brain
distribution has originated from studies of primate and rodent species (Simerly et al., 1990;
Clancy et al., 1992; Wood and Newman, 1999). In primates and rodents, AR is widespread,
found in cortical regions, midbrain nuclei, limbic structures, and the cerebellum (Beyenburg et
al., 2000). It is most highly concentrated in regions associated with control of reproductive
behavior such as the paraventricular, periventricular, arcuate, ventromedial, and medial preoptic
nuclei of the hypothalamus, as well as other hypothalamus-associated areas like the medial
amygdala, lateral septum, and bed nucleus of the stria terminalis (BNST) (Don Carlos et al.,
2006; Simerly et al., 1990). AR expression is regulated in part by circulating androgen levels;
however, whether ARs are up- or down-regulation is not always clear, and may depend on

many factors (Menard and Harlan, 1993).



1.5 The Relationship between Androgen Levels and Cognition

The relationship between androgen levels and cognitive abilities like learning and memory
has been studied since the late 1920’s. The earliest studies in animals focused on rats and
tested if castration altered the ability to learn a maze (Tuttle and Dykshorn, 1928). Additional
studies in species such as goldfish and deer mice examined the effects of seasonal changes in
androgen levels on learning abilities (Agranoff and Davis, 1974; Galea et al., 1994). In humans,
early research centered largely on investigating the connection between spatial abilities and
androgens, since spatial ability is one cognitive domain for which it is widely acknowledged that
males outperform females (Linn and Petersen, 1985).

More recently, over the past few decades, a substantial number of the studies that examine
the relationship between androgen levels and cognitive abilities have focused specifically on
aged men. Aged men form an appropriate study population, since aging is accompanied by
declines in both androgens (“andropause”) and in cognitive ability (“‘cognitive aging”). The
studies that have been performed include those that are observational, assessing how
endogenous hormone levels are associated with cognitive ability, and those that are
experimental, investigating the effects of exogenous hormone administration on cognition.
Observational findings have included positive (Yaffe et al., 2002; Moffat et al., 2002; Thilers et
al., 2006), negative (Martin et al., 2007), and curvilinear (Barrett-Connor et al., 1999)
relationships between androgen levels and various measures of cognitive abilities, in addition to
complete lack of a significant relationship (Fonda et al., 2005), while experimental findings have
shown that androgen administration can improve (Cherrier et al., 2001; Janowsky et al., 1994),
impair (Wolf et al., 2000; Maki et al., 2007), or have no significant impact on cognition
(Emmelot-Vonk et al., 2008; Vaughan et al., 2007).

While the results are inconsistent, it is worthwhile to note that among the studies cited, there

were many methodological differences that could account for the discordance. In addition,



delineating the relationship of cognition and androgens is a complex undertaking. It is likely that
androgens exert influence on cognition, but that the relationship is more nuanced, and
contingent on optimal hormone levels specific to different cognitive domains and age ranges

(Holland et al., 2011).

1.6 Cognitive Aging

Cognitive aging is broadly defined as a general deterioration in brain function and cognition
with age. Defined operationally, it refers to the age-associated decrease in performance on
cognitive tasks, for example, tests of IQ (Lindeboom and Weinstein, 2004). It is a dynamic and
variable process, and shows considerable differences in onset and progression across
individuals (Buckner, 2004; Lindeboom and Weinstein, 2004). Although not a clinically-defined
disease, “normal” cognitive aging can progress to one, for example, mild cognitive impairment
(MCI), which describes cognitive decline that is greater than expected for an individual's age
and education level, but is not severe enough to significantly interfere with activities of daily life
(Gauthier et al., 2006). MCl is considered a risk state for dementias such as AD, as more than
half of MCI cases are expected to progress to dementia within five years (Gauthier et al., 2006).

Cognitive aging does not manifest as uniform decline across all brain structures and
functions; rather, it has selective effects. Crystallized abilities such as vocabulary are not greatly
affected (Lindeboom and Weinstein, 2004), while the greatest decline occurs in two primary
areas: (1) in learning and declarative (long-term) memory, governed by medial temporal lobe
(MTL) structures like the hippocampus and parahippocampal regions (Squire, 2004), and (2)
executive function, governed by frontal cortical structures like the prefrontal cortex (PFC) (Beas
et al., 2013; Janowksy, 2006; Gallagher et al., 2011). Significant attention has been devoted to
understanding age-related impairments in long-term memory and MTL function, (Gallagher et
al., 2011); however, comparatively less is known about impairment in executive function (Beas

et al., 2013).



1.7 Executive Function

Executive function is a term that describes a group of cognitive processes involved in
coordinating complex behaviors and goal-directed actions (Miller and Wallis, 2009). It
encompasses several “higher-order” cognitive functions such as attention, planning, decision-
making, judgment, behavior inhibition, problem-solving, working memory, task switching, and
behavioral flexibility (Miller and Cohen, 2001; Beas et al., 2013; Robbins et al., 1996; Dalley et
al., 2004; Kesner and Churchwell, 2011). In contrast to automatic, reflexive “bottom-up”
cognitive processing based on reactions to environmental cues, executive function involves
“top-down” integration and organization of big-picture information and current goals to manage
behaviour (Miller and Wallis, 2009). Decline in executive function is observed in cases of
“‘normal/healthy” cognitive aging (Alexander et al., 2012; Janowsky and Chavez, 2000) as well
as in pathological aging disorders such as AD (Lindeboom and Weinstein, 2004; Rapp and
Reischies, 2005; Perry and Hodges, 1999). Impairments in executive function are also observed
in other neuropsychiatric disorders like schizophrenia, attention deficit hyperactivity disorder,
autism, obsessive compulsive disorder (Hill, 2004), and Parkinson’s disease (Zgaldarjic et al.,

2006).

1.8 The Prefrontal Cortex

The part of the brain responsible for controlling executive function is the PFC. A highly
interconnected portion of the frontal cortex, the PFC receives inputs from sensory areas, motor
systems, and limbic and midbrain structures (Dalley et al., 2004; Miller and Wallis, 2009). As a
result, it is well situated to coordinate complex behaviors on the basis of diverse information

received from multiple internal and external sources (Miller and Wallis, 2009).
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In the rat, two subregions of the PFC critical for executive function are the medial PFC
(mPFC) and orbitofrontal region of the PFC, termed the orbitofrontal cortex (OFC). Both
subregions are associated with distinct types of behavioural flexibility (Ghods-Sharifi et al.,
2008). The mPFC, consisting of the prelimbic (PrL) and infralimbic (IL) cortices is involved in
modulating higher-order extradimensional attentional shifts, while the OFC is involved in a
simpler form of behavioural flexibility, called reversal learning (Dalley et al., 2004; Gallagher et
al., 2011). The PFC also governs working memory, a form of short-term memory involving
maintenance of information and management of the maintained information (Goldman-Rakic,
1995; Funahashi, 2006).

The PFC is one of the brain regions most sensitive to the detrimental effects of aging, such
as loss of gray and white matter (Reuter-Lorenz and Lustig, 2005), which may serve to increase

its vulnerability to development of neuropsychiatric disorders (Mizoguchi et al., 2010).

1.9 The Mesocorticolimbic Dopamine Pathway

The PFC receives dopaminergic innervation as part of the mesocortical dopamine (DA)
pathway (Mizoguchi et al., 2009; Fuxe et al., 1974). This pathway, consisting of midbrain
DAergic cell bodies originating in the ventral tegmental area (VTA) and projecting to prefrontal
areas including the mPFC, OFC, and anterior cingulate cortex, is associated with executive
control of goal-motivated behavior (Le Moal and Simon, 1991; Floresco and Magyar, 2006;
Kritzer, 1997).

DAergic cell bodies originating in the VTA also form a second pathway referred to as the
mesolimbic DA pathway. The mesolimbic DA pathway is heavily implicated in reward and
motivation, and consists of projections to the nucleus accumbens (NAc), hippocampus, and
other limbic areas (Fibiger and Phillips, 1988). Together, the mesocortical and mesolimbic

pathways are often referred to as the mesocorticolimbic DA circuit.
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The primary mechanism through which androgens are thought to influence cognition is
through modulation of prefrontal DA signaling (Kritzer et al., 2007). In adult rats, experimental
alterations in androgen levels result in changes to mesocorticolimbic DAergic cells and circuitry
(Kritzer, 2000; 1999). For example, gonadectomy (GDX) increases both axon density of cells
with tyrosine hydroxylase, a DA-synthesizing enzyme (Adler et al., 1999; Kritzer et al., 2000),
and extracellular DA levels in the PFC but not other frontal regions (Aubele and Kritzer, 2010).
In many cases, the effects of GDX are attenuated or restored by androgen but not estrogen
replacement (Kritzer, 2000). The fact that prefrontally-projecting DAergic midbrain neurons in
males are enriched in AR, but not ERa or ERp also suggests that DAergic circuits are sensitive
to androgens but not estrogens (Kritzer and Creutz, 2008).

Androgens also affect the prefrontal behaviours critically dependent on mesocorticolimbic-
DA innervation (Kritzer et al., 2007). Animal studies using hormone manipulations coupled with
cognitive testing have revealed that GDX impairs prefrontal DA-dependent behaviours such as
spatial working memory and behavioral flexibility (Aubele et al., 2008; Kritzer et al., 2001; Gibbs,
2005), and T administration can restore and/or improve performance on such tasks (Bimonte-
Nelson et al., 2003). In addition, chronic high doses of anabolic-androgenic steroids impair

reversal learning and set-shifting (Wallin and Wood, 2015).

1.10 Thesis Objectives and Structure

In light of the interrelationships between androgens, cognition, and aging, the overall
objective of my thesis was to investigate how the systemic declines in T levels that accompany
aging can impact androgen signaling in mesocorticolimbic brain regions involved in executive
function. More specifically, | examined the effects of age on endogenous levels of serum T,
neural T, and ARs. A secondary objective of my thesis was to improve the immunochemical

visualization of ARs in mesocorticolimbic regions.
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My thesis contains four chapters: a general introduction (Chapter 1), analysis of biotin
tyramide signal amplification in chromogenic and immunofluorescent immunohistochemistry of
androgen receptors in the rat brain (Chapter 2), analysis of the effects of aging on testosterone
and androgen receptors in mesocorticolimbic brain regions of male rats (Chapter 3), and a
general conclusion (Chapter 4). Chapters including original data (Chapters 2 and 3) are written

in the style of manuscripts to submit to peer-reviewed journals.
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Chapter 2: Analysis of biotin tyramide signal amplification in
chromogenic and fluorescent immunohistochemistry of
androgen receptors in the rat brain

2.1 Summary

Research on neural androgen receptors (ARs) has traditionally centered on “classical”
brain regions associated with control of reproductive behaviors. Although ARs are also present
in “non-classical” regions such as the prefrontal cortex (PFC), their abundance per cell is much
lower, such that immunostaining is often poor or hard to detect above background. In this study,
we demonstrate that biotin tyramide signal amplification (TSA), a method of improving weak
immunostaining, dramatically improves AR immunoreactivity in the rat brain in regions of low AR
per-cell abundance like the medial PFC (mPFC) and lateral orbitofrontal cortex (LOFC). We
show that TSA is critical in permitting AR detection in both chromogenic and immunofluorescent
immunohistochemistry. We also use double-labeling experiments to confirm that the dominant
phenotype of prefrontal cortical AR-expressing cells is neuronal and not glial. Finally, we show
sex differences in the expression of prefrontal ARs. In light of the emerging recognition of
androgen involvement in higher-order brain functions, these results may help advance

understanding of the distribution and roles of ARs in non-classical brain regions.

2.2 Introduction

Immunohistochemical studies examining androgen receptor (AR) in the rodent brain
have traditionally focused on “classical’ regions such the medial preoptic area (MPOA),
ventromedial hypothalamus (VMH), medial amygdala (MeA), lateral septum (LS), and bed
nucleus of the stria terminalis (BNST) where androgen effects are well-established and ARs per
cell are abundant (Simerly et al., 1990; Chambers et al., 1990; Menard and Harlan, 1993).

However, recent studies have started to examine ARs in non-classical regions where they may
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have lower abundance per cell. In such regions, like the medial prefrontal cortex (mPFC),
orbitofrontal cortex (OFC), and the isocortex (Don Carlos et al., 2006), AR staining per cell can
be weak and difficult to visualize and subsequently quantify.

Many factors can influence the quality of steroid receptor immunostaining. For example,
tissue fixation can contribute to substantial differences in signal strength. Butler et al. (1999)
found that ERa immunoreactivity in rat cerebral cortex could be increased considerably by fixing
tissue with acrolein or a paraformaldehyde (PFA) and glutaraldehyde mixture, rather than just
PFA alone. In addition, injecting animals with T prior to tissue collection can improve
immunostaining when using the anti-AR antibody, PG-21 (Smith et al., 1996; Soma et al., 1999).
For weak signal that is due to masked antigens, antigen retrieval methods are often successful
for improving signal visibility (Shi et al., 1991; Kim et al., 2003). For weak signal that is due to
low abundance of antigen, tyramide signal amplification (TSA) methods are often highly
effective (Toda et al., 1999; Ramos-Vara, 2005).

First described by Bobrow et al. (1989), TSA relies on the rapid deposition of a reporter
molecule, biotinylated tyramine, at the site of the antigen and adjacent proteins to achieve
amplification of signal (Adams, 1992; Bobrow et al., 1992). TSA methodology can be applied to
both immunofluorescent and chromogenic detection systems of immunohistochemistry, and
typically results in a 10-100-fold increase in staining efficiency (Hunyady et al., 1996).

TSA has been used in immunostaining for ERa and ERp (Kallo et al., 2001; Mitra et al.,
2003; Garcia-Ovejero et al., 2002; Vida et al., 2008; Quesada et al., 2007; Tapia-Gonzalez et
al., 2008; Koibuchi and Hayashi, 2007; Thammacharoen et al., 2013; Asarian and Geary, 2013;
VanderHorst et al., 2005), glucocorticoid receptor (Ostrander et al., 2003), and progesterone
receptor (Bonkhoff et al., 2001) in both neural and non-neural tissues of humans and rodents.
TSA has also been used with AR immunostaining in a variety of tissue types, including muscle

(Kadi et al., 2000; Li et al., 1998), testis (Suarez-Quian et al., 1999; Li et al., 1998; Hazra et al.,
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2012), prostate (Litvinov et al., 2006), blood vessels (Sader et al., 2004), kidney, spleen, heart,
and intestine (Li et al., 1998), and neural tissue including the spinal cord (Li et al., 1998) and
brain (Fernandez-Guasti et al., 2000; Bao et al., 2006; Garcia-Ovejero et al., 2002; Li et al.,
1998).

However, to our knowledge, TSA has never been applied to brain regions that have low
per-cell abundances of ARs. Although such regions have often been overlooked in favour of
classical reproductive regions, there is strong evidence that androgens exert important effects
on higher-order cognitive functions mediated by these areas (DonCarlos et al., 2006; JanowsKky,
2006; Kritzer et al., 2007). Therefore, we evaluated the effect of TSA on AR immunostaining in
the rat brain in low-AR-per-cell regions like the PFC, as well as high-AR-per-cell regions. Our
first study assessed the effect of implementing TSA in a chromogenic IHC protocol in select
male rat brain regions. Our second study assessed the effect of TSA applied to double-label
immunofluorescent IHC to characterize AR+ cell types (neuronal vs. glial) in male and female

rats.

2.3 Methods

2.3.1 Study 1: Tyramide Signal Amplification Applied to Chromogenic
Immunohistochemistry of AR

Study 1 assessed the effect of TSA applied to chromogenic IHC in the male rat brain in

areas of high and low AR abundance.

2.3.1.1 Animals

Subjects were male Fischer 344 x Brown Norway F1 hybrid rats (F344/BN) (National
Institute of Aging, Taconic Farms) that were young (5 months, n=12) and aged (22 months,

n=12). Rats were grouped-housed with rats of similar age for the first week after arrival and
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given ad libitum access to food (Rat Diet 5012; LabDiet, St. Louis, MO) and water. All cages
contained Aspen chip bedding (Nepco, Warrensburg, NY), paper towel, and a PVC pipe for
environmental enrichment. Rats were kept on a 12 hr light:dark cycle at an average temperature
of 21°C and relative humidity of 40-50%. All animal procedures complied with the Canadian

Council on Animal Care and the University of British Columbia guidelines for animal care.

2.3.1.2 Tissue Fixation

Rats were euthanized by isoflurane inhalation and rapid decapitation. The brains were
removed and cut in half along the sagittal plane. One half of each brain was immersion fixed in
4% PFA in phosphate-buffered saline (PBS) for 4 h at room temperature, and then
cryoprotected in 30% sucrose solution at 4°C for 48 h or until they had sunk. Brains were stored
at -80°C until sectioning. Brains were serially sectioned on a cryostat into five series of 40um
coronal sections. Free-floating sections were stored in anti-freeze solution at -20°C until

immunohistochemical processing.

2.3.1.3 Immunohistochemistry

Of the five tissue series, two series were used here. Each series underwent
immunohistochemical processing separately. The first series, hereafter referred to as TSA", was
stained for AR using a protocol that did not include a TSA step. Nine months later, the second
series, hereafter referred to as TSA", was stained for AR for using a similar protocol featuring
the addition of TSA. Because a TSA step was introduced, a number of minor adjustments to the
protocol were required in order to prevent increased background. For both series, the primary
antibody was a monoclonal anti-AR antibody [EPR1535(2)] raised in rabbit (ab133273; Abcam,
Inc., San Francisco, CA), previously validated for specificity by Western blot and use in

testicular feminization mutant rat tissue lacking fully functional ARs (Hamson et al., 2013), and
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the secondary antibody was a biotin-SP-conjugated affinity-purified donkey anti-rabbit

secondary antibody (711-065-152; Jackson ImmunoResearch Laboratories, West Grove, PA).

TSA" (Control) Series: Sections were washed for 20 min in 0.1M Tris-buffered saline (TBS), then
incubated in 0.5% hydrogen peroxide (H»O,) solution for 30 min to quench endogenous
peroxidase activity. Sections were then washed for 25 min in 0.1M TBS, then for 5 min in 0.1M
PBS with 0.3% Triton X-100 and 0.1% gelatin (hereafter referred to as PBS-GT). Next, sections
were incubated in 10% normal donkey serum (017-000-121; Jackson ImmunoResearch
Laboratories, West Grove, PA) in PBS for 2 h to block nonspecific staining. Directly following the
block, sections were incubated in primary antibody solution (1:200 in PBS-GT) for 1 h at room
temperature (RT) then for 3 nights at 4°C. The following day, sections were washed for 45 min
in PBS-GT, then incubated in secondary antibody solution (1:500 in PBS-GT) for 1 h at RT, and
then overnight at 4°C. Following the secondary antibody incubation, sections were washed for
45 min in PBS-GT, then incubated in AB solution in TBS-T (VectaStain ABC Kit; PK-6100
Standard; Vector Laboratories) for 1 h at room temperature, then washed in PBS-GT for 20 min
and TBS for 10 min. Sections were incubated in DAB in H,O, (Vector Labs Peroxidase
Substrate Kit SK-4100) with nickel for 10 minutes at room temperature. Lastly, sections were

mounted onto gelatin-subbed slides, dehydrated, and cover-slipped.

TSA" Series: This series followed a similar protocol, with the following differences. Sections
were incubated in 2% hydrogen peroxide (H.O;) solution, and sections were blocked in 8%
tryptone (J859; Amresco, Inc., Solon, OH, USA) in PBS instead of normal donkey serum. The
primary antibody incubation was shortened to 24 hr at room temperature, and the secondary
antibody was used at a concentration of 1:2000 in 0.8% tryptone in PBS. Sections also
underwent a modified AB incubation schedule to accommodate addition of TSA. Sections were

incubated in AB (in 0.8% tryptone in PBS) for 30 min at room temperature, washed in PBS-GT
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for 15 min, and then incubated in biotin tyramide solution (“BT”; made in-lab as described by
Adams, 1992; 15 ml PBS with 45 pyL BT and 5 pL 30% H,O,) for 10 min, then washed in PS-GT
for 15 min, incubated in AB solution for 30 min, and washed in PBS-GT for 15 min. Lastly, the

DAB incubation time was extended to 20 min.

2.3.1.4 Measurement of Immunoreactivity

Photomicrographs were taken using a Nikon Digital Sight DS-U1 camera and Nikon
Eclipse 90i microscope (at the 20X objective) using NIS-Elements Basic Research software
(Nikon Canada, Inc., Richmond, BC, Canada). For each image, a background mean intensity
value (BMI) was calculated by averaging six intensity measurements taken from random
locations within each brain area where specific staining was not present. The BMI for each
image was used to generate a threshold value which was 1.25 or 1.5 times as dark as the BMI.
Only staining that was at or above threshold was quantified. Thresholds were applied to a
defined region of interest (ROI) superimposed onto each photomicrograph within the limits of
each brain region, and the program calculated the percentage of the ROI that was above
threshold (% AR-ir). AR-ir values were measured for two areas of low per-cell AR abundance

(mPFC and LOFC) and one area of high per-cell AR abundance (MeA).

2.3.1.5 Statistical Analysis

Data were analyzed using SPSS Statistics software (Version 23.0 for Mac OS X;
Chicago, IL). Pearson correlations between TSA"and TSA™ AR-ir values were computed for the
LOFC and MeA. The paired samples t-test was used to compare means of TSA"and TSA" AR-ir

in the PrL, LOFC, and MeA.
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2.3.2 Study 2: Tyramide Signal Amplification Applied to Fluorescent
Immunohistochemistry of AR Co-labeled with NeuN or GFAP

Study 2 assessed the effect of TSA applied to fluorescent IHC in the male and female rat
mPFC, LOFC, and CA1 of the hippocampus. Study 2 also aimed to characterize the phenotype
of AR-expressing cells by double-labeling cells for (1) AR, and (2) one of the following: NeuN, a
marker for adult neurons, or GFAP, a marker for glial fibrillary acidic protein that is expressed by

glial cells.

2.3.2.1 Animals

Subjects were male and female adult (9-10 weeks old) Long-Evans rats (Charles River,
Saint-Constant, Quebec, Canada; n=3 per sex) (Ferris et al.,, 2015). Rats were separated by
sex for housing in two colony rooms, and group-housed in clear cages with aspen chip bedding.
Rats were given ad libitum access to standard lab chow (Rat Diet 5012; LabDiet, St. Louis, MO)
and water, and kept on a 12 hr light:dark cycle. Rats were handled daily for 1 week prior to start

of experiment.

2.3.2.2 Perfusion and Tissue Fixation

Subjects were euthanized via overdose of chloral hydrate (140 mg/kg), given by IP
injection, and then transcardially perfused with 0.9% saline (60ml) and then 4% PFA (120ml).
Following perfusion, brains were extracted and post-fixed in 4% PFA for 4 h at room
temperature, then cryoprotected in 30% sucrose solution at 4°C for 72 h or until they had sunk.
Brains were then flash frozen on powdered dry ice and stored at -80°C. Brains were sectioned
on a cryostat into 40um coronal sections, and free-floating sections were stored in anti-freeze

solution at -20°C until immunohistochemical processing.
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2.3.2.3 Double-Label Immunofluorescence

Brain tissue from 6 animals (n=3 female, n=3 male) was processed in one IHC run to
fluorescently co-label AR/NeuN with and without TSA, and AR/GFAP with and without TSA.

In all conditions, sections were washed in PBS for 15 min, then incubated in 0.5% H,O,
in PBS for 30min. Unless otherwise stated, all subsequent washes were in PBS. Sections were
washed for 15min, then blocked in 5% normal donkey serum (Jackson ImmunoResearch
Laboratories, West Grove, PA) in PBS-T (PBS with 0.2% Triton X-100) for 2 hr. Sections were
then incubated in the primary antibodies, anti-AR (1:200) and anti-NeuN (1:500) in PSB-T, or
anti-AR (1:200) and anti-GFAP (1:500) in PBS-T. The anti-AR antibody was the same as used
in Study 1. The anti-NeuN antibody (MAB377, Millipore, Temecula, CA) and anti-GFAP antibody
(MAB360, Millipore) were both monoclonal. Following primary antibody incubation for 24 hr at
RT, sections were washed for 15 min, then incubated in biotinylated donkey anti-rabbit
secondary antibody (same as in Study 1) in PBS-T for 1 hr at RT, then overnight at 4°C. After
incubation, sections were then washed in PBS for 15 min. For TSA" treatments only, sections
were incubated in AB solution for 30min, washed in PBS for 15min, incubated in BT for 10min,
and washed in PBS for 15min. For fluorophore labeling in all treatments, sections were
incubated in streptavidin-conjugated Alexa Fluor 488 (1:300, S32354, Invitrogen, Carlsbad, CA)
and Alexa Fluor 647 donkey anti-mouse IgG (1:500, A31571, Invitrogen) in PBS-T for 3 hr.
Lastly, sections were washed in PBS for 15 min, and mounted onto gelatin-coated slides and

coverslipped with ProLong Gold Mountant with DAPI (P36931, Invitrogen).

2.3.2.4 Confocal Scanning Laser Microscopy

A confocal laser scanning microscope (TCS SP8; Leica Microsystems, Wetzlar,
Germany) was used to acquire Z-section images of tissue sections. High-magnification images

(1024 x 1024 um) were acquired using a multiline argon ion laser and water-immersion 25 X
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objective. For AR signal, emitted fluorescence was detected at 488 nm in the green channel.
For NeuN or GFAP signal, emitted fluorescence was detected at 647 nm in the far red channel.
In order to avoid cross-talk from the two colour channels, a sequential scanning mode was used
during image collection. Final images were prepared using ImageJ software. Images were
adjusted for brightness and contrast. Approximately 200 cells in each region (the mPFC, LOFC,
and CA1 of the hippocampus) were examined in each animal for colocalization of AR with NeuN
or GFAP in a single cell. The percentage of cells with co-localization was calculated as a

proportion of the total number of cells counted.

2.4 Results

2.4.1 Study 1 Results

The overall distribution of AR was consistent with previous reports of AR in rat brain,
with immunostaining highly concentrated in hypothalamic and limbic regions (Simerly et al.,
1990; Clancy et al., 1992). Regions regarded to be AR-negative such as the dentate gyrus of
the hippocampus, the septofimbrial nucleus, and the septophippocampal nucleus (Simerly et al.,
1990; Clancy et al., 1992) did not express immunoreactivity with or without TSA treatment
(Figure 2.1). In addition, TSA™ and TSA" controls omitting primary antibody were performed, and

showed absence of specific AR staining (data not shown).

22



CA1

DG

Figure 2.1. Within-subject AR-positive and AR-negative control regions. In both TSA” and TSA" sections,
area CA1 of the hippocampus, a known AR-positive region, showed strong AR-ir (top), with slightly
stronger staining in the TSA" section (top right). In contrast, in the dentate gyrus (DG), a known AR-
negative region, there was no AR-ir, with and without TSA (bottom). Subject is a male F344/BN rat. Scale
bar represents 100 ym.

2.4.1.1 Effect of TSA in Classical Regions

Compared to control sections that did not undergo TSA, TSA® sections had a
qualitatively and quantitatively greater intensity of immunostaining. TSA treatment increased the
intensity of staining in areas of typically high per-cell AR abundance such as the MeA, LS, VMH,
and BNST (Figure 2.2). For example, paired samples t-tests revealed that in the MeA, mean
AR-ir increased from 6.56 + 0.61% in TSA™ sections to 17.62 4+ 1.65% in TSA" sections (#22) =
-8.19, P <.0001) (Figure 2.4). Across subjects in the MeA, the AR-ir values from TSA™ and TSA

series were positively correlated (r = .64, P = .001).
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Figure 2.2. Within-subject TSA-induced increase in AR-ir in regions known to be rich in AR. TSA
sections (left) and TSA" sections (right). From top to bottom: medial amygdala (MeA), lateral septum (LS),
ventromedial hypothalamus (VMH). Subject is a male F344/BN rat. Scale bar represents 100 ym.

2.4.1.2 Effect of TSA in Non-Classical Regions

This effect of increased staining intensity was even more pronounced in areas of low
per-cell AR abundance like the mPFC where, without TSA, staining intensity was so low that
quantification of immunoreactivity was not possible using an intensity thresholding method
(Figure 2.3, top row). The robust increase in staining intensity was also noticeable in other
cortical regions like the LOFC (Figure 2.3, bottom row).

TSA-treated sections had higher AR-ir values. Paired samples t-tests revealed that
mean AR-ir value for the mPFC significantly increased from 0% in TSA™ sections to 2.13 +

0.38% in TSA" sections (#20) = -5.66, P < .0001), and the LOFC increased from 0.76 + 0.11%
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to 3.54 + 0.49% (t(23) = -6.06 , P < .0001) (Figure 2.4). Across subjects, AR-ir values in the

LOFC were showed a trend towards positive correlation (r = .39, P = .06).

Figure 2.3. Within-subject TSA-induced increase in AR-ir in regions not traditionally considered to be rich
in AR. TSA  sections (left) and TSA" sections (right). (A) photomicrographs taken at 20X (B)
photomicrographs taken at 40X. Regions include the medial prefrontal cortex (mPFC), and lateral
orbitofrontal cortex (LOFC). Subjects are male F344/BN rats. Scale bar represents 100 ym in (A) and 50

pum in (B).
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Figure 2.4. TSA-induced increases in AR-ir in the lateral orbitofrontal cortex (LOFC), medial prefrontal
cortex (MPFC), and medial amygdala (MeA). TSA increased AR-ir in regions not traditionally considered
rich in AR (LOFC and mPFC), as well regions known to contain abundant ARs (MeA). Data are means +
SEM, analyzed by the paired samples t-test, n = 21-24 F344/BN rats. ***P < .0001.

2.4.2 Study 2 Results

The overall pattern of AR staining closely matched previous descriptions (Simerly et al.,

1990), as well as the distribution of AR observed with chromogenic staining in Study 1.

2.4.2.1 Effect of TSA

Similar to Study 1 results, immunofluorescently-stained TSA" sections in Study 2 had a
qualitatively greater intensity of AR immunostaining than TSA sections. Notably, in all TSA
sections, AR signal was not visible, although some low background staining was present, e.g. at
tissue edges (Figure 2.5). As expected, NeuN and GFAP signal appeared to be consistent

across TSA" and TSA™ conditions and did not noticeably change in intensity (data not shown).
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Figure 2.5. TSA-induced increase in AR-ir in regions not traditionally considered rich in AR. TSA™ sections
(left) and TSA" sections (right). Regions include the medial prefrontal cortex (mPFC, top), lateral
orbitofrontal cortex (LOFC, middle), and CA1 of the hippocampus (CA1, bottom). Without TSA, AR-ir was
not detectable. Subjects are male Long-Evans rats. Scale bar represents 100 um.
2.4.2.2 AR+ Cell Phenotype and Sex Differences

100% of AR+ cells in the mPFC, LOFC, and hippocampus were NeuN+, consistent with

a neuronal phenotype (Figure 2.6A). Further, 0% of AR+ cells in the regions examined were

GFAP+ (n=3; > 600 cells total) (Figure 2.6B). Not all NeuN+ cells expressed AR.
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Figure 2.6. Phenotyping of AR+ cells via double-label immunofluorescence with TSA in the medial
prefrontal cortex (mPFC, top row), lateral orbitofrontal cortex (LOFC, middle row), and CA1 of the
hippocampus (CA1, bottom row). (A) AR-ir in green (left), NeuN-ir in red (middle), merged picture (right).
In all three regions, there is 100% colocalization of AR with NeuN. (B) AR-ir in green (left), GFAP-ir in red
(middle), merged picture (right). In all three regions, there is 0% colocalization of AR with GFAP. Subjects
are male Long-Evans rats. Scale bar represents 100 um.

In the mPFC and LOFC of females (n=3), AR staining was not detectable; however, AR-
ir was present elsewhere. There was moderate to high intensity of staining in areas of relatively
higher AR abundance such as CA1 of the hippocampus and MeA. In contrast, AR staining was

present in the mPFC and LOFC of males (n=3) (Figure 2.7).

TSA* male TSA* female

mPFC

LOFC

Figure 2.7. Sex differences in AR-ir in the medial prefrontal cortex (mPFC, top) and lateral orbitofrontal
cortex (LOFC, bottom). Males (left) had detectable AR-ir, but females (right) did not. Subjects were Long-
Evans rats, n = 6 (3 males, 3 females). Scale bar represents 100 ym.
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2.5 Discussion

Here we evaluated the effect of TSA on AR immunostaining in the rat brain in two
contexts: (1) with chromogenic immunohistochemistry in F344/BN males in low AR per-cell
regions like the mPFC, as well as high AR per-cell regions like the MeA, and (2) with double-
label immunofluorescent immunohistochemistry to phenotype AR+ cell types in Long-Evans
males and females. TSA was found to significantly increase AR staining intensity across
multiple contexts: in both chromogenic and fluorescent applications, in two different strains of

rat, in young and old ages, and in males and females, suggesting wide applicability and impact.

2.5.1 TSA is Important for Visualizing ARs in Non-Classical Regions

Evidence for presence of ARs in the rat brain has been provided by a number of studies,
employing a variety of detection techniques, including autoradiography and binding assays
(Stumpf and Sar, 1976; Lischiotto and Morrell, 1994; Handa et al., 1987), in-situ hybridization
(Simerly et al., 1990; Kerr et al., 1995; McAbee and DonCarlos, 1999), immunohistochemistry
with polyclonal antibodies (Clancy et al., 1992; Don Carlos et al., 2003) and qPCR of selected
regions (Munetomo et al., 2015). Such studies are in clear accordance on AR distribution in
classical regions of AR action like the VMH, MPOA, BNST, and MeA; however, when it comes
to forebrain cortical regions like the mPFC and LOFC, there is relatively less information
available, although some studies do report AR in layers of the cerebral cortex (Simerly et al.,
1990; Kritzer, 2004; Clancy, 1992; DonCarlos et al., 2006).

This lack of information could be due in part to greater difficulty visualizing ARs, as they
are less abundant per cell, especially in comparison to the strong staining intensity seen in
classical regions. Despite the fact that ARs per cell are less abundant, there is a large
population of AR+ cells in cortical regions (DonCarlos et al., 2006), suggesting an important role

for androgen modulation of cortical functions. Several studies have examined the role of
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androgens in non-classical regions and on behaviours mediated by these regions, including
executive functions like working memory and set-shifting (Kritzer et al., 2007; DonCarlos et al.,
2006; Gibbs, 2005; Bimonte-Nelson et al., 2003; Wallin and Wood, 2015). Consequently, the
ability to visualize (and quantify) ARs in these areas is critical. Development of an effective
staining protocol is a key step in allowing examination of these ARs, and we have found that
addition of a TSA step makes the difference from a complete lack of signal to one that is easily

detectable.

2.5.2 Correlations Between TSA  and TSA* Series

Across animals, TSA" and TSA" series AR-ir values were moderately positively
correlated, suggesting that TSA increases staining intensity in a consistent and proportional
manner across animals. However, the strength of this correlation was not as strong as
expected, especially in lower-abundance regions like the LOFC. This is more likely due to
variation and error in measurement of the staining, rather than inconsistencies in the staining
itself due to effects of TSA, since faint staining in the TSA'LOFC sections was more difficult to

accurately quantify compared to darker staining in the TSA and TSA" MeA sections.

2.5.3 AR-Expressing Cell Phenotype

Our results demonstrating that AR+ cells in the PFC and LOFC co-localize 100% with
NeuN and 0% with GFAP, consistent with a neuronal phenotype, are in agreement with a
number of studies observing neuronal AR in distinct regions of the rat brain including the
cerebral cortex, forebrain, BNST, MeA, and CA1 of the hippocampus (Kritzer, 2004; Bingaman
et al., 1994; Clancy et al., 1992; Zhou et al., 1994). Studies in primates also report similar
findings (Finley and Kritzer, 1999) suggesting that in mammals, AR expression predominates in

neurons (Lorenz et al., 2005).
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However, it has been shown that AR can also be expressed by glial cells in specific
contexts (Lorenz et al., 2005). In rats, this expression is age and location-dependent, such that
AR+ glia have been observed in the cerebral cortex of postnatal day 10 rats, and in the arcuate
nucleus of the hypothalamus and posterodorsal MeA of adults (Lorenz et al., 2005; Johnson et
al., 2012). AR expression in microglia is observed after traumatic brain injury (Garcia-Ovejero et
al., 2002), at extranuclear sites in astrocytic profiles in the hippocampus (Tabori et al., 2005),
and in primary culture of rat astrocytic cells (Hosli et al., 2001; Jung-Testas et al., 1992). The
lack of co-localization of AR and GFAP that we observed in the mPFC and LOFC is consistent

with these findings.

2.5.4 Sex Differences in AR Expression

Studies of sex differences in neural AR expression have produced mixed results. Some
studies have shown males to have higher levels of nuclear ARs than females in regions
associated with reproductive behavior such as the BNST, VMH, LS, and preoptic area (Roselli,
1991; Lu et al., 1998); however, previous evaluations of the cerebral cortices have not detected
any sexual dimorphisms in AR distribution or density (Simerly et al., 1990; Clancy et al., 1992;
Kritzer, 2004). Our detection of sex differences in prefrontal AR staining diverges from these
results, although strain and age differences may be responsible. In addition, several of the
previous studies were whole-brain examinations of AR distribution, and as such, acknowledge
that subtle sex differences may have been unnoticed (Simerly et al., 1990). Our results are also
consistent with the idea that higher levels of ARs in males may be expected because of higher

circulating T levels (Lu et al., 1998).
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2.5.5 Potential Concerns Associated with TSA Use

TSA is not without some disadvantages, most notably increasing background staining
(Mengel et al., 1999). The range of specific amplification achieved can also vary unpredictably
(Mengel et al., 1999; Adams, 1992). Therefore, it is essential to optimize the primary antibody
concentration and blocking conditions. In our experiments, a solution of 8% tryptone in PBS was
effective in blocking nonspecific background staining and outperformed standard blocking
agents like normal serum and skim milk. In addition, 0.8% tryptone was added to other protein-
containing solutions, including the secondary antibody and AB solutions. Tryptone consists of
partially-digested peptides from casein, and has been previously determined to generate strong
blocking against background resulting from TSA-based immunohistochemistry (Kim et al.,
2003). The combination of tryptone blocking and use of a highly-specific monoclonal antibody
permitted use of TSA with minimal background staining.

Another concern with using a signal amplification technique like TSA is that the
amplification observed is not specific. In this case, it is unlikely that TSA boosts all staining in
general in a manner that is not exclusive to AR. Known AR-negative regions such the dentate
gyrus of the HIP (Simerly et al., 1999; Clancy et al., 1992) did not express immunoreactivity with
or without TSA treatment (Figure 1.7). In addition, the laminar staining pattern of AR in the PFC,
observable only with TSA, is consistent with that described by Kritzer (2004). Other studies
employing TSA with a wide range of antibodies also conclude that staining specificity is

unaffected by amplification (Hunyady et al., 1996).

2.6 Conclusion

We conclude that the addition of TSA to an AR immunostaining protocol can
dramatically increase staining intensity. This has particularly important implications in brain

regions of low per-cell AR abundance, as it allows visualization and quantification of signal that
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was previously unquantifiable, thereby promoting closer examination of AR distribution and
better understanding of its action and regulation. These findings may prove useful as more
studies investigate androgen effects on cognition, learning, and memory mediated by prefrontal

cortical areas.
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Chapter 3: Analysis of the effects of aging on testosterone and
androgen receptors in mesocorticolimbic brain regions of male
rats

3.1 Summary

Circulating levels of T, the primary male sex steroid, gradually decrease with age. Aging
is also accompanied by decline in executive functions mediated by the PFC and dependent on
DA innervation. It has been suggested that these declines are more than just temporally related;
in fact, T may modulate prefrontal function through effects on mesocorticolimbic DA signaling,
and this modulation may change with age. To characterize the potential effects of age on
mesocorticolimbic androgen activity, we examined serum T levels, neural T levels, and AR
levels in young (5 months) and aged (22 months) male Fischer 344 x Brown Norway rats.
Serum T levels decreased with age, as did T levels in mesocorticolimbic brain regions like the
mPFC, OFC, NAc, and VTA. However, aged rats had higher neural T relative to serum T,
suggesting a mechanism of partially compensatory neural T production. Aged rats also had
lower AR-immunoreactivity in cortical regions, but not mesolimbic regions. Altogether, these
results show clear alterations in T and AR levels, and indicate that age-related declines in
serum T, neural T, and cortical ARs could contribute to impaired mesocorticolimbic DA signaling

underlying decline in executive functions.

3.2 Introduction

Across mammalian species such as humans, monkeys, and rodents, aging is associated
with a decline in cognitive function, as well as significant changes in endocrine systems
(Lamberts et al., 1997), including a gradual but marked decrease in systemic levels of androgen

hormones such as T (Morley and Perry, 1999; Vermeulen, 1991; Kaler and Neaves, 1981;
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Ghanadian et al., 1975). This decline in T is particularly relevant to study of cognitive aging in
males, as androgens are known to play an important role in several aspects of cognition over
the lifespan (Cherrier and Craft, 2003) and accordingly, their decline is accompanied by
psychological in addition to somatic symptoms (Lund et al., 1999).

Cognitive aging is characterized in part by decline in executive functions, which are
governed by prefrontal cortical structures like the mPFC and OFC (Beas et al., 2013; Janowksy,
2006; Gallagher et al., 2011). Executive functions encompass “higher-order” coordinative
behaviors such as attention, decision-making, working memory, and behavioural flexibility
(Miller and Cohen, 2001; Beas et al., 2013; Robbins et al., 1996; Dalley et al., 2004; Kesner and
Churchwell, 2011). Decline in these functions is observed in cases of “normal/healthy” cognitive
aging (Alexander et al., 2012; Janowsky et al., 2000) as well as in pathological aging disorders
such as AD (Lindeboom and Weinstein, 2004; Rapp and Reischies, 2005; Perry and Hodges,
1999).

Several studies provide evidence for gonadal influence on prefrontal executive functions
(Bimonte-Nelson et al., 2003; Aubele and Kritzer, 2011; van Haaren et al., 1990; Janowsky et
al., 2000; Luine, 2008). T supplementation has been shown to improve performance on PFC-
dependent tasks, such as those testing working memory (Janowsky et al., 2000; Kritzer et al.,
2001), and T deprivation impairs performance (Daniel et al., 2003). One major mechanism
through which androgens are thought to exert effects on executive function is regulation of
mesocorticolimbic DA signaling. The mesocorticolimbic DA circuit, classically associated with
reward, motivation, and higher-order cognitive functions (Wise, 2009; Kritzer, 1997; Fibiger and
Phillips, 1988; Koob and Volkow, 2010) consists of midbrain dopaminergic cell bodies
originating in the VTA, with limbic projections to the NAc, as well as cortical projections to the
frontal regions including the mPFC and the OFC (Sato et al., 2008; Mizoguchi et al., 2009; Le

Moal and Simon, 1991). Androgens could influence executive function through direct effects on
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the mPFC and/or OFC to alter behavior, or indirect effects on regions downstream or upstream
of the PFC such as the NAc and VTA.

While brain androgens are generally sourced from the testes and received through
systemic circulation, there is also evidence for androgen production by the brain itself. Presence
of steroidogenic enzymes for T and other sex steroids has been demonstrated in human and rat
brain (Zwain and Yen, 1998; Schumacher et al., 2003; Hojo et al., 2009; Hojo et al., 2004). Such
neuroandrogens may be produced in mesocorticolimbic regions, and have effects relevant for
cognition.

Androgen effects on the brain are generally mediated through interaction with traditional
ARs (Janowsky et al., 2000). ARs are nuclear receptors that act as ligand-dependent
transcription factors to regulate gene expression (Evans, 1988) although there is growing
evidence for non-genomic membrane-associated capabilities of traditional ARs (Heinlein and
Chang, 2002; Rahman and Christian, 2007). ARs are broadly but selectively distributed
throughout the brain, and their expression is regulated in part by circulating androgen levels
(Menard and Harlan, 1993). Consequently, age-related declines in circulating T could impact AR
expression. Although several studies have examined age-related changes in AR expression in
the brain, these have largely focused on brain regions associated with control of reproductive
and social behaviors such as the hypothalamus (Wu et al.,, 2009; Chambers et al., 1991),
amygdala (Chambers et al., 1991), and cranial nerve nuclei (McGinnis and Yu, 1995). Fewer
studies have examined the effects of age in mesocorticolimbic regions, although previous work
has reported the presence of ARs in the PFC, NAc, and VTA, and that PFC-projecting and NAc-
projecting dopaminergic cells from the VTA contain ARs (Simerly et al., 1991; Kritzer, 1997;
Kritzer and Creutz, 2008; Creutz and Kritzer, 2004).

In this study, we aim to understand how the systemic declines in T levels that

accompany aging can impact androgen-sensitive dopaminergic brain circuitry underlying
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executive function. More specifically, we investigate the effect of age on endogenous levels of

serum T, neural T, and ARs in mesocorticolimbic brain regions.

3.3 Materials and Methods

3.3.1 Subjects

Two cohorts of male Fischer 344 x Brown Norway F1 hybrid (F344/BN) rats (species:
Rattus norvegicus) consisting of young (5 months old) and aged (22 months old) rats (n=12 per
age, n=24 per cohort) were examined. Both cohorts were obtained from the National Institute on
Aging (Taconic Farms), and were sexually naive. Rats were group-housed with rats of similar
age for the first week after arrival and given ad libitum access to food (Rat Diet 5012; LabDiet,
St. Louis, MO) and water. In the remaining weeks, rats were single-housed and food-restricted
to 85-90% of their free-feeding weight. All cages contained Aspen chip bedding (Nepco,
Warrensburg, NY), paper towel, and a PVC pipe for environmental enrichment. Rats were kept
on a 12 hr light:dark cycle at an average temperature of 21-22°C and relative humidity of 40-
50%. Two weeks after arrival, rats were subjected to behavioral training (Tomm et al., 2015) for
several weeks prior to sacrifice. Subjects were sacrificed at least three hours after completion of
behavioral testing. The two cohorts underwent behavioral testing separately and were
processed separately. The reason for performing analysis of two independent cohorts was
primarily to replicate the results, and also because the two cohorts were tested on slightly
different sets of behavioural tasks. All animal procedures complied with the Canadian Council

on Animal Care and the University of British Columbia guidelines for animal care.

3.3.2 Tissue Collection and Fixation

Rats were euthanized by isoflurane inhalation and rapid decapitation. To minimize the

stress levels of subjects, sacrifice duration was kept to under three minutes per rat. Trunk blood
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was collected into a microcentrifuge tube and brains were removed. The microcentrifuge tube
was centrifuged for 10 min at room temperature, and the serum was pipetted into a separate
microcentrifuge tube. Serum samples were stored at -80 °C until processing for steroid
measurement. Fresh brains were cut in half along the sagittal plane; one half (left or right) was
immediately fixed for later immunohistochemical processing; the remaining half was frozen fresh
on dry ice and stored at -80°C for measurement of steroids. Half-brains were immersion-fixed in
4% paraformaldehyde in phosphate-buffered saline (PBS) for 4 h at room temperature then
cryo-protected in 30% sucrose solution at 4°C for 48 h or until they had sunk. Brain samples
were stored at -80°C for sectioning. Half-brains were serially sectioned on a cryostat into five
series of 40um coronal sections. Free-floating sections were stored in anti-freeze solution at -

20°C until immunohistochemical processing.

3.3.3 T Measurement from Brain and Blood

3.3.3.1 Microdissection and Homogenization

To measure the amount of T in selected brain regions, microdissected tissue was first
acquired from four brain regions of interest including the mPFC, OFC, NAc, and VTA. To do so,
fresh frozen half-brains were sectioned into 300 um coronal sections on a cryostat at -15° C.
Sections were collected starting at the rostral end of the brain. From these sections, brain
regions of interest were located using the rat brain atlas (Paxinos and Watson, 2009), and
removed via the Palkovits punch technique as described previously (Taves et al., 2011; Charlier
et al., 2010). Briefly, a stainless steel corer (id = 1.0 mm, od = 1.8 mm; Fine Science Tools,
catalog #18035) was used to punch the tissue from 6-10 adjacent sections, depending on the
region. One punch was collected per section. The correct placement of punches was verified by

Nissl staining. Subjects with incorrectly placed punches were excluded from analysis. The
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punched tissue was collected in microcentrifuge tubes, then homogenized with 1 mL 84% ice-

cold methanol, using a bead homogenizer (Omni Bead Ruptor 24; #19-101).

mPFC OFC NAC VTA

O ‘ |

Figure 3.1. Approximate placement of brain tissue punches for neural T measurement. From left: medial
prefrontal cortex (mPFC), orbitofrontal cortex (OFC), nucleus accumbens (NAc), ventral tegmental area
(VTA). Punches were made with a corer with an internal diameter of 1.0 mm and an external diameter of
1.8 mm. Tissue was punched from 6-10 adjacent sections for each region.

3.3.3.2 Steroid Extraction

Homogenized tissue samples were left overnight at -20 °C. The following day, samples
were centrifuged, and the supernatant was collected and diluted in 10 mL deionized water in
preparation for steroid extraction. For T measurement from blood serum, frozen serum was
thawed and mixed with 10 mL deionized water. Steroids were extracted from the sample using
solid phase extraction (SPE) with C4s columns (Agilent Bond Elut LRC-C18 OH, #12113045)
mounted on a glass vacuum manifold (UCT #VMF024GL). After one wash with 10mL of 40%
methanol as described by Taves et al. (2010), steroids were eluted from columns with 5mL of
90% HPLC-grade methanol, and dried in a vacuum centrifuge (ThermoElectron SPD111V

Speedvac) at 40 °C.
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3.3.3.3 Radioimmunoassay Measurement

Extracted steroids were then measured using radioimmunoassay (RIA). T was
measured using a commercial RIA kit (#07189102; MP Biomedicals, Solon, OH), with
modifications described by Overk et al. (2013) and Ferris et al., (2015). Dried elutes were re-
suspended in 100% ethanol to promote steroid solubility, and diluted with the buffer provided in
RIA kit. The amount of ethanol in samples did not exceed 1%. 200 pL of primary antibody was
added to the re-suspended sample and standards, and incubated for 4 h at room temperature.
200uL of tracer was then added and incubated overnight at room temperature. The following
day, 50 uL of precipitant (secondary antibody) was added to all tubes and incubated for 1 h at
37°C in a hot water bath. Tubes were then centrifuged at 4°C and decanted. Lastly, tubes were
counted for 2 min on a gamma counter. Final values were corrected for recovery. Recovery
percentages were calculated for each sample type (serum or brain tissue) by comparing
unspiked samples to samples spiked with a known amount of steroid. Recoveries were 88% for

the serum, and 113% for the brain tissue.

3.3.4 Immunohistochemistry for AR

IHC for the two cohorts was conducted in two independent runs, the first run containing
all the subjects from Cohort 1, and the second run containing all the subjects from Cohort 2. IHC
was performed using free-floating tissue sections placed in 24-well plates, and age groups were
counterbalanced such that each plate contained tissue from one young and one aged subiject,
so any plate-to-plate immunohistochemical variability would be evenly spread.

Sections were washed for 20 min in 0.1M Tris-buffered saline (TBS), then incubated in
2% hydrogen peroxide (H,O,) solution for 30 min to quench endogenous peroxidase activity.
Sections were then washed for 20 min in 0.1M TBS, then for 5 min in 0.1M PBS with 0.03%

Triton X-100 and 0.1% gelatin (hereafter referred to as PBS-GT). Next, sections were incubated
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in 8% tryptone (J859; Amresco, Inc., Solon, OH, USA) in PBS for 2 h to block nonspecific
staining. Directly following the block, sections were incubated in primary antibody solution
(1:200 in PBS-GT) for 24 h at room temperature. The primary antibody was a monoclonal anti-
AR antibody [EPR1535(2)] raised in rabbit (ab133273; Abcam, Inc., San Francisco, CA, USA),
previously validated for specificity by Western Blot and use in testicular feminization mutant rat
tissue lacking fully functional ARs (Hamson et al., 2013). It recognizes a region within the first
30 amino acids of the AR protein (as per the manufacturer), which is a similar epitope to the one
recognized by the extensively used and validated polyclonal anti-AR antibody, PG-21 (Prins et
al., 1991). The following day, sections were washed for 40 min in PBS-GT, then incubated in
biotin-SP-conjugated affinity-purified donkey anti-rabbit secondary antibody solution (1:2000 in
0.8% tryptone in PBS; 711-065-152; Jackson ImmunoResearch Laboratories, West Grove, PA,
USA) for 1 h at room temperature, then overnight at 4°C. Following the secondary antibody
incubation, sections were washed for 40 min in PBS-GT, incubated in avidin-biotin peroxidase
(AB) solution (in 0.8% tryptone in PBS; VectaStain ABC Kit; PK-6100 Standard; Vector
Laboratories) for 30 min at room temperature, then washed in PBS-GT for 15 min. Next, signal
was amplified by incubation in biotin tyramide “BT” solution for 10 min. BT was made in-lab as
described by Adams (1992), and solution contained 45 pL BT mixed with 5 pL 30% H,O, and 15
mL PBS). Sections were then washed in PBS-GT for 15 min, incubated in AB solution for 30
min, and washed in PBS-GT for 15 min. Sections underwent one quick wash in TBS, and then
were incubated in DAB in H,O, (Vector Labs Peroxidase Substrate Kit SK-4100) with nickel for
20 minutes at room temperature. Lastly, sections were mounted onto charged slides (Fisher
Colorfrost Plus; 12-550-19), dehydrated, and cover-slipped. Slides were recoded such that the
age group of each subject was hidden from experimenters who were performing subsequent

analysis.
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3.3.5 Analysis of AR Immunoreactivity

3.3.4.1 Brain Regions

AR immunoreactivity (AR-ir) was assessed in eight brain regions total, consisting of four
cortical regions and four mesolimbic regions. The cortical regions were: (1) the prelimbic portion
(PrL) of the mPFC, (2) the infralimbic (IL) portion of the mPFC; (3) the lateral orbitofrontal cortex
(LOFC), and (4) the medial orbitofrontal cortex (MOFC). The mesolimbic regions were: (1) the
NAc shell (NAcS), (2) the NAc core (NAcC), (3) the parabrachial/paranigral (PBP/PN) regions of
the VTA (pVTA), and (4) the caudal region of the VTA (cVTA). The eight regions were defined
according to common landmarks and bregma coordinates consistent with the rat brain atlas

(Paxinos and Watson, 2009).

3.3.4.2 Photomicroscopy

For each brain region, photomicrographs were taken using a Nikon Digital Sight DS-U1
camera and Nikon Eclipse 90i microscope (at the X 20 objective) interfaced with NIS-Elements
Basic Research software (Nikon Canada, Inc., Richmond, BC, Canada). Images were taken
from one to five serial sections, depending on the region sampled (Table 3.1). For some
subjects, it was not possible to obtain the maximum number of images due to folded or ripped
tissue, or poor staining. In those cases, subjects were still included in analysis, but the photos of
compromised tissue were excluded. Subjects were completely excluded from analysis in cases
where no images were possible, such as when the entire brain region was missing from the
tissue section, e.g. due to a sagittal cut not centered on the midline of the brain, or when the
staining quality was too poor for adequate quantification. All images were captured at identical
brightness and contrast settings with the exception of the NAc, for which brightness and
contrast was increased in all subjects. All images were captured at maximum resolution (2560 x
1920). All photomicroscopy and subsequent image analysis was conducted by an experimenter

who was blind to the age of each subject.
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Region Number of brain Number of photos taken per Total number of
sections examined section photos analyzed

PrL
IL
LOFC
MOFC
NAcS
NAcC
PVTA
cVTA
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Table 3.1. Number of photomicrographs analyzed per region per subject for quantification of AR-ir.

3.3.4.3 Quantification of Immunoreactivity

For each image, a background mean intensity value was calculated by averaging six
intensity measurements taken from random locations within each brain area where specific
staining was not present. Next, the background intensity value for each image was used to
generate a quantification threshold value. For the PrL, IL, MOFC, LOFC, and Cohort 1 NAc and
VTA regions, the threshold was set to a value 1.25 times (1.25X) as dark as the background.
Only staining that was at or above threshold was quantified. For the NAc and VTA in Cohort 2,
the threshold was set to 1.5X the background in select images because of higher background
staining. Using 1.5X allowed more accurate capture of true immunoreactivity and elimination of
background capture while a large portion of background staining was captured using a 1.25X
threshold. Once thresholds were calculated for all images, they were applied to a defined region
of interest (ROI) with area 135,000 um? for each brain region. In NIS-Elements, the ROI was
superimposed onto each photomicrograph within the limits of each brain region, and the
program generated a value (hereafter referred to as % AR-ir) indicating the percentage of pixel
area within the ROI that was above threshold. For each image, adjustments were made to the
clean function in NIS-Elements, and restrictions were applied based on object circularity and

size in order to most accurately capture stain and exclude background.
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Figure 3.2. Approximate placement of ROI for quantification of AR-ir in (A) cortical regions, (B)
mesolimbic regions. Top row from left: prelimbic (PrL), infralimbic (IL), lateral orbitofrontal cortex (LOFC),
medial orbitofrontal cortex (MOFC); bottom row from left: nucleus accumbens shell (NAcS), nucleus
accumbens core (NAcC), parabrachial and paranigral ventral tegmental area (pVTA), caudal ventral
tegmental area (cVTA).

3.3.6 Statistical Analysis

Statistical analysis was conducted using SPSS Statistics software (Version 23.0 for Mac
OS X; Chicago, IL). Effects of age were analyzed on the following endpoints: T levels (in serum
and in mesocorticolimbic brain regions), a calculated Neural T: Serum T ratio, and AR-ir in

mesocorticolimbic brain regions.
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3.3.6.1 Analysis of Absolute Testosterone Levels

To analyze age differences and regional differences in absolute T levels, a Two-Way
Mixed Model analysis of variance (ANOVA) was performed, using age as a between-subjects
factor, and region as a within-subjects repeated measure. There were five regions analyzed: (1)
serum, (2) mPFC, (3) OFC, (4) NAc, and (5) VTA. For this analysis, the mPFC, OFC, NAc, and
VTA were not subdivided into their constituent regions of the PrL and IL, LOFC and MOFC,
NAcS and NAcC, and pVTA and cVTA. Data from both cohorts was pooled and log-transformed
in order to normalize the distributions. ANOVA analysis revealed a significant interaction, so
simple main effects were subsequently analyzed via One-Way ANOVA and Repeated Measures
ANOVA. For Repeated Measures ANOVAs, the Bonferroni correction for multiple comparisons
was used. Analysis was conducted on pooled data, and also on data from each cohort

individually.

3.3.6.2 Analysis of the Neural T: Serum T Ratio

Neural T: Serum T ratios were calculated for each brain region of each subject by
dividing the absolute T level of the brain region by the serum T level. Age differences in the
neural T: serum T ratios were analyzed as above for absolute T levels using a Two-Way Mixed
Model ANOVA. Data were log-transformed because of non-normal distributions. Ratios were

analyzed using pooled data from all subjects, and also within each cohort.

3.3.6.3 Analysis of AR-immunoreactivity

Analysis of the effects of age on AR-ir was performed separately for each of the eight
brain regions, including the (1) PrL, (2) IL, (3) LOFC, (4) MOFC, (5) NAcS, (6) NAcC, (7) pVTA,
and (8) cVTA. For each region, a Two-Factor ANOVA was performed with age and cohort as
between-subjects factors. Cohort was included as a between-subjects factor because overall

staining levels and AR-ir values were consistently higher in Cohort 2 than in Cohort 1 (Figure
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3.12), so data from the two cohorts could not be pooled. Prior to ANOVA analysis, data sets for
each brain region were square root transformed because of heterogeneous variances and non-
normality.

Additionally, in order to facilitate combining data from both cohorts, data were
normalized within each cohort, for each brain region separately. Normalization was achieved by
dividing by all raw AR-ir scores by the young subjects group mean score and then multiplying by
100. Thus, all values became percentages of the young mean for a given brain region.
Normalized values from Cohort 1 and 2 were pooled together and analyzed using the
Independent Samples t-test. For one brain region (the NAcC), the assumption of homogeneity

of variance was violated, so the t-test with Welch’s correction was used.

3.3.6.4 Correlations Between T and AR-ir Levels

Pearson correlations were used to examine the relationship between T levels and AR-ir
levels for a given brain region. In each cohort, T data was log-transformed and AR data was

square-root transformed to normalize distributions.

3.4 Results

3.4.1 Absolute T Levels in the Serum and Brain

Two-Factor Mixed Model ANOVA revealed a significant effect of age on absolute T
levels in the serum and brain (F;37= 4.82, P < .05), such that T levels were lower in aged rats
relative to young (Figure 3.3). There was also significant effect of region (F.gg169507 = 144.32, P
< .001), showing higher T levels in the brain than in the serum. There was a significant age x
region interaction (Fisg169507 = 7.71, P < .005, indicating that age differences in T levels

depended on the region.
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Since there was a significant interaction, simple main effects were subsequently
analyzed. For each region, except for the VTA (F; 3= 3.30, P = .08), there was a main effect of
age, with T levels significantly lower in aged rats than in young in the serum (F;4= 15.91, P <
.0001), PFC (Fy45=6.02, P < .05), OFC (F146= 6.32, P < .05), and NAc (Fy43= 5.21., P < .05).
There was a main effect of region in young rats (Feg99, 30575 = 51.43, P > .0001) and aged rats
(F3716, 35001 = 96.97, P > .0001). Pairwise comparisons using the Bonferroni correction for
multiple comparisons revealed that T levels in all brain regions were significantly higher than in

serum in young (P < .005) and aged rats (P < .0001).

*%
EE Young (n = 20-24)

3 Aged (n = 21-24)

T level in serum (ng/mL)
or brain tissue (ng/g)
*

Figure 3.3. Absolute T levels in young (5 months old) and aged (22 months old) male rats from cohorts 1
and 2. There was a significant main effect of age (P < .05) in all regions except the VTA. Regardless of
age, T levels were higher in mesocorticolimbic brain regions than in the serum (P < .005). *P < .05, **P
<.01, *™*P <.001.

When each cohort was analyzed separately, similar trends were seen. There was a
significant age x region interaction (P < .05) in both Cohort 1 and 2, so simple main effects were
analyzed. In both cohorts, there was a main effect of age on serum T levels, with higher T in

young animals than aged (P < .05). In Cohort 2, there were significant age differences in all
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mesocorticolimbic regions except the VTA (P < .05), while in Cohort 1 these differences were

not statistically significant. Brain levels of T were also significantly higher than serum levels in

young and aged subjects of Cohort 2 (P < .05), and in all regions in Cohort 1 except for the OFC.
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Figure 3.4. Absolute T levels in young (5 months old) and aged (22 months old) male rats, separated by

cohort. (A) Cohort 1, (B) Cohort 2. Regardless of age, T levels were higher in mesocorticolimbic brain
regions than in the serum in Cohort 1 (except for the OFC), and in Cohort 2. *P < .05, **P <.01.
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3.4.2 Neural T: Serum T Ratio

There was a significant main effect of age on the Neural T: Serum T ratio. Although aged
rats had lower absolute levels of serum T and neural T, their neural T: serum T ratio was
consistently higher than that of young rats in all mesocorticolimbic regions examined (Fy37 =
12.12, P < .005) (Figure 3.5). There was also a significant main effect of region (F; 441 = 38.90, P
< .0001), with the highest ratio in the VTA, followed by the NAc, PFC, and OFC. There was no

significant age x region interaction (F5 14 = .32, P > .80).
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Figure 3.5. Neural T: Serum T ratio in young and aged male rats from cohorts 1 and 2. Although there
were lower absolute T levels in aged rats, the neural T: serum T ratio in mesocorticolimbic regions was
higher than in young. Horizontal line represents a ratio of 1. **P<.001

When each cohort was analyzed separately, similar results were seen, with a significant
main effect of age (P < .05 in Cohort 1 and 2), and region (P < .0001 in Cohort 1 and 2) (Figure

3.6). In both cohorts, there was no age x region interaction (P > .29).
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Figure 3.6. Neural T: Serum T ratio in young and aged male rats, separated by cohort. (A) Cohort 1, (B)
Cohort 2. Although there were lower absolute T levels in aged rats, the neural T: serum T ratio in
mesocorticolimbic regions was higher than in young. Horizontal line represents a ratio of 1. *P<.05

3.4.3 AR Levels in the Brain

3.4.3.1 Overall Pattern of AR Immunoreactivity

In all brain regions examined, AR staining appeared mostly concentrated in cell nuclei.

This is consistent with previous reports of predominantly nuclear immunoreactivity in rodent
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brain (Lu et al., 1998; Zhou et al., 1994; Fernandez-Guasti et al., 2003), although AR-ir at
extranuclear sites has also been described (Tabori et al., 2005; Sarkey et al., 2008; DonCarlos
et al., 2003). Nuclear immunostaining ranged from even and dark to punctate and spotty in all
regions examined (Figure 3.7), similar to patterns of nuclear staining reported by Wu et al.
(2009).

The overall distribution of staining was also in line with previous evaluations of nuclear
AR distribution in the rat brain (Simerly et al., 1990; Sar et al., 1990). Importantly, in the regions
of interest, including the frontal cortex and VTA, the staining pattern closely matched prior
studies (Kritzer, 1997; 2004). In the frontal cortex, AR-ir was mainly observed in pyramidal cell
layers Il/lll and to a lesser extent in V/VI, in a similar bilaminar pattern described by Kritzer
(2004), and in the VTA, staining was intense but sparse with the majority of ir in the PBP and

PN subregions (Kritzer, 1997).

Figure 3.7. Nuclear AR immunostaining. Immunolabelled cells ranged from dark and evenly stained to
light and unevenly stained. Representative image from the prelimbic (PrL) region in the medial prefrontal
cortex (MPFC).
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3.4.3.2 Age Differences in AR Immunoreactivity

Two-factor ANOVA revealed a significant main effect of age on AR-ir, but this effect was
observed in cortical regions only, and not in mesolimbic regions. In all cortical forebrain regions
examined, including the PrL, IL, LOFC, and MOFC, aged rats had significantly lower AR-ir than
young rats (P <.05 in all regions) (Figures 3.8, 3.9, 3.10). In all mesolimbic regions examined,
including the NAcS, NAcC, pVTA, and cVTA, there was no age difference in AR-ir (P >.10 for all

regions) (Figure 3.11).
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Figure 3.8. Cohort 1 AR-ir decreased with age in cortical regions. Representative images from the
prelimbic (PrL), infralimbic (IL), lateral orbitofrontal cortex (LOFC), and medial orbitofrontal cortex (MOFC).
Scale bar represents 100 pm.
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Figure 3.9. Cohort 2 AR-ir decreased with age in cortical regions. Representative images from the
prelimbic (PrL), infralimbic (IL), lateral orbitofrontal cortex (LOFC), and medial orbitofrontal cortex (MOFC).
Scale bar represents 100 ym.
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Figure 3.10. AR-ir in cortical regions of young and aged animals. AR-ir decreased with age in Cohorts 1

and 2 in the PrL, IL, LOFC, and MOFC. In each region, Cohort 2 AR-ir was significantly higher than
Cohort 1. Data are mean %AR-ir + SEM. * P < .05, **P < .01, ***P < .001.
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Figure 3.11. AR-ir in mesolimbic regions of young and aged animals. AR-ir did not change with age in
Cohorts 1 and 2 in the NAcS, NAcC, pVTA, and cVTA. In each region, Cohort 2 AR-ir was significantly
higher than Cohort 1. Data are mean %AR-ir + SEM. ***P < .001

57



In all brain regions, there was a significant main effect of cohort, as expected, showing
Cohort 2 AR-ir values to be consistently higher than Cohort 1 values (P < .001 in all regions)
(Figures 3.10 and 3.11). However, there was no evidence of a significant age x cohort
interaction on AR-ir (P > .10 in all regions). Consequently, the main effect of age was

considered to be similar across both cohorts.

Cohort 1 Cohort 2

=5

LOFC

pVTA

Figure 3.12. Immunostaining intensity differences between cohorts. AR-ir in Cohort 2 was consistently
higher than in Cohort 1 across cortical and mesolimbic regions examined. There was a significant effect
of Cohort, but no Age x Cohort interaction. Representative images from LOFC (top), and pVTA (bottom).
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Region Young Aged
PrL 100 + 8.36% 57.31 £ 9.43% t(41) = 3.40,
P =.002**
IL 100 + 10.65% 57.25 +10.70% t(40) = 2.81,
P =.008**
LOFC 100 + 6.56% 60.96 + 8.15% t(44) = 3.73,
P=.001**
MOFC 100 + 11.50% 53.58 + 10.32% t(42) = 2.98,
P =.005**
NAcS 100 + 7.99% 110.47 + 12.13% {(40) = -0.74,
P=.46
NAcC 100 + 11.09% 175.88 + 33.52% t(42) = -1.68,
P=.10
pVTA 100 + 7.72% 96.33 + 13.48% #(32) = 0.24
P = .81
cVTA 100 + 12.50% 95.80 + 23.45% t(27) = 0.16,
P=.87

Table 3.2. Normalized AR-ir in young and aged rats from both cohorts (pooled). Data are represented as

a percentage of the young mean. Data were analyzed by independent samples t-tests, and appear as
normalized mean + SEM. *P < .05, **P < .01.

Region Cohort 1 Cohort 2
Young Aged Young Aged

PrL 100 £+ 15.46% 37.64 + 16.16% 100 + 5.87% 73.41 £+ 8.88%

IL 100 + 18.21% 58.48 + 20.97% 100 + 11.11% 56.14 £ 9.10%
LOFC 100 + 11.44% 40.92 + 10.51% 100 + 6.40% 82.82 £ 9.03%
MOFC 100 + 18.03% 34.04 + 11.17% 100 + 14.77% 75.07 + 15.69%
NAcS 100 + 11.61% 114.32 + 22.53% 100 + 11.49% 106.19 £ 7.74%
NAcC 100 + 14.72% 203.06 + 61.90% 100 + 17.48% 151.17 + 32.04%
pVTA 100 £+ 10.58% 79.39 + 16.20% 100 + 11.10% 118.12 £ 21.15%
cVTA 100 + 25.32% 97.30 + 34.26% 100 + 10.27% 93.08 + 27.86%

Table 3.3. Normalized AR-ir in young and aged rats, separated by cohort. Data are represented as a
percentage of the young mean. Data are normalized mean + SEM.
3.4.4 Correlations between T and AR-ir Levels

Pearson correlations between T and AR-ir levels are shown in Tables 3.4 and 3.5. In
Cohort 1, T and AR were not significantly correlated, except for the LOFC and serum T (Table

3.4). In Cohort 2, AR-ir correlated significantly with serum T levels in cortical regions, but not
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mesolimbic regions (Table 3.5). AR-ir was also significantly correlated with neural T in the PrL,

IL, MOFC, and cVTA.

AR-ir Region Correlation with Neural T Correlation with Serum T

PrL r=.16 r=.27
IL r=.01 r=.11

LOFC r=.37 r=.44*

MOFC r=.35 r=.40

NAcS r=.15 r=.18

NAcC r=.00 r=.05

pVTA =-.04 r=.22

cVTA r=.16 r=.13

Table 3.4. Cohort 1 Pearson correlations between T and AR levels, n = 14-24. Neural T levels
corresponded to T in the mPFC (for correlations with AR-ir in the PrL and IL), OFC (for the LOFC and
MOFC), NAc (for NAcS and NAcC), and VTA (for pVTA and cVTA). *P < .05.

AR-ir Region Correlation with Neural T Correlation with Serum T

PrL r=.57** r=_.58*

IL r=.56** r = .55*
LOFC r=.41 r=.48*
MOFC r=.53* r=.64*
NAcS r=-.28 r=-14
NAcC r=.04 r =.06
pVTA r=.21 r=.03
cVTA r=.79* r=.02

Table 3.5. Cohort 2 Pearson correlations between T and AR levels, n = 8-22. Neural T levels
corresponded to T in the mPFC (for correlations with AR-ir in the PrL and IL), OFC (for the LOFC and
MOFC), NAc (for NAcS and NAcC), and VTA (for pVTA and cVTA). *P < .05; **P < .001.

3.5 Discussion

The overarching goal of this study was to examine how aging affects endogenous levels
of T and ARs in male rats. We measured and compared serum T levels, neural T levels, and
neural AR levels between groups of young (5 months) and aged (22 months) F344/BN rats.
Accumulating evidence suggests that androgens influence executive functions through effects
on mesocorticolimbic DA signaling (Kritzer et al., 2007), so we were interested specifically in T

and AR levels in mesocorticolimbic brain regions including the mPFC and OFC (cortical
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regions), and NAc and VTA (mesolimbic regions). We found that both serum and neural T levels
declined with age, although in both ages, neural T levels were higher than in serum, suggesting
that local T synthesis may be occurring. The ratio of neural T: serum T was higher in aged
animals relative to young, suggesting that neuroandrogen synthesis may be especially
important in aged animals. In addition, levels of cortical ARs were found to decrease with age,
while mesolimbic ARs did not change significantly. These results were produced similarly in two

cohorts of subjects.

3.5.1 Age-related Changes in Serum Testosterone Levels

A progressive age-associated decline in serum T levels has been consistently described
in males of several species, including humans (Harman et al., 2001; Morley et al., 1997;
Feldman et al., 2002), monkeys (Downs and Urbanski, 2006), mice (Flood et al., 1995; Machida
et al., 1981), guinea pigs (Rigaudiere et al., 1976), and multiple strains of rat, such as Sprague-
Dawley (Roselli et al., 1986; Wu et al., 2009), Wistar (Bernardi et al., 1998; Ghanadian et al.,
1975; Pirke et al., 1978), Brown Norway (Gruenewald et al., 2000; Gruenewald et al., 1994),
and Fischer 344 (Chambers et al., 1991; Luine et al., 2007; McGinnis and Yu, 1995). In rats,
lowered T is thought to result from both primary and secondary testicular dysfunction
(Gruenewald et al., 2000), including diminished T production within individual Leydig cells of the
testes (Chen et al., 1994), Leydig cell loss (Bethea and Walker, 1979), and dysregulation of the
HPG axis (Gruenewald et al., 2000).

Within a given age, serum T levels can vary widely depending on strain, sexual
experience, and time of day, with ranges of roughly 1-10 ng/mL reported in young rats (Wu and
Gore, 2010), and 0.22-1.6 ng/mL in aged rats. Our results demonstrating significantly lowered
serum T in aged F344/BN rats relative to young are within this range, and are consistent with a

modest but marked decrease with age.
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3.5.2 Age-related Changes in Neural Testosterone Levels

Similar to the decline in serum T levels, brain T levels also significantly declined with age
across cortical and mesolimbic regions. This decline was statistically significant in all regions
except for the VTA, which showed a trend close to significance. Since the brain receives
gonadally-produced steroids from the bloodstream, the lowered brain T levels in aged rats
relative to young could be reflective of the overall age-related drop in circulating T.

However, the brain is not solely reliant on systemic T as an androgen source; recent
research has shown the brain capable of producing its own steroids, so-called “neurosteroids”
(Schmidt et al., 2008). Neurosteroid production has been previously demonstrated in the
human, songbird, and rat brain, along with the presence of the enzymes necessary to
synthesize androgens (Zwain and Yen, 1998; Schumacher et al., 2003; Celotti et al., 1997;
London et al., 2009). Neural androgen production may be especially important in the context of
aging, when systemic levels fall (Munetomo et al., 2015; Wu et al., 2009; Schumacher et al.,
2003). Wu et al. (2009) and Schumacher et al. (2003) propose that neural T production may
even change during aging to partially compensate for the age-related loss in systemic T, and
Munetomo et al. (2015) suggest that neural androgens may be more important than gonadal
androgens during aging. They cite findings that the hippocampus can synthesize estrogens and
androgens at higher levels than found in serum as evidence (Hojo et al., 2009; Munetomo et al.,
2015). A small but growing number of studies have similarly performed comparisons of steroid
levels in the brain and serum in rats, and have demonstrated higher neural T levels than serum
T levels (Caruso et al., 2010; Meffre et al., 2007).

Given the importance neural T may have over systemic T, we were interested in a
comparison of neural T and serum T levels in young and aged animals. We found that in both
age groups, brain T levels in the four regions examined were significantly higher than serum T

levels, suggesting that neural production of T may indeed occur in young and aged animals.
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Interestingly, although neural T levels decreased with age, neural T levels of aged rats were still
fairly high, and exceeded the level of serum T in young rats in all regions except the OFC,
further emphasizing the importance of T in the brain.

We were also interested in the relative proportions of T in the brain versus in circulation,
so we examined the ratio of neural T: serum T. In all both age groups, this ratio was greater
than 1 since neural T levels were higher than serum T levels; but interestingly, aged rats had a
significantly higher ratio than young rats in all brain regions examined. So, although the levels of
absolute neural T were lower in aged animals compared to young, the neural T: serum T ratio
was higher. These results could be interpreted as showing that partially compensatory T
production is occurring in the brains of aged animals, as theorized previously (Wu et al., 2009;
Schumacher et al., 2003; Munetomo et al., 2015). Alternative interpretations are that in aged
animals, more T is sequestered in the brain (e.g. bound to proteins such as AR or sex hormone
binding globulin) rather than being produced, or that in young animals, more T is metabolized to
other steroids. Although the possibility of increased partially compensatory
neurosteroidogenesis in the aged brain is quite compelling, further research should be done to

distinguish among these options, none of which are mutually exclusive.

3.5.3 Age-related Changes in AR Immunoreactivity

In addition to examining changes in systemic and neural T levels, examining changes in
levels of the corresponding receptor is critical to forming a clearer picture of androgen action in
the brain. Age-related changes in neural ARs have been assessed by a number of previous
studies in rodents (Munetomo et al., 2015; Wu et al., 2009; Haiji et al., 1981; Chambers et al.,
1991; McGinnis and Yu, 1995; Kerr et al., 1995; Xiao and Jordan, 2002), whose results suggest
that aging does not exert uniform effects on ARs in the brain; rather, effects are region, species,

and strain-specific (Wu et al., 2009).
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3.5.3.1 Cortical AR Immunoreactivity Decreases with Age

Previous immunohistochemical work has largely focused on “classical” AR regions,
since those are sites of high AR density and intensity (Wu et al., 2009; Wood, 2008). However,
there is increasing appreciation for the considerable number of AR-expressing cells present in
non-classical regions, such as the isocortex (DonCarlos et al., 2006). ARs have been shown to
be present in the PFC of primates, including the OFC and dorsolateral PFC, widely considered
to be the primate analog to the rodent mPFC (Finley and Kritzer, 1999), and in the frontal cortex
of rats (Kritzer, 2004). While no studies have looked specifically at age-related changes in AR in
the PFC, some have examined AR mRNA in the cerebral cortex, with an age-associated
decrease (Munetomo et al., 2015) and no change (Kerr et al., 1995) reported previously. To our
knowledge, our results showing a significant decrease in AR-ir in aged rats relative to young are
the first to characterize age-related changes in the mPFC and OFC.

AR is an auto-regulated protein (Lu et al., 1998), and it is well established that neural
AR-ir is dependent on circulating T levels (Fernandez-Guasti et al., 2003). In general, and in
many previous rodent studies, castration reduces neural AR-ir levels to diminished or
undetectable amounts, and immunoreactivity is restored with androgen replacement (Lu et al.,
1998; Lynch and Story, 2000; Menard and Harlan, 1993; Xiao and Jordan, 2002; Fernandez-
Guasti et al., 2003; Kashon et al., 1996). Supraphysiological doses of androgens have been
shown to increase the density of AR-ir in the brain (Fernandez-Guasti et al., 2003; Lu et al.,
1998; Wood and Newman, 1993). Consequently, decreases in systemic and neural T levels
may be expected to down-regulate AR, although this may be region-specific. Our results
showing decreased cortical AR-ir in aged animals with lower circulating and neural T are
consistent with this model of traditional AR autoregulation.

The lower % AR-ir observed in the mPFC and OFC may suggest a decreased sensitivity

of these regions to T. While we did not explicitly measure cell counts or staining intensity per
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cell, our measure of % immunoreactivity encompasses those properties. For example, AR
staining was exclusively nuclear and included capture of mostly whole nuclei, so there should
be high correlation between AR-ir and number of cells. In addition, our quantification method
included thresholding based on staining intensity, and preferentially captured higher intensity
immunoreactivity over lower intensity. Finally, even if the decrease in AR-ir cannot be
definitively broken down into contributions from decreased number of AR-expressing cells (i.e.
cell count) versus a decreased number of ARs per cell (i.e. staining intensity), the overall
biological effects (decreased sensitivity and responsivity to T) are similar.

Decreased cortical AR-ir in aged rats is probably not due to age-related loss of overall
cell numbers. Except in cases of neurological disorders, the brain does not seem to experience
a general loss of neurons in the PFC during aging in rodents, primates, or humans (Finch, 2003;
Zamzow et al., 2014; Wu et al., 2009). Rather, aging alters specific cell phenotypes that may be
responsible for deficits in brain function (Wu et al., 2009). Other studies of neural ARs have
shown age-related decrease in AR binding without accompanying loss of neurons (McGinnis
and Yu, 1995). Less cortical AR-ir is also probably not due to a decrease in nuclei size with age.
Previous studies examining age-associated changes in nuclear diameter in rodent brain have
produced mixed results, and appear to be region- and strain-specific (Flood and Coleman,
1988). Although we did not measure and compare nuclei sizes between age groups, in several
frontal regions of the rat brain, neuronal nuclei have not been shown to change size, and may
even become larger with age (Flood and Coleman, 1988). So, while diminishing nuclei size
could be a factor, it is unlikely to be fully responsible for the age-associated reduction of AR-ir in

cortical regions.

3.5.3.2 Mesolimbic AR Immunoreactivity Does Not Change with Age

While cortical AR-ir decreased with age, mesolimbic AR-ir did not. We are not aware of

any studies that specifically examine age-related changes in ARs in the NAc or VTA. In fact,
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previous studies have been inconclusive on the presence of ARs in these regions. Prior reports
have claimed that the NAc has sparse or very few AR (Wood, 2008; Sato et al., 2010). On the
other hand, it is also claimed that the NAc is one of the brain areas that controls copulatory and
sexual behavior, and consequently may be rich in AR (Fernandez-Guasti et al., 2003).

The VTA is the midbrain site of origin of DAergic cell bodies, including those that project
to frontal regions and those that project to limbic regions (Kritzer and Creutz, 2008). Although
initially thought to be largely devoid of ARs, the presence of AR mRNA and protein has been
demonstrated in parts of the VTA (Simerly et al., 1990; Kritzer, 1997), suggesting that
subgroups of neurons might be direct targets of androgens (Kritzer, 1997). Consistent with
Kritzer's work, we observed sparsely distributed but strongly staining AR-ir in the VTA, with the
majority of immunoreactivity concentrated in the PBP and PN. Our analysis of AR-ir in the PBP
and PN, and also the cVTA showed no significant age differences between young and aged
animals in two separate cohorts, despite the fact that T levels in the VTA decline with age,
suggesting that ARs may not be as sensitive to regulation by declining androgen levels. In line
with our results, Menard and Harlan (1993) examined the optical density and number of AR-
positive cells in the VTA of male rats after castration, and then with anabolic-androgenic steroid
replacement, and found that neither type of hormone manipulation changed measures of AR in
the VTA, while they did have significant effects in other brain regions. Taken together, this
suggests that ARs in the VTA may not be as sensitive to traditional regulation by changes in
androgen levels, may be regulated by T in a non-traditional fashion, or may be regulated by
non-androgenic factors.

Interestingly, although we did not observe age-related changes in mesolimbic ARs, there
were within-region changes. The NAcS had higher AR-ir compared to the NAcC, and the pVTA
had higher staining than the cVTA, suggesting differential roles of each subregion with respect

to androgen action.
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3.5.3.3 Cohort Staining Differences

The pattern of age-related changes in AR-ir showing decreases in cortical regions of
aged animals and no change in mesolimbic regions was observed in two cohorts of subjects,
although Cohort 2 immunostaining overall was darker than Cohort 1. We found no interaction of
region x cohort, confirming that age had similar effects on AR-ir regardless of cohort. The
between-cohort  differences in  staining intensity likely reflect batch-to-batch
immunohistochemical variability. Since each cohort consisted of both young and aged animals,
was counterbalanced by age in each plate, and was processed altogether in one run, any
variability would affect subjects equally and have no biasing effect on any age differences. In
fact, the similar effect of age observed in both cohorts could even serve to further strengthen the

reliability of our results.

3.56.3.4 Non-Parallel Changes in Receptor and Ligand Amount

Interestingly, our results also show that ligand and receptor concentration do not always
change in parallel in aging — cortical regions had both lower T and less AR, but mesolimbic
regions had lower T and no change in AR. In addition, in cortical regions of Cohort 2 subjects, T
and AR levels were moderately correlated, while there was no significant relationship in most
mesolimbic regions. Taken together, these results suggest that there may be different
mechanisms of androgen regulation of AR expression operating in the cortical versus
mesolimbic regions. However, the fact that AR-ir and cortical T do not correlate significantly in
Cohort 1 subjects is not consistent with this idea. Indeed, the discrepancies between
correlations in Cohort 1 and 2 are puzzling, so it is difficult to infer any clear relationship

between AR-ir, neural T, and serum T from these data.
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3.5.5 Connections to Cognitive Aging of Executive Functions

Although the primary endpoints of this study were endocrine and neurochemical, our
results could have interesting cognitive and behavioral consequences as well. There is
considerable evidence that a relationship between androgens and executive function exists
beyond the fact that both decline with age. Firstly, studies in aged men show relationships
between endogenous T levels and performance on tasks measuring executive functions (Yaffe
et al.,, 2002; Barrett-Connor et al., 1999), and that exogenous T administration can improve
performance (Cherrier et al., 2001; Janowksy et al., 2000). Secondly, the presence of ARs in
cortical regions suggests androgen involvement in higher-order cognitive functions, and that the
mPFC and OFC are targets of gonadal hormone stimulation (Finley and Kritzer, 1999). Finally,
strong evidence has accumulated for androgen modulation of mescorticolimbic DA signaling,
and as a consequence, prefrontal DA-dependent executive functions (Aubele and Kritzer,
2011). For example, GDX impairs and in some cases, T administration restores performance on
spatial working memory and behavioral flexibility tasks (Aubele et al., 2008; Kritzer et al., 2001;
Bimonte-Nelson et al., 2003). In addition, chronic high doses of anabolic-androgenic steroids
impair reversal learning and set-shifting performance (Wallin and Wood, 2015). GDX also
increases axon density of cells with tyrosine hydroxylase, a DA-synthesizing enzyme (Adler et
al., 1999; Kritzer et al., 2000), and extracellular DA levels in the PFC but not other frontal
regions (Aubele and Kritzer, 2010).

Although it is well established that androgens can influence DA-dependent prefrontal
executive functions, it remains unclear whether this occurs through indirect effects on circuits
and regions afferent to the PFC, through direct effects on the PFC itself, or through a
combination of both. Evidence supporting indirect effects of androgens on mesolimbic regions
includes the presence of AR-expressing cells in the VTA and NAc, and the fact that prefrontally-

projecting DAergic afferents in the VTA are enriched in ARs (Kritzer and Creutz, 2008). In
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addition, DA and DA receptor manipulations in subcortical mesolimbic regions like the NAc can
also impact prefrontal executive functions including extradimensional set-shifting and reversal
learning (Haluk and Floresco, 2009). Evidence supporting direct effects of androgens on the
PFC has been fewer, and focuses mainly on the fact that AR-expressing cells are present in the
PFC (Kritzer, 2004).

Although previous work has tended to favor indirect effects, citing the fact that the PFC
has few ARs, making direct effects unlikely (Sato et al., 2008), our results do not definitively side
with one mechanism over the other. For example, we find that ARs are present in mesolimbic
regions of young and aged rats, and that systemic T and neural T in the NAc and VTA decline
with age. Lowered neural T levels in these regions could contribute to impaired regulation of DA
transmission. On the other hand, while ARs are present in mesolimbic regions, the fact that
receptor amount does not change during aging suggests that AR-mediated effects of T may not
be as impaired compared to cortical regions, where AR-ir decreases in addition to neural T
levels. The reduction in cortical AR-ir could reflect a decreased sensitivity of aged PFC cells to
T, which could manifest as impaired T modulation of prefrontal functions directly. Alternatively,
changes in AR amount may not be important behaviorally. AR levels in aged animals could be
lower than in young, but still sufficient, and instead maintaining adequate T levels is the driving
factor with regard to cognitive impairment. In that case, lowered neural T levels in both cortical
and mesolimbic and brain regions could contribute to impaired regulation of DA transmission,
and impairment of executive functions in aging. Further research is needed to dissociate the

roles and relative importance of T and AR.

3.6 Conclusion

In summary, we demonstrate age and region-related changes in endogenous levels of T,
and its receptor, AR, in male F344/BN rats. Compared to young (5 months old) rats, aged (22

months old) rats have significantly lower serum T, neural T, and cortical ARs. Regardless of
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age, neural T levels in mesocorticolimbic brain regions were higher than serum levels,
suggesting the importance of neural androgens to brain function. In addition, an increased
neural: serum T ratio in aged rats suggests that neural T production may be up-regulated with
age. Lower levels of serum T, neural T, and cortical AR may contribute to impairments in
prefrontal DA activity through direct or indirect mechanisms, and thereby contribute to cognitive

aging of executive functions.
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Chapter 4: Conclusion

4.1 Main Conclusions

Altogether, the data presented in Chapters 2 and 3 show that ARs are present in
mesocorticolimbic regions of male rats, including the PFC, NAc, and VTA. These regions,
particularly the PFC, are underappreciated but important sites of androgen action, and not
traditionally considered as classical regions of high AR abundance. One barrier to studying
androgen action in the PFC may have been difficulty in visualizing ARs; however, we have
addressed this issue by showing that TSA technology facilitates stronger immunolabeling and
detection of ARs, which are expressed primarily by neurons and not glia. This will ultimately
enable improved examination of cortical ARs, and the role they play in cognition.

Our results also show that not only are ARs present in mesocorticolimbic regions, but
that they are also affected by age in a region-dependent manner. In a comparison between
young and aged male rats, AR levels were shown to decrease with age in cortical areas, but not
in mesolimbic areas. Serum and mesocorticolimbic T levels also decreased with age. Since
androgens may be involved in regulating executive functions, these age-related declines in AR
and T levels may contribute to executive impairments with age. Additionally, across ages, we
showed that T levels in the brain were higher than circulating T levels, suggesting the
importance of neural androgen action. We also observed a higher neural T: serum T ratio in
aged animals compared to young. Neurosteroids and their function are another
underappreciated area of study, and our results suggest that neuroandrogen production may be

particularly important in the context of aging.
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4.2 Study Limitations

It is important to note that our analysis is limited to the traditional nuclear AR. Although
the vast majority of work on androgen action in the brain has focused on nuclear ARs,
androgens could also be regulating neural activity through their membrane AR, or through a
combination of both. The existence of a membrane AR has been long suspected, but only
recently characterized (Thomas et al., 2014), and its distribution and density has yet to be
determined in the rat brain. Membrane receptors for other steroid receptors including ER have
previously been characterized in the nervous system, and rapid effects of androgens have been
observed (Heinlein and Chang, 2002), along with effects of androgens in testicular feminized
rats with poorly functioning nuclear ARs (Sato et al. 2010), suggesting that there may be a role
for membrane ARs in the brain.

Another limitation concerns the possibility that the primary antibody used in our
experiments might preferentially or only recognize liganded ARs, and not unliganded ARs. As
with most nuclear receptors, it is thought that bound receptors reside in the nucleus, whereas
unbound receptors are found in the cytoplasm. Throughout AR-positive regions of the rat brain,
we detected exclusively nuclear AR staining, even in areas of high AR density per cell, such as
the hypothalamus, where cytoplasmic staining would be most likely. While it is possible that our
antibody does detect unliganded AR, but it is simply present at very low amounts not detectable
by IHC, the apparent lack of non-nuclear AR staining suggests that recognition of exclusively
liganded AR is also a possibility. This was previously a concern with another widely used AR
antibody, PG-21 (Zhou et al., 1994; Lu et al., 1998; Greco et al., 1996), although some have
also argued that PG-21 does indeed recognize unliganded receptor (Lu et al., 1998). In studies
using PG-21 in rats and songbirds, T was injected into subjects prior to sacrifice in order initiate
receptor-ligand translocation to the nucleus to increase immunostaining visibility (Smith et al.,

1996; Soma et al., 1999; Xiao and Jordan, 2002). Our antibody, ab133273, and PG-21
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recognize very similar epitopes on the AR protein, with PG-21 recognizing an epitope located on
the first 21 amino acids (Prins et al., 1991; Smith et al., 1996), and ab133273 recognizing a
region within the first 30 amino acids (as per manufacturer). If indeed these antibodies do not
recognize unliganded AR, one concern is that our AR-ir observations would not necessarily be
reflective of actual AR levels. While this is a distinct possibility, we view this as unlikely to be
responsible for our observation of lower AR-ir in cortical regions with age for several reasons.
Firstly, although there was an age-related decrease in neural T levels in our regions of interest,
T levels were not extremely low. In fact, neural T levels of aged animals were higher than or
very close to serum T levels of young animals. Secondly, there were similarly lower neural T
levels across cortical and mesolimbic regions of aged animals, yet only cortical regions showed
decreased AR-ir. If lowered neural T was responsible for the decrease in bound receptors and
AR-ir, we would expect decreased AR-ir across all regions examined.

It is also critical to emphasize that our results are limited to detection of changes in the
amount of ARs and not necessarily their functioning. There is an important distinction between
an age-related decline in the amount of AR (via increased degradation or decreased synthesis
of the protein), and an age-related decline of AR function (without change in absolute amount)
(Chang and Roth, 1979). For example, it has been proposed that aging impairs AR’s ligand
binding affinity, or ability to translocate to nucleus (McGinnis and Yu, 1995), but not
concentration (Greenstein, 1979). These possibilities are unlikely for similar reasons as stated
above, and also the fact that no cytoplasmic AR-ir was observed.

A final limitation is that our study focuses only on ARs, and does not examine ERs.
Since T is a major source of brain estradiol in males (Hojo et al., 2009), understanding ER
action is an important part of understanding T action, and any changes in ARs must be
understood in the context of changes to ERs. For example, age-associated decrease in cortical

ARs could suggest a decreased sensitivity to T, but could also suggest that T conversion to
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estradiol and interaction with ERs may be more important in aged rats. Future work should look

at how ER and estradiol levels change with age.

4.3 Future Directions

There are several promising directions for future research concerning the relationship
between neural androgens, ARs, and cognitive aging of executive functions. One interesting
direction is examination of membrane ARs. A novel membrane AR has been characterized in
the Atlantic croaker (Thomas et al., 2014), but basic research is still needed on the presence
and distribution of membrane ARs in the rodent brain.

Understanding the role of ERs, aromatase, and neuroestrogens is another important
piece in understanding the contributions of neuroandrogens and ARs to cognitive aging. As ERs
and aromatase enzymes are present throughout the rat brain (Shrughrue et al., 1997; Sanghera
et al., 1991) with substantial overlap with the distribution of ARs (Wood, 2004), it is possible for
them to have a role in mediating effects of neural T. Future research could examine how levels
of ERs, circulating and neuroestrogens, and aromatase change with age in mesocorticolimbic
regions.

Future work could also investigate age-related changes in ARs in female rats. While we
focused exclusively on males in our aging study, sexual dimorphism in AR expression has been
documented in the rodent brain (Xiao and Jordan, 2002), and we observed sex differences in
AR immunoreactivity in frontal cortical areas in our immunofluorescent double-labeling study.
Prospective studies could also look at behavioral endpoints in females, and further investigate
sex differences in cognitive flexibility and working memory.

Finally, future research could also expand on our observational findings by using
manipulations of T levels in vivo, coupled with examination of the effects on behavior, systemic

and neural T levels, and AR levels. Such T manipulations could include both systemic and
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targeted local hormone manipulations, for example, by GDX; by administration of different
doses of androgens, inhibitors of steroidogenic enzymes, or AR antagonists; by selective
genetic knockouts; and by combinations of the aforementioned techniques. Better
understanding the role of neuroandrogens is a particularly exciting area of research. A large
amount of work on neurosteroids has focused on demonstrating steroidogenesis in the nervous

system, while less is known about the unique functions they could have.

4.4 Clinical Relevance

Our findings may have some relevance for clinical applications of sex steroids in aging.
Administration of steroids can ameliorate, to some degree, age-related changes in cognitive
function, and sex steroids are considered promising therapeutic candidates for disorders of the
nervous system (Schumacher et al.,, 2003). HRT is currently used to treat symptoms of
andropause; however, it is accompanied by poorly understood risks, including an increased risk
of prostate cancer and cardiovascular side effects (Bhasin et al., 2010). More work is needed to
develop specialized HRT treatments, particularly ones aimed at treating psychological deficits.
One promising approach may be stimulation of neural ARs. For example, selective AR
modulators (SARMs) are drugs that act as tissue-specific AR ligands, and could be selectively

targeted to neural tissues.
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