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Abstract

17B-oestradiol significantly influences several physiological processes, many of which
are linked to the central nervous system. Oestrogen receptors (ERs) are widespread
thoughout the brain, including the social behaviour network (SBN): a conserved set of
hypothalamic and limbic nuclei underlying sexually dimorphic social behaviours.
Previous research has shown confirmed the brain’s capacity to synthesise its own
oestrogens, termed neuroestrogens, albeit with a focus on the hippocampus. The
hypothalamus has garnered less attention in this regard. Despite evidence that
hypothalamic aromatase is active, direct quantification of neuroestrogens in this region
or in the nodes of the social behaviour network have not been performed. This
highlights a significant gap in knowledge, as neuroestrogens bear the potential to serve
as critical modulators within the SBN. Furthermore, how neuroestrogen synthesis is

regulated in the female in the face of abundant gonadal oestrogens is unknown.

To address this gap, we developed a novel method to measure neuroestrogens within
the SBN, allowing us to understand how neuroestrogen synthesis is regulated in two
major hypothalamic SBN nuclei. We have demonstrated that neuroestrogens were still
measurable in ovariectomised mice, underscoring the autonomous steroidogenic
capacity of the SBN. We also demonstrated the presence of a novel, androgen-
dependent regulatory pathway that regulates neuroestrogen synthesis in the female
medial preoptic area (mPOA) but not in the ventromedial hypothalamus (VMH),
suggesting nuclei-specific regulation of neuroestrogen production. We have
demonstrated that disruption of this pathway in vivo has a subtle anxiogenic effect,
correlated with dendritic atrophy and reduced spine density in the female mPOA, akin
to that observed in ovariectomised mice. Finally, we used a unique conditional
aromatase knockout mouse to understand how neuroestrogen synthesis within
discrete hypothalamic SBN nuclei contributes to behaviour. In doing this, we showed
hypothalamo-limbic aromatase regulates anxiety but not sex or aggressive behaviours

in the male mouse.
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Chapter 1

Introduction



1.1 Neurosteroids
1.1.1 Steroid hormones

Oestrogens, a class of sex steroid hormones including oestrone, 17p3-oestradiol
(E2), oestriol, and oestetrol, display a broad range of physiological functions. These
functions are mediated though cognate oestrogen receptors (ERs) belonging to the
nuclear receptor family which activate transcriptional processes and/or signalling
events upon ligand binding (Fuentes and Silveyra, 2019). Steroid hormones are
synthesised from cholesterol in peripheral steroid glands, such as the ovaries, which
primarily produce and secrete oestrogens and progestins; the testes, which primarily
produce and secrete androgens including testosterone; and the adrenal cortex, which
produces and secretes a range of steroid hormones including glucocorticoids,
mineralocorticoids, androgens, progestins and oestrogens (Payne and Hales, 2004).
Since all steroid hormones share a common precursor, they can be transformed into
other steroid hormones in the steroidogenic pathway (section 1.1.2). For example, the
adrenal cortex is a rich source of dehydroepiandrosterone (DHEA), which can weakly
bind androgen receptors or be transformed into androgens or oestrogens (Beck and
Handa, 2004).

Steroid hormones exert transient effects that have the potential to cause permanent
tissue-specific alterations in anatomy and physiology (Wilson and Davies, 2007), alter
physiological processes (Charkoudian et al., 2017), and modulate behaviours (Schulz
and Sisk, 2016). Often steroid hormones induce these effects in series. For example,
Eo-stimulated progesterone synthesis triggers the surge in luteinising hormone which
regulates ovulation (Micevych and Sinchak, 2011). Conversely, progesterone inhibits
E> synthesis by inhibiting the expression and activity of aromatase, the enzyme
responsible for E» synthesis (Yilmaz et al., 2011). The lipophilic nature of steroid
hormones means that they are unable to be stored in intracellular vesicles and are
typically synthesised when required (Holst et al., 2004). Their properties make them
ideal chemical messengers that can act on a wide range of tissues as well as pass
though the blood brain barrier (Banks, 2012). The neuroendocrine actions of steroid
hormones were originally thought to be mediated solely though their endocrine mode
of signalling from the periphery. However, the discovery of steroidogenic enzyme
expression in the central nervous system (CNS) (Wehrenberg et al., 2001) and the
ability of primary cell cultures to synthesise steroids (Hojo et al., 2004a) led to a re-
evaluation of the relationship between steroid hormone synthesis and brain function. It

is now appreciated that neurones and glial cells synthesise “neurosteroids”, a term



referring to steroids synthesised from haematogenous precursors or de novo in the
brain. Neurosteroids are critical mediators of CNS development and function, including
the differentiation, proliferation, and survival of neurones (Dovey and Vasudevan,
2020), and regulate physiology. For example, neuroprogesterone synthesis within the
hypothalamus triggers the surge in luteinising hormone which regulates ovulation and
oestrous cyclicity (Micevych and Sinchak, 2011). Alterations in neurosteroid
concentrations are a factor in pathological states including anxiety and depression
(Walf and Frye, 2006), epilepsy (Miziak et al., 2020), and neurodegenerative disease
(Luchetti et al., 2011).

1.1.2 Steroid hormone synthesis

All steroid hormones are derived from a common cholesterol precursor. The
steroidogenic pathway is shown in Fig. 1.1. The rate-limiting step is the transport of
free cholesterol across the aqueous intermembrane space of the mitochondria by
transporter proteins, the most acknowledged being the steroidogenic acute regulatory
protein (StAR) (King et al., 2002). Other transport proteins — the translocator protein,
the voltage-dependent anion channel, and the adenine nucleotide transporter — are
also necessary for the initial synthesis step (Miller and Bose, 2011). The cytochome
P450 side chain cleavage enzyme (P450scc, encoded by the CYP11A1 gene), located
on the inner mitochondrial membrane, converts cholesterol to pregnenolone, initiating
steroidogenesis (Miller and Bose, 2011). Pregnenolone is the final common branch
point for corticoids, progestogens, and androgens. Sex steroid hormones (androgens
and oestrogens) are synthesised though a complex series of enzymatic conversions
that produce intermediary progestogens: progesterone, dihydroxyprogesterone, and
allopregnanolone. Hydroxysteroid dehydrogenase (HSD) enzymes 33-HSD and 17f3-
HSD (encoded by the HSD3B1 and HSD17B1 genes, respectively) synthesise
androgens, which are the precursors for oestrogen synthesis, with the exception of
dihydrotestosterone (DHT), which is non-aromatisable. Among the oestrogens, E; is
the most physiologically relevant due to its abundance and potency (Thomas and
Potter, 2013).



Cholesterol

P450scc (Cyplial)

StAR (Star) P450(17a) P450(17a) 17p-HSD aromatase
(Cypi7al) (Cyp17al) (Hsd17b1) (Cyp19al)
Pregnenolone ——= 17-OH pregnenolone ———— Dehydroepiandrosterone —— Androstenediol —_— Oestrone
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21-hydroxylase 5a-reductase
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11B-hydroxylase 7 3B-HSD (Hsd3b1)
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Corticosterone 3a-diol 3B-diol
11B-HSD aldosterone synthase
(Hsd11b1) (Cyp11b2)
11-dehydrocorticosterone 18-hydroxycorticosterone

aldosterone synthase
(Cyplib2)

Aldosterone

Figure 1.1. Rodent steroidogenic pathway. Oestrogens (pink), androgens (blue),
progestogens (yellow) and corticosteroids (green) are all synthesised from cholesterol
(grey). Enzymes are shown next to arrows, and gene names for each enzyme are

shown in italics.

Steroidogenic enzymes are widely expressed across the brain (Do Rego et al.,
2009). One of the best studied steroidogenic regions is the hippocampus, where
neurosteroids have been associated with learning and memory (Hojo and Kawato,
2018). However, other brain regions, including the hypothalamus and cerebral cortex,
have also been shown to express all of the steroidogenic enzymes necessary for de
novo steroid synthesis in rodents (Strémstedt and Waterman, 1995). Rodents, birds,
and primates express steroidogenic enzymes in neurones and glia (Do Rego et al.,
2009), suggesting neurosteroidogenesis is the result of a synergy of enzymatic
reactions between cell types. Indeed, in the rat brain, oligodendrocytes primarily
produce pregnenolone; astrocytes produce progesterone and androgens; neurones
produce progesterone and oestrogen, but do not produce testosterone (Zwain and
Yen, 1999). For de novo synthesis of neurosteroids, cells must coexpress StAR and
P450scc (King et al., 2002). StAR is widely expressed thoughout the brain and
coexpression with P450scc has been shown in the hypothalamus (King et al., 2002),
hippocampus, and Purkinje cells (Furukawa et al., 2002). Purkinje cells also express

3B-HSD (Furukawa et al., 2002), alongside cultured primary rat astrocytes



(Emanuelsson et al., 2018). The existence of 173-HSD in the brain has long been
inferred from the presence of androgens and oestrogens in brain tissue (Pérez et al.,
1975), but expression is restricted to astrocytes in the neonatal rat brain (Zwain and
Yen, 1999) and glial cells in the adult male rat (Pelletier et al., 1995). 5a-reductase
exists in thee isoforms, types I-lll, yet type | is the most abundant isoform in the brain
of rodents (Melcangi et al., 1993, Pelletier et al., 1994). Expression has been shown in
both neurones and glial cells obtained from primary cultures from neonatal rat
(Melcangi et al., 1993). Despite the abundance of steroid enzyme expression in the
brain, it is receptive to peripheral steroid precursors from the circulation or even other
brain areas. It is not entirely clear which areas function as independent steroidogenic
microenvironments and if or how this is balanced with availability of peripheral

precursors.

Neurosteroid synthesis is not fully understood due to the complexities of enzyme
expression and activity thoughout the brain, which are simultaneously site-specific
(Strémstedt and Waterman, 1995), sexually dimorphic (Roselli et al., 1998),
developmentally regulated (Kohchi et al., 1998), contextually regulated (Liu et al.,
2011), and species-specific (Pelletier, 2010). For example, 3f-HSD mRNA is
expressed across the rat brain, including the olfactory bulb, thalamus, hypothalamus,
and hippocampus, but the highest levels are observed in the cerebellum (Guennoun et
al., 1995). The concentration of hippocampal 33-HSD mRNA decreases between birth
and adulthood in the male rat (Ibanez et al., 2003), though in the cerebellum,
expression peaks at postnatal day 10 in male and female rats (Kohchi et al., 1998). In
quail, 3-HSD mRNA has been detected in the diencephalon and at high levels in the
cerebellum (Matsunaga et al., 2002), though enzyme activity is higher in the
diencephalon (Ukena et al., 1999). In zebra finches, 33-HSD activity is sexually
dimorphic, with females showing more activity in telencephalic regions than males
(Soma et al., 2004). However, acute restraint stress rapidly reverses the sex

dimorphism, such that activity is higher in the male telencephalon (Soma et al., 2004).

Another complicating factor is the differences between studies that measure mRNA
expression, protein expression, and enzymatic activity. mRNA is not always correlated
with protein level and enzymatic activity may be regulated by post-translational
modifications (Russell et al., 1995). Furthermore, there are no studies that show a
comprehensive expression profile of the major steroidogenic enzymes across the
brain, or in discrete brain regions in a particular species. This is something we have

addressed in this thesis.



1.1.3 Aromatase

Aromatase, encoded by the CYP19A1 gene, converts testosterone and other
C19 androgens into oestrogens. In the brain, expression and activity is typically highest
in the medial preoptic area (MPOA), anterior hypothalamus (AH), ventromedial
hypothalamus (VMH) and medial amygdala (meA) of adult rats (Roselli et al., 1985b).
Aromatase protein and synaptic activity have also been reported in synaptic boutons in
vertebrates (Peterson et al., 2005). A single functional isoform is present in rodents
(Terashima et al., 1991) and humans (Corbin et al., 1988), whereas fish express
multiple functional isoforms (Callard and Tchoudakova, 1997, Chiang et al., 2001). In
the mouse, aromatase expression is under the control of four different promoters
specific to the brain, adipose tissue, ovary, and testis, each of which contributes more
than 85% of Cyp19 transcripts to its particular tissue (Golovine et al., 2003, Zhou et al.,
1996). In mHypo-E42 mouse embryonic hypothalamic cell lines (N42), activity of the
brain-specific promoter is regulated by E> and progesterone acting via their cognate
receptors (Yilmaz et al., 2009, Yilmaz et al., 2011). Oestrogen receptor (ER)a
complexes with c-Jun at distinct activator protein (AP)-1 regions in the Cyp719a1 gene
to induce expression of aromatase via promoter L.f. (Yilmaz et al., 2009). Conversely,
aromatase expression is inhibited when the progesterone receptor is recruited to
promoter L.f. (Yilmaz et al., 2011). E>-mediated positive feedback on aromatase
expression has also been reported in cancer cell lines (Catalano et al., 2014) and
primary cultures of amygdala neurones (Cisternas et al., 2017), though how this
mechanism is downregulated is not well understood. Furthermore, the synthetic
oestrogen diethylstilbestrol was shown to slightly increase aromatase activity in the
mPOA, VMH and bed nucleus of stria terminalis (BNST) of the adult female rat, though

to a much lesser extent than androgens (Roselli and Klosterman, 1998b).

Aromatase is post-translationally regulated by phosphorylation, which reduces catalytic
activity and promotes protein degradation (Hayashi and Harada, 2014). Androgens
have also been shown to regulate aromatase protein expression and activity. In the
adult male rat, castration significantly reduced both expression and activity of
aromatase in the preoptic area (POA) (Abdelgadir et al., 1994). Testosterone treatment
restored levels to those seen in intact male rats (Abdelgadir et al., 1994), suggesting
that the expression and activity of aromatase depends on its substrate. Testosterone
also increases aromatase activity in the female rat mPOA, VMH, and BNST (Roselli
and Klosterman, 1998b). Interestingly, treatment with the non-aromatisble androgen
DHT increased expression and activity in castrated male rats (Abdelgadir et al., 1994).

Whether this was mediated by the androgen receptor was unclear, although recent



studies have shown that DHT and its metabolite 5a-androstane-33,17p3-diol (33-diol)
can increase aromatase expression in amygdala cultures (Cisternas et al., 2017). This
was shown to be mediated via ER (Cisternas et al., 2017), for which 33-diol shows a

strong affinity (Handa et al., 2011).

The aromatase protein is notoriously difficult to immunostain, likely due to the
subcellular localisation of the enzyme (Cornil, 2018). Therefore, visualisation is
typically achieved by engineering the expression of detectable proteins, such as green
fluorescent protein (GFP), in transgenic mice (Stanic et al., 2014), and localisation is
typically derived from expression of the mRNA transcript (Roselli et al., 1998). These
methods have shown that aromatase is primarily expressed in the hypothalamus,
hippocampus, and amygdala of vertebrates (Tabatadze et al., 2014b, Stanic et al.,
2014, Zhao et al., 2007), though expression has also been detected in the olfactory
bulb and cerebral cortex (Stanic et al., 2014). Like the other steroidogenic enzymes,
the expression and regulation of aromatase is both region-dependent and sexually
dimorphic (Roselli, 1991). The embryonic mouse hypothalamus houses a network of
~6000 aromatase-expressing neurones from E13.5 (Wartenberg et al., 2021). By birth
at postnatal day (P)0, the expression becomes sexually dimorphic, with higher levels of
aromatase expression in the female mPOA, whilst the male arcuate nucleus (ARC)

expresses higher levels of aromatase than the female (Wartenberg et al., 2021).

Since the ovary represents the major source of oestrogens in the female, the role of
brain aromatase in behaviour and its effect on the underlying neurophysiological
circuitry is often overlooked, with studies typically only reporting the role of central
aromatase in male knockout animals (Brooks et al., 2020b). Whilst female rodents
show lower enzymatic activity than males across several brain regions (Roselli and
Klosterman, 1998b), the affinity of brain aromatase for its substrate is similar between
the sexes (Konkle and Balthazart, 2011), and higher than the affinity of ovarian
aromatase (Hutchison et al., 1992). In the rat, aromatase activity within the mPOA
does not fluctuate across the oestrous cycle, nor is it significantly altered by
ovariectomy (OVX) (Roselli et al., 1984), suggesting that brain aromatase activity may
be constitutive and independent of ovarian aromatase. In line with this, concentrations
of hippocampal E: are significantly greater than plasma concentrations in the female
rat (Kato et al., 2013). Thus, brain aromatase activity could be important for

maintaining local levels of E; for proper neuronal function (Pareto et al., 2013).

The aromatase knockout (ArKO) mouse, which is deficient in aromatase activity

because of a targeted mutation in the Cyp79a7 gene, shows severe impairments in



reproductive behaviour and olfaction (Bakker et al., 2002). Female ArKO mice possess
functional ERs, yet olfaction is not rescued by E. treatment (Bakker et al., 2002). Whilst
a non-conditional knockout model does not define the contribution of brain vs ovarian
aromatase to resulting behaviours, it suggests a role for aromatase in female brain
development. As discussed in section 1.2.1, the majority of neural circuitry that
underlies sexually dimorphic and innate behaviours is set up perinatally. At this stage,
the ovaries are quiescent and remain this way until puberty (McCarthy, 2008). This has
led to the belief that the female brain develops in the absence of E». However, the
behavioural phenotype of ArKO mice suggests that the neural circuitry was not
properly organised perinatally. Furthermore, androgenised females, a model in which a
single exposure of a neonatal female to androgen causes permanent sterilisation and
masculinisation of the behavioural profile (Arai and Gorski, 1968), a known result of E»,
indicates that brain aromatase is present and catalytically active in the brain during the
quiescence of the ovaries. Together, this points to a role for central aromatase in
female brain development. A more suitable genetic model for understanding brain
aromatase in the female is the brain-specific conditional ArKO mouse (Brooks et al.,
2020b). However, this has only been used for the investigation of male sexual
behaviour, which was significantly impaired compared to WT controls (Brooks et al.,
2020b). More recently, a forebrain-specific ArKO mouse was generated, in which
males and females both showed significant deficits in forebrain spine and synaptic
density, hippocampal-dependent spatial memory, recognition memory, and contextual
fear memory (Lu et al., 2019). Social behaviours were not investigated. A better model
for understanding the contributions of brain aromatase to behaviours would be a site-

specific conditional knockout model, which has been utilised in this thesis.
1.1.4 Neuroestrogens

The synthesis of neuroestrogens is widely accepted and has been shown in cell
culture (Prange-Kiel et al., 2003), slice culture (Kretz et al., 2004a), and in vivo across
many species including rodents (Hojo and Kawato, 2018), fish (Callard et al., 1995),
frogs (Chakraborty and Burmeister, 2015), and primates (Maclusky et al., 1986),
though it is best studied in birds (Jalabert et al., 2022, Saldanha et al., 2013b,
Schlinger and Arnold, 1992). Intracerebral injection of tritiated androstenedione to male
zebra finch resulted in the detection of tritiated E; in the jugular plasma leaving the
brain after 5 minutes (Schlinger and Arnold, 1992). Microdialysis has also shown rapid
fluctuations in the zebra finch forebrain during social behaviours (Remage-Healey et
al., 2008). Micropunches taken from the male zebra finch brain show varying

concentrations of E», with the caudal medial nidopallium (NCM), an auditory area



related to song behaviour, showing the highest levels (Charlier et al., 2010b). In
rodents, neuroestrogen synthesis is typically studied in areas known to produce high
concentrations of neuroestrogens, such as the hippocampus (Hojo and Kawato, 2018).
In rat hippocampal slice cultures, the concentration of E; measured in culture medium
is significantly decreased with the aromatase inhibitor letrozole in a dose-dependent
manner (Kretz et al., 2004a). Studies in mice tend to focus on the localisation and
activity of aromatase rather than measuring neuroestrogens themselves (Brann et al.,
2022). It is also important to note that neuroestrogen synthesis is typically studied in
males, perhaps due to higher aromatase activity (Roselli et al., 1985b) lending itself to

a better ability to detect neuroestrogens.

Neuroestrogens play a pivotal role in modulating the physiology and architecture of
neurones (Romano et al., 2008, Di Mauro et al., 2015, Kretz et al., 2004a) by acting in
a paracrine, autocrine, or synaptocrine manner (Saldanha et al., 2011).
Neuroestrogens mediate their effects in the same way as peripheral oestrogens:
binding to their cognate receptors. Steroid hormones are typically viewed as freely
diffusing molecules due to their lipophilic properties (Holst et al., 2004), yet
neuroestrogens are thought to be spatially restricted by nearby enzymes and receptors
(Schlinger et al., 2014). Transgenic mice that express enhanced (E)GFP following the
physiological activation of the Cyp79a1 gene have shown that, in many cases, ER-
expressing cells are in close proximity to aromatase-positive cells, and many cells co-
express the two (Stanic et al., 2014). In primary cultures from adult male rat
hippocampus, neuroestrogen released into the culture medium acts in a para/autocrine
manner to increase ERa expression in cells (Prange-Kiel et al., 2003). In areas
abundant in aromatase-positive soma (Table 1.1), there is also an abundance of
aromatase-positive fibres, which typically project to regions that possess aromatase-
negative cells (Saldanha et al., 2000). This leads to some areas being rich in
aromatase-positive fibres with a scarcity of aromatase-positive soma (Stanic et al.,
2014). Therefore, one brain region may be able to control E2 concentrations in other
brain areas though its afferent projections. Dendritic aromatase and production of
neuroestrogens at or near the synapse (Saldanha et al., 2011) is controlled by
depolarisation-sensitive, calcium-dependent events in the presynaptic terminal
(Remage-Healey et al., 2011). Therefore, E, produced at or near the synapse can act
as a neurotransmitter, docking membrane receptors on the postsynaptic terminal to
rapidly modulate long-term potentiation and fast excitatory postsynaptic potentials (Di
Mauro et al., 2015, Foy et al., 1999). E> can also act on the presynaptic neurone,

suppressing GABAergic currents synapsing on gonadotropin-releasing hormone



(GnRH) neurones (Romano et al., 2008). It is in this manner that neuroestrogen
regulates GnRH neurosecretion (Kenealy et al., 2013). These actions are typically
rapid and therefore rely on the expression of nongenomic receptors in particular
regions, which helps to limit the actions of E; to discrete neural circuits. Spatial
specificity of neuroestrogens may be further controlled by hormone-binding globulins
that sequester E», or by catabolism to limit actions in discrete neural circuits (Schlinger

et al., 2014, Cornil et al., 2006). These mechanisms have received very little attention.

E» has a myriad of effects on the structural plasticity of the brain, and these may
depend on the receptor it activates. The hypothalamic cell lines RCF-6 and RCF-12
express ER but not ERa, whilst RCF-8 cells express both ERs (Nilsen et al., 2000).
When grown in steroid-deficient media and treated with E> with or without the ER
antagonist tamoxifen, RCF-6 and RCF-12 cells show decreased viability in the
presence of Ez but not tamoxifen; RCF-8 cells show increased viability in the presence
of E> but not tamoxifen. Furthermore, when grown in steroid-deficient media with E»
added, RCF-8 cells show increased expression of the anti-apoptotic gene bcl-2; RCF-
12 and RCF-6 cells show increased numbers of TUNEL-positive cells, indicating
apoptotic DNA fragmentation (Nilsen et al., 2000). This strongly suggests ERf3
mediates apoptosis whilst ERa is neuroprotective, at least in cell lines. On the contrary,
treating neonatal female and androgenised female rats with antisense oligonucleotides
against ERa reduces the volume of the SDN-POA (McCarthy et al., 1993). In
dopaminergic neurones expressing ERa and the G protein-coupled oestrogen receptor
(GPER)1, activation of GPER1 is necessary for neuroprotection (Bourque et al., 2015).
Thus, it seems that the neuroprotective or apoptotic effects of Ex may also depend on

multiple receptors and signalling mechanisms.

1.2 Oestrogen receptors

ERs are densely expressed in both the male and female reproductive tract
(Chen et al., 2022). In the male, ERa is primarily located in the efferent ductile
epithelium, where its expression is even more abundant than in the female
reproductive tract (Hess, 2003). ERs are also expressed in a vast array of tissues
including bone, liver, adipose tissue, skin, and the brain at similar levels in both sexes
(Hutson et al., 2019), although regional differences in expression levels within the brain

have been noted (Dovey and Vasudevan, 2020).

The brain is widely responsive to sex hormones due to the expression of ERs in

neurones and glial cells (Crespo-Castrillo and Arevalo, 2020). As a result, the brain
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shows considerable hormone-regulated plasticity (Woolley and McEwen, 1992). The
effects of E; are largely dependent upon the receptor activated and the relative density
of its expression (Chen et al., 2022). Brain regions with lower ER expression levels
might have limited responses to E,, or may require higher concentrations provided by
targeted, local E; synthesis (discussed in section 1.4). The localisation of ERs within
cells also determines the involvement of signalling pathways causing changes in gene
expression or the initiation of signalling cascades (Hall et al., 2001). Together, these
signalling mechanisms coordinate the pleiotropic effects of E; in the brain, such as
neurogenesis (Fowler et al., 2008), neurodevelopment (Dovey and Vasudevan, 2020,

Crider and Pillai, 2017), and neuroprotection (Brann et al., 2007).
1.2.1 Genomic oestrogen receptor signalling

As a lipophilic steroid hormone, E; can freely enter cells and bind to nuclear
ERs in the cytoplasm. ERa is a 66 kDa protein encoded by the ESR1 gene and was
first cloned from the human breast cancer cell line MCF-7 (Green et al., 1986). ERp
(ESR2) is a 59 kDa protein that was discovered 10 years later in the prostate and
ovary (Kuiper et al., 1996) and is assumed to have arisen as a gene duplication event
early in evolution (Handa et al., 2012). Both ERs have a similar structural organisation,
consisting of an N-terminal/activation function-1 domain, DNA binding/activation
function-2 domain, hinge domain, and a C-terminal region containing the ligand-binding
domain (Kumar et al., 1987). The binding of ligand induces a conformational change in
the receptor that promotes homo- or heterodimerisation (Tamrazi et al., 2002). Dimers
translocate to the nucleus and bind DNA at conserved oestrogen response elements
(ERESs), which are cis-acting enhancers found within the regulatory regions of target
genes (Klinge, 2001). The activation function regions of the receptor dimer bind to
coactivators to drive a positive or negative effect on the downstream target gene (Hall
et al., 2001). ERs can also be activated in the absence of ligand by phosphorylation of
specific serine and tyrosine residues in the receptors themselves, or by associating
with coactivators and corepressors (Bennesch and Picard, 2015). Nuclear oestrogen
receptors can also induce the expression of genes containing non-ERE elements, such
as those containing activator protein (AP)-1 sites (Fuentes and Silveyra, 2019). AP-1 is
composed of proteins belonging to the c-Fos, c-Jun, and Jun dimerisation partner
families, and ERa can interact with c-Fos and c-Jun to induce the expression of genes
(O’Lone et al., 2004). The transcriptional effects of genomic signalling take place over

the course of hours to days (Lai et al., 2017).
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Small differences in sequence homology elicit functional differences between the
receptors. ERa and ERp share up to 95% sequence homology in their DNA-binding
domain, 55% in their ligand-binding domain, and 15% in their N-terminal domain
(Kumar et al., 2011). Although the DNA binding domains of the nuclear ERs are highly
homologous, ERa and ERp show different binding affinities for natural EREs that have
one or more nucleotide changes from a “core” sequence (Hyder et al., 1999). Thus, the
binding affinity of ERB may be two-fold lower than ERa for a specific ERE (Yi et al.,
2002). Functionally, this makes ERa a more potent activator of transcription than ER[
(Loven et al., 2001), though ERB shows an increased affinity for phytoestrogens
(Kuiper et al., 1998). The two receptors overlap in their expression patterns across the
brain with a few exceptions where one receptor is expressed at higher levels than the
other (Merchenthaler et al., 2004). ERa is the prevailing receptor in the ventromedial
hypothalamus (VMH) (Mitra et al., 2003) whereas ERp is more abundantly expressed
in the hippocampus (Shughrue et al., 1997). Though there is a relative lack of sex
differences in brain ER expression (Hutson et al., 2019), the genomic targets of ERs
are sexually dimorphic (Chen et al., 2016). For example, in human breast tissue, the
immunoglobulin gene IGLV4-69 showed increased targeting by ESR1 in males
compared to females (Chen et al., 2016). In females, MYOT, encoding a cytoskeletal
protein involved in muscle contraction showed greater ESR1 targeting in females
(Chen et al., 2016).

1.2.2 Nongenomic oestrogen receptor signalling

Not all oestrogenic signalling can be attributed to ERa and ER}.
Transcriptionally regulated proteins are not detected for hours, which is not consistent
with some of the rapid effects of E> (Watters et al., 1997, Sheppard et al., 2018).
Membrane ERs (mERS) initiate rapid nongenomic responses by activating protein
kinases, modulating calcium flux, and altering the electrical properties of neuronal
membranes (Foy et al., 1999, Chaban et al., 2004, Wade et al., 2001). This is
important for enhancing fast excitatory postsynaptic potentials and facilitating long-term

potentiation for the strengthening of synapses (Babayan and Kramar, 2013).

Approximately 5-10% of ERa is trafficked to the membrane of all cells studied to date
(Levin, 2009). Extra-nuclear ERa is detected in dendrites and axon terminals in the
hypothalamus (Blaustein et al., 1992), in dendritic spines in the hippocampus (Milner et
al., 2001), and in within vesicles of GABAergic neurones that are triggered to move
towards the axonal membrane within 24 h of E; application (Hart et al., 2007).

Membrane ERa exists as a 66 kDa protein that can mediate transcriptional responses
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to E2 and a truncated 46 kDa protein that mediates acute responses to E, (Figtree et
al., 2003), though the 46 kDa variant has not been described in the brain (Toran-
Allerand, 2004). In hypothalamic neurones and astrocytes cultured from male and
female rats, a 52 kDa variant of ERa has been detected (Dominguez and Micevych,
2010). Palmitoylation by cellular proteins is required to traffic ERs to the plasma
membrane (Pedram et al., 2007), though E» has been shown to increase the amount of
the 52 and 66 kDa ERa at neuronal and astrocytic membranes within 30 min
(Dominguez and Micevych, 2010). The role of the ER variants has been discussed in
(Rainville et al., 2015).

Other novel mERs exist as G protein-coupled receptors (GPCRs) (Filardo et al., 2002).
The G protein-coupled oestrogen receptor (GPER)1 is a former orphan GPCR that was
shown to bind E2 and increase adenylyl cyclase activity and cyclic AMP (cAMP) in
breast cancer SKBR3 cells (Thomas et al., 2005). GPER1 can signal via both the Gas
and Ggy subunits to transactivate the epidermal growth factor receptor leading to
downstream activation of the extracellular signal-regulated kinase (ERK) pathway
(Filardo et al., 2002). In the hippocampus, GPER1 associates with postsynaptic density
protein-95 (PSD-95) to localise to the membrane independently of E> (Akama et al.,
2013). Activation of neuronal GPER1 promotes the activity of pro-survival kinases and
attenuates the pro-apoptotic JNK pathway (Tang et al., 2014). The GPER1 agonist G-1
increases cAMP in hippocampal neurones and initiates signal transduction cascades in
a dose-dependent manner (Evans et al., 2016). GPER1 has been observed in the rat
hypothalamus, particularly in the paraventricular nucleus (PVN) and supraoptic
nucleus, with lower expression levels in the arcuate nucleus (ARC) (Brailoiu et al.,
2007). In the mouse, there are no sex differences in GPER1 expression thoughout the
brain (Hazell et al., 2009, Dovey and Vasudevan, 2020).

Evidence suggests that genomic and nongenomic signalling are integrated and this
may be important for regulating social behaviours and memory (Hadjimarkou and
Vasudevan, 2018). ERa and GPER1 may interact to either contribute to or agonise the
same output via pathways that are ordered in series or take place in parallel
(Hadjimarkou and Vasudevan, 2018). Specific examples include COS7 cells, in which
overexpression of ERa led to an increase in calcium that was dependent on
phospholipase C, and overexpression of GPER1 led to the same output but this was
dependent on epidermal growth factor (Revankar et al., 2005). In prostate stromal
cells, overexpression of GPER1 promoted cell differentiation into cancer-associated
fibroblasts, an outcome that could also be promoted by ERa knockdown (Jia et al.,
2016).
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The mechanisms of oestrogen signalling are shown in Fig. 1.2.
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Figure 1.2. Oestrogen signalling mechanisms. As a lipophilic steroid hormone, 17(3-
oestradiol (E2) can diffuse though plasma membranes to activate nuclear oestrogen
receptors (ER), such as ERa and ER that exist within the cytoplasm. Upon hormone
binding, E: initiates dimerisation and translocation to the nucleus. Receptor dimers can
act as transcription factors, binding oestrogen response elements (ERE) in the
promoter regions of target genes. This is direct genomic signalling. Alternatively,
activated ER dimers can modulate the expression of genes though protein-protein
interactions with transcription factors that can bind genes without EREs in an indirect
genomic signalling mechanism. E; may also bind to membrane ERs (mER); isoforms
of ERs a and B that exist within the membrane due to post-translational modifications

such as palmitoylation. E; may also bind to GPER1, a G-protein coupled oestrogen
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receptor. Activation of these membrane-bound receptors in nongenomic signalling can
lead to signal transduction though the activation of protein kinases or induction of
calcium release. These transduction cascades may also be induced by genomic
signalling, effectively linking the two signalling mechanisms together. Collectively, these
mechanisms give rise to physiological effects that may be evident within seconds

(nongenomic signalling) or hours to days (genomic signalling).

1.3 The social behaviour network

The social behaviour network (SBN) is a conserved set of interconnected
hypothalamic and limbic nuclei that are responsible for the facilitation and expression
of sexually dimorphic behaviours (Newman, 1999). The SBN is comprised of six
nodes: the extended amygdala (the medial amygdala, meA) and the bed nucleus of
stria terminalis, (BNST), the lateral septum (LS), the preoptic area (POA), the anterior
hypothalamus (AH), the ventromedial hypothalamus (VMH), and the midbrain
(Newman, 1999). Each node responds to a variety of stimuli in a distinct pattern across
the nodes depending on social contexts (Newman, 1999). In vertebrates, sex
hormones are potent modulators of social behaviour (Laredo et al., 2014). The nodes
of the SBN are generally rich in sex hormone receptors and aromatase (Table 1.1) and
are sites of steroid hormone synthesis (Morrell and Pfaff, 1978, Balthazart and Ball,
1998), making the SBN a prime focal point for neuroendocrine activity. The SBN,
establishment of sex differences, and the contribution of sex hormones has been

reviewed extensively in Dovey and Vasudevan (2020).
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Table 1.1. Oestrogen receptor and aromatase expression in the social behaviour
network and behaviourally relevant nodes of the hypothalamus of male and
female rats and mice across development. Relative expression of oestrogen
receptors (ER) a and B and aromatase during perinatal (Pn), pubertal (Pb), and adult
(A) periods in the medial preoptic area (mPOA), lateral septum (LS), paraventricular
nucleus (PVN), ventromedial hypothalamus (VMH), anteroventral periventricular
nucleus (AVPV), arcuate nucleus (ARC), bed nucleus of the stria terminalis (BNST),
and medial amygdala (meA). “F” denotes a greater expression in females, “M” a
greater expression in males, “=" an equal expression between males and females, and
“X” indicates undetectable expression. Gaps in the table are due to data not being
found for mRNA or protein expression in the area; a gap does not mean that there is
no expression. All referenced research uses mouse or rat (*) models. References 1-4
measured mRNA expression; references 6-11 measured protein expression; reference
5 measured both protein and mRNA expression. 1, Kanaya et al. (2014). 2, Tabatadze
et al. (2014). 3, Cao and Patisaul (2011). 4, (Lauber et al., 1997). 5, lkeda et al. (2003).
6, Yokosuka et al. (1997). 7, (Brock et al., 2015). 8, Kelly et al. (2013). 9, (Chakraborty
et al., 2005). 10, Stanic et al. (2014). 11, Zhang et al. (2002). 12, Hazell et al. (2009).
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1.3.1 The organisation-activation hypothesis

The neural networks underlying the SBN are believed to be organised around
birth by sex hormones via molecular mechanisms including neurogenesis (Ahmed et
al., 2008), programmed cell death (Waters and Simerly, 2009), synaptogenesis (Hutton
et al., 1998), and pruning (Zehr et al., 2006). Organisational events are precisely timed
and can be influenced by hormone exposure during critical periods that are defined by
organ-specific morphogenetic timetables. For example, the neonatal testosterone
surge is unique to males due to the activation of the testes whilst the ovaries remain
quiescent until puberty (McCarthy, 2008). That is not to say that other tissues are
incapable of producing sex hormones during this period; direct measurement of sex
hormones in neonatal rats indicates that hypothalamic E: is independent of gonadal
status in both sexes (Konkle and McCarthy, 2011b). The organisation of the perinatal
brain is permanent, establishing sex-specific patterns of neural connectivity (McCarthy,
2008). These neural differences provide the foundation for sexually dimorphic
behaviours that are activated by sex hormones in adults. In contrast, the activational
effects of sex hormones are transient and temporarily modulate preexisting neural
circuitry to facilitate the expression of sexually dimorphic behaviours (Newman, 1999,
Schulz et al., 2009). Thus, whilst organisational and activational effects are separate,
they are also linked: activational responses are conditioned by earlier organisational

exposure to sex hormones during development.

The critical period for organisation of the brain is generally believed to be constrained
to the neonatal and perinatal periods, where the brain displays a heightened sensitivity
to sex hormones (McCarthy, 2008). For example, male rats castrated 1 h postpartum
show female sexual behaviour in adulthood, and this behaviour is less pronounced in
rats castrated 6, 12, or 48 h after birth (Thomas and Gerall, 1969). On the other hand,
prenatal exposure to testosterone masculinises behaviour in the female guinea pig
(Phoenix et al., 1959), implying that neonatal exposure to gonadal steroids is
necessary for development of the male brain but not the female. The idea of neonatal
brain organisation is caveated by puberty, which presents a second period of brain
sensitivity to sex hormones (Schulz and Sisk, 2016). In male Syrian hamsters,
prepubertal gonadectomy results in significantly fewer mounts, intromissions, and
ejaculations than in males gonadectomised after puberty (Schulz et al., 2004),
suggesting pubertal testosterone is required for the complete masculinisation of the
developing male brain. In novel environments, male rats exhibit low levels of
aggression and reduced social interaction, but this response is prevented by

prepubertal gonadectomy (Primus and Kellogg, 1990). This organisational effect is
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mediated by E», as treatment with fadrozole, an inhibitor of the aromatase enzyme
responsible for the synthesis of E,, prevents the typical masculine response to a novel
environment (Kellogg and Lundin, 1999). In females, prepubertal E> is capable of
feminising (enhancing female-typical), masculinising (enhancing male-typical), or
defeminising (suppressing female-typical) behaviours (Schulz and Sisk, 2016). A
genetic manipulation that prevents the synthesis of E,; (aromatase knockout, ArKO)
results in fewer displays of lordosis and defeminised reproductive behaviour (Bakker et
al., 2002). Systemic administration of E; to ArKO female mice during prepuberty
increases lordosis behaviour in adulthood, but administration during the perinatal
period had no effect on adult reproductive behaviour (Brock et al., 2011). Ovariectomy
(OVX) of Syrian hamsters prepubertally, but not postpubertally, increases the overall
lordosis response in adulthood, suggesting that in this species, E, exposure during
puberty defeminises reproductive behaviour (Schulz and Sisk, 2006). This is in stark
contrast to the literature on female mice. The organisational effects of sex hormones
during puberty may be determined by the neonatal hormonal environment. For
example, pubertal ovarian hormones have little effect on the reproductive behaviour of

neonatally androgenised female rats (de Jonge et al., 1988).

Pubertal organisation by sex hormones also occurs outside of the SBN in areas that
display adult neurogenesis such as the dentate gyrus and olfactory bulb, and this
contributes to the development of circuitry related to cognitive and executive functions
(Laube et al., 2020). Rates of neurogenesis peak during adolescence and decline
thereafter (Curlik 1l et al., 2014), coinciding with a surge in gonadal hormones. The
integration of new inhibitory interneurones in the olfactory bulb modulates the output to
downstream circuits to influence the neural correlates underlying reproductive
behaviour (Peretto et al., 2014). In line with this, impairments in adult neurogenesis
have detrimental effects on sex-specific behaviours, such as mate choice and

opposite-sex preference (Schellino et al., 2016).

Thus, puberty offers another organisational window for the establishment of sexually
dimorphic behaviours and their neural correlates. However, the organisational
contribution of sex hormones synthesised in extragonadal tissues, such as the brain,
remains underexplored. Whilst ArKO models have proven useful in understanding the
organisational deficits that result from a lack of Ez, a non-conditional knockout masks
both a) the contribution of aromatase to normal behaviours in adulthood in a model that
has developed with archetypal hormone exposure, and b) the specific contribution of

aromatase in the brain. This is something we have explored in this thesis.
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1.3.2 Organisation and activation of the medial preoptic area (mPOA)

In mammals, the medial POA (mPOA) is located in the anterior part of the
hypothalamus and is derived from proliferative zones from the diencephalon and
telencephalon (Paredes, 2003). The mPOA is a central node in the SBN, integrating
environmental and neuronal signals and coordinating outputs via a multitude of efferent
and afferent inputs (Balthazart et al., 1994). Morphological sex differences further
enrich the multifaceted roles of the mPOA. This convergence facilitates its involvement
in a variety of physiological functions and behaviours, the most well-studied including
thermoregulation (Nakamura and Morrison, 2008), feeding behaviour (Qian et al.,
2022), maternal behaviour (Fang et al., 2018), and sexual behaviour (Dominguez and
Hull, 2005, Wei et al., 2018).

The rat mPOA is rich in androgen receptors and ERs (Simerly et al., 1990) and is
sensitive to perinatal organisation by sex steroids which give rise to morphological sex
differences. For example, the perinatal androgen surge at embryonic day 18 (E18) and
subsequent aromatisation to E» protects dopaminergic cells in the rat mPOA from
apoptosis (Davis et al., 1996). Therefore, the male mPOA contains approximately two-
fold more dendritic spine synapses than in females, which is believed to play an
important role in male mouse sexual behaviour (Bharadwaj et al., 2013). Interestingly,
this is established though the convergence of neuroendocrine and immune systems. E;
is a well-known mediator of dendritic spine plasticity (discussed in further detail in
section 1.4.1), whilst immune mast cells and microglia activate protein kinase A which
phosphorylates a subunit of the AMPA glutamate receptor, promoting the trafficking of
the receptor to the membrane and stimulating the formation and stabilisation of
dendritic spine synapses (Lenz et al., 2011). The sexually dimorphic nucleus of the rat
POA (SDN-POA) exhibits male-biased sex differences in its number of neurones, and
therefore, volume (Gorski et al., 1980). A cluster of neurones in the SDN-POA express
calbindin-D28K (calb) (Sickel and McCarthy, 2000), a calcium-binding protein that has
a critical role in maintaining calcium homeostasis and preventing neuronal death (Kook
et al., 2014). This calb-positive cluster is larger in male rats than in females (Sickel and
McCarthy, 2000). The physiological significance of this is not fully understood, though
calb-positive neurones are activated during male sexual behaviour (Yamaguchi et al.,
2018). A genetic mutation that destroys the tethering of ERa to the membrane
decreases the number of calb-immunoreactive neurones in male mice (Khbouz et al.,
2020), suggesting a critical role for nongenomic signalling in the sexual differentiation
of the SDN-POA, though the E,-dependent mechanism that underlies the larger

volume in males is still unknown.
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The mPOA is central to sexually dimorphic behaviours and this has been investigated
extensively in rodents though means of lesion studies. In female rats, the mPOA is
essential for the onset and early expression of maternal behaviour, integrating sensory
feedback from the pups with outputs to the mesolimbic dopamine system (Pereira and
Morrell, 2009). Maternal behaviour that is induced by pup stimulation in virgin females
is disrupted by lesions in the mPOA (Numan et al., 1977). In lactating females, small
lesions outside of the dorsal mMPOA abolished nest building and pup retrieval
(Jacobson et al., 1980), implicating a subregion-specific component of mMPOA-driven
maternal behaviour. In males, lesions in the frontal part of the mPOA reduce intermale

aggression (Bermond, 1982).

During sexual behaviour, peripheral olfactory signals are received by sensory neurones
that process and relay the information to the olfactory bulbs and then to the meA
before finally being integrated in the mPOA (Hull and Dominguez, 2007, Simerly and
Swanson, 1986). In turn, the mPOA activates a premotor network that leads to a
sexual response. In males, lesions to the mPOA result in permanent disruption of
copulation, but not sexual motivation (Paredes, 2003). Male rats with mPOA lesions
continue to show noncontact erections (Liu et al., 1997) and continue to press a lever
to gain access to a sexually receptive female, without copulating (Everitt and Stacey,
1987). Contrarily, mPOA lesions in female Syrian hamsters facilitate lordosis
(Rodriguez-Sierra and Terasawa, 1979), and electrical stimulation of the mPOA
interrupts the lordosis reflex in female rats (Takeo et al., 1993). The lordosis reflex is
under the control of a complex and multiregional circuit encompassing the ARC,
mPOA, and VMH. E: signalling in the ARC rapidly promotes the release of
neuropeptide Y which activates B-endorphin neurones that project to the mPOA. [3-
endorphin causes the activation and subsequent internalisation of y-opioid receptors in
the mPOA, producing a transient inhibition of the mPOA. The activation of y-opioid
receptors in turn relays to the VMH to activate motor neurones necessary for the
display of lordosis behaviour (Micevych and Meisel, 2017). Reproductive behaviours,

and the contributions of E,, are discussed further in section 1.5.1.

Despite clear sex differences, the mPOA of the sexually mature adult mouse
maintained the ability to drive either male-typical mounting or female-typical pup
retrieval regardless of sex (Wei et al., 2018). Optogenetic stimulation of ERa-positive
neurones in the mPOA can bypass hormonal and sensory constraints to drive similar
displays of behaviour in male and female mice, strongly implicating mPOA ERa-
positive neurones as the key neuronal population underlying sexually dimorphic

behaviours dependent on the mPOA (Wei et al., 2018). The precise distinctions in
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wiring or gene expression within this neuronal subset in wildtype (WT) animals that
lead to sexually dimorphic behaviours remain unclear, yet the implication of E; as a

central factor is evident.
1.3.3 Organisation and activation of the ventromedial hypothalamus (VMH)

The VMH is a critical site of sex hormone action that displays morphological
and neurochemical sex differences. Nissl stain analysis estimates that the volume of
the adult VMH is approximately 25% larger in male rodents compared to female
(Flanagan-Cato, 2011). This is due to increased soma size and a higher density of
spine synapses compared with females, as opposed to having a greater total number
of neurones (Dulce Madeira et al., 2001). The ventrolateral subdivision of the VMH
(VMHUvI) contains a pool of neurones that express ERs (Correa et al., 2015). ERa is
expressed at greater levels than ERp in the VMHvI, though the female expresses more
of both subtypes than the male (Flanagan-Cato, 2011, Krause and Ingraham, 2017).
The male, on the other hand, expresses higher levels of the androgen receptor and
aromatase (Roselli and Klosterman, 1998b, Roselli et al., 1985b). The expression of
aromatase in the VMHUvI is thought to be critical for the masculine organisation of the
male brain via Ez (Yang and Shah, 2014). Receptor expression in the VMH is plastic
between the organisational and activational periods. In adulthood, ERa is the
predominant ER isoform present in the VMHUVI of either sex (Correa et al., 2015). Yet,
immunohistochemical studies have shown that in both male and female rats, ERB is
expressed in the VMHVvI during early postnatal development at remarkably higher
levels than in adulthood, though expression is still lower than ERa regardless of age
(Ikeda et al., 2003). ERp expression in the VMH may be determined by E,, since
neonatal female rats, which develop in the absence of ovarian E,, express greater
amounts of ER in the VMH than males (Orikasa and Sakuma, 2004). Treatment of
neonatal females with E, or neonatal castration of males reversed the sex difference in
ERp expression (Orikasa and Sakuma, 2004). Furthermore, there was no difference in
ERP expression between control males and males administered oestradiol benzoate
(EB) neonatally (Ikeda et al., 2003). Together, this suggests a central involvement of E-

in regulating the sexually dimorphic neurochemistry in the developing rodent brain.

The topography and density of receptors in the female VMHvI have been intricately
linked to female sexual receptivity (Musatov et al., 2006, Xu et al., 2011). Indeed, the
VMH is the final neural output of the lordosis reflex, and lesions in this area result in
permanent deficits in reproductive behaviour (Mathews et al., 1983). In males, the

VMHUvI is heavily implicated in aggression-seeking behaviours, as neurones become
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active during a task where male mice repeatedly self-initiate trials to seek opportunities
to attack (Falkner et al., 2016). Reversible genetic suppression of electrical excitability
in VMHvI neurones can reversibly inhibit aggressive behaviour (Lin et al., 2011). ERa
knockdown in the VMH, but not in the mPOA or meA, significantly decreased
aggressive behaviours, indicating that aggression is dependent on E; signalling in the
VMH (Sano et al., 2013). Whilst the VMH is not traditionally considered an important
node in male sexual behaviour, ERa knockdown in the VMH was associated with fewer
attempted mounts and fewer intromissions (Sano et al., 2013). One study has
identified a neuronal population distinct from the pool of neurones active during
aggression that are active during mating (Lin et al., 2011). The role of these neurones
remains unclear, though one line of thought is that these neurones inhibit the firing of

aggression-related neurones in the VMHvI (Lin et al., 2011).

Aside from social behaviour, the VMH is also important in metabolism,
thermoregulation, and locomotor activity in both sexes (Xu et al., 2011, Musatov et al.,
2007, Narita et al., 2016). The functional and behavioural pleiotropy of this
hypothalamic node despite the somewhat heterogeneous molecular environment is
intriguing and is no doubt a reflection of a complex integration of hormonal, sensory,

and neural signals.

1.4 Behavioural effects of neuroestrogen

The SBN is the generative site of behaviour that is organised by E;, as
discussed in section 1.3. In adulthood, the SBN is activated by E> signalling via its

genomic and nongenomic receptors (Laredo et al., 2014).

In this section, the contributions of E, to the behaviours relevant to this thesis will be
discussed. It is important to note that the actions of E; are not exclusive to the
behaviours discussed here; effects on other behaviours are discussed in Bridges
(2015) (maternal behaviour), Walf and Frye (2006) (depression), and Rivera and
Stincic (2018) (feeding behaviour).

1.4.1 Contribution of E- to reproductive behaviour in male and female mice

Sex dimorphisms in reproductive behaviour are easily identified and are
intricately influenced by E,. Female sexual behaviour can be broadly divided into two
components: proceptivity (readiness to mate) and receptivity (acceptance of mating)
(Beach, 1976). OVX abolishes both proceptive and receptive sexual behaviour, and

hormonal priming with subcutaneous injections of E> and progesterone to simulate
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oestrous is effective at restoring sexual behaviours (Jennings and de Lecea, 2020).
Because of this, hormone-primed OVX mice are commonly used as stimulus mice in
the investigation of male sexual behaviour, as their sexual responsiveness can be
accurately timed to coincide with experimentation (Cummings and Becker, 2012).
Previous research has used hormonal implants to localise the effects of E; to the POA
and VMH (Barfield and Chen, 1977, Davis et al., 1979). Sexual behaviour was
activated with EB implants in the POA, but to a greater extent in animals with EB
implants in the VMH (Barfield and Chen, 1977). Stereotaxic implantations of the anti-
oestrogen CN-69,725-27 in subcutaneously primed OVX rats inhibited lordosis, and
this was reversed following the removal of the CN-69,725-27 cannulas (Luttge, 1976).
E: is believed to act via both genomic and nongenomic mechanisms to facilitate
lordosis behaviour. Silencing of ERa in the VMH abolishes the transcriptional
upregulation of the progesterone receptor that is required for proceptive behaviours
and lordosis in female mice (Musatov et al., 2006). Meanwhile, administration of the
GPER1 agonist G-1 prior to progesterone in an Ex-progesterone priming paradigm
results in increased lordosis behaviour and decreased rejective responses in OVX rats
(Anchan et al., 2014). One of the outputs of nongenomic signalling is the activation of
protein kinases (Filardo et al., 2002). Direct administration of protein kinase inhibitors
to the VMH blocked the facilitation of lordosis that was induced by infusions of Ez into
the VMH (Dominguez-Ordofiez et al., 2019). This suggests that nongenomic signalling
in the VMH is required for female reproductive behaviour. Interestingly, ArKO mice
show little lordosis behaviour when primed with E; and progesterone that is
behaviourally effective in WT controls (Bakker et al., 2002). This suggests that E> is
required not only for the activation of the lordosis neural circuit, but for its organisation.
This is contrary to the widely held belief that the female brain develops in the absence
of E, due to a quiescence of the ovaries, suggesting a role for locally produced E; in

the organisation of the sexually dimorphic brain.

A central role for E; in male sexual behaviour was established in male mice injected
with an AAV against ERa in the mPOA, resulting in reduced sexual behaviour (Sano et
al., 2013). In castrated rats, bilateral infusions of E> to the mPOA are more effective
than testosterone in the resumption of male sexual behaviour (Christensen and
Clemens, 1974), though behaviour was not completely restored. Indeed, the full and
complete expression of male sexual behaviour requires both androgens and E, (Hull
and Dominguez, 2007, Baum and Vreeburg, 1973). Unlike females, the actions of E; in
male sexual behaviour are mainly localised to the mPOA (Dominguez and Hull, 2005).

ERa-expressing neurones in the mPOA become active during social investigation with
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a proceptive female, and activity of these neurones further increases during mounting
(Wei et al., 2018). E> was demonstrated to rapidly (within 35 min) induce mounting
behaviour in sexually naive rats and reduced the latency to mount in sexually
experienced castrated rats (Cross and Roselli, 1999). Roles for nongenomic E;
signalling have been further highlighted by the observation of increased levels of
phosphorylated ERK in the male mPOA when introduced to a sexually receptive
female (Taziaux et al., 2007), and levels were shown to remain elevated after the
display of copulatory behaviour (Jean et al., 2017). In ArKO male mice, E>
administration rapidly restores most aspects of sexual behaviour, but the effect is best
observed in mice that are sexually experienced and pretreated with a small dose of EB
(Taziaux et al., 2007). This effect of pre-dosing suggests that some priming is required

for the full expression of male reproductive behaviour.
1.4.2 Contribution of E, to aggression in rodents

Aggressive behaviour in rodents is typically measured as intermale aggression
in the resident-intruder paradigm (Koolhaas et al., 2013), though aggression relating to
parenthood is shown in both sexes (Bridges, 2015, Trainor et al., 2008a). The
neuroanatomical pathway of aggression includes several SBN nuclei, including the AH,
BNST, LS, and meA (Nelson and Trainor, 2007). Several biochemical signals influence
aggression (Nelson and Trainor, 2007), but of the steroid hormones, testosterone and
E» have been studied in the most detail. Androgens have a central effect on the
organisation of aggressive neural correlates, as neonatal castration significantly
reduces the expression of aggressive behaviour in adulthood (Peters et al., 1972). This
was further refined to be an effect of E» using ArKO mice, which show a complete loss
of aggressive behaviour in adulthood that is prevented if E is supplemented on the
day of birth (Toda et al., 2001). E> signalling in adulthood is an important influence on
aggressive behaviour, which is positively correlated with ERa expression levels in the
LS, BNST, and AH, but not the mPOA (Trainor et al., 2006). Despite this, lesion studies
have demonstrated an important role for the mPOA in suppressing aggression (Albert
et al., 1986). The suppressive action of the mPOA is mediated though ERa-positive
GABAergic cells that project to the VMHUvI that, upon optogenetic activation, caused a
reduction in intermale aggression (Karigo et al., 2021). Optogenetic inactivation of the
pathway between ERa-positive mPOA neurones and the VMHvI increased aggression
(Wei et al., 2023). Conversely, knockdown of ERa in the VMH was shown to reduce
aggressive behaviour (Sano et al., 2013), suggesting that a) ERa is central to the
normal expression of male aggressive behaviour, and b) the effect mediated by ERa is

dependent upon the subregion of the brain in which it is expressed. The effect of ERB
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on aggression, though less well studied, is believed to be dependent on age. ERKO(
mice showed increased aggressive behaviour and shorter latency periods to attack
compared to WT mice during puberty (Nomura et al., 2002), but normal levels of
aggression during adulthood (Ogawa et al., 1999). Secondary to E- signalling, a role
for GABA transmission has been elucidated: deletion of ERa from GABAergic, but not
glutamatergic, neurones in the BNST and mPOA was found to attenuate aggressive
behaviour in male mice (Wu and Tollkuhn, 2017), suggesting that non-genomic
signalling makes an important contribution to the facilitation of aggression in male

rodents.

Seasonal or photoperiod sensitive animals, such as rodents, respond to altered day
length with changes in their physiology and behaviour to adapt to their environment. In
many rodent species, winter-like short day photoperiods induce aggression to a greater
degree than summer-like long day photoperiods (Silva et al., 2010), and this has
region-specific effects on ER expression (Trainor et al., 2007b). For example, ERa-
immunoreactivity in the lateral septum increased on short days in old field mice and
deer mice, and this was positively correlated with aggression in old field mice (Trainor
et al., 2007b). Meanwhile, ERB-immunoreactivity was decreased in the BNST, meA,
and VMH (Trainor et al., 2007b). In castrated old field mice housed under short or long
days that received an injection of E; or saline, E; was shown to increase the number of
offensive attacks by short day mice after 15 min (Trainor et al., 2007a), suggesting a
role for nongenomic E; signalling in aggressive behaviour. This was supported by the
fact that cycloheximide, a protein synthesis inhibitor, did not alter the rapid facilitation of
aggression in castrated mice housed in short photoperiods with E2 supplementation
(Laredo et al., 2013).

1.4.3 Contribution of E; to anxiety in rodents

E» has been shown to affect nonreproductive behaviours in rodents, such as
anxiety, a sexually dimorphic behaviour that is determined by organisational and
activational E; (Domonkos et al., 2018). For example, offspring of rats with maternal
hypergonadism are more likely to develop anxiety, and this is seen especially in female
offspring (Hu et al., 2015). Administration of testosterone to female mice on the day of
birth increased marble burying when tested in adulthood, indicative of increased
anxiety (Goel and Bale, 2008). Prepubertal castration of male rats was found to
increase the time spent in the open arms of the elevated plus maze (EPM) and
increase the amount of time spent in the light section of the light-dark test (LDT)

(Brown et al., 2015). Contrarily, castration of adult male rodents is associated with
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increased anxiety in the open field (OFT), EPM, and burying tests (Carrier et al., 2015,
Frye and Seliga, 2001). Sex differences in the display of anxious behaviour and the
contributions of E, are conflicting and often inconsistent between studies. Female rats
in proestrous display more exploratory behaviour in a novel environment, more time in
the open arms of the EPM, and interact for longer with an unfamiliar social partner
compared to females in other stages of their oestrous cycle or other males (Frye et al.,
2000). Similarly, OVX rats receiving E- injections displayed increased exploration of the
open arms of the EPM (Nomikos and Spyraki, 1988). OVX rodents that do not receive
exogenous E; show increased anxiety (de Chaves et al., 2009, Puga-Olguin et al.,
2019). However, these actions are not always consistent, and may depend upon the
nature of the test used. For example, treating OVX rats with E; has been reported to
increase (Morgan and Pfaff, 2001) and decrease (Palermo-Neto and Dorce, 1990)
locomotor activity in the OFT. In the EPM, a non-social anxiety test, males are typically
more anxious than females, but tend to be less anxious in social investigation tests
(Scholl et al., 2019). A recent approach that utilised a conflicting dark (preferred) vs
light dilemma with a weaker but increasingly aversive hyperthermic condition showed
that in more complex multi-dimensional tests of anxiety behaviours, females are more

anxious than males (Lee et al., 2022).

One of the predominant brain areas involved in anxious behaviours is the
paraventricular nucleus (PVN). The PVN is subdivided into the anterior and posterior
divisions which are both anatomically and chemically unique from one another,
implying the existence of distinct functional differences across a singular nucleus
(Barson et al., 2020). The anterior PVN projects widely to limbic areas, with dense
projections to the suprachiasmatic nucleus, associated with circadian rhythm, and the
dorsomedial accumbens shell, associated with appetitive behaviours (Dong et al.,
2017). The posterior PVN harbours dense projections towards the BNST and
amygdala, which are involved in anxiety and fear (Dong et al., 2017). Efferent fibres
travel within the PVN, from anterior to posterior regions, though fibres travelling in the
opposite direction have not been found, suggesting that information flow may be
unidirectional in the PVN (Vertes and Hoover, 2008). Some of these intra-PVN efferent
fibres originate from magnocellular neuroendocrine neurones that reside in the anterior
PVN. The PVN also integrates a variety of signals that contribute to anxiety. For
example, the prelimbic cortex is critical for the retrieval of remote fear memories and
promotes conditioned dear responses that contribute to fear generalisation and anxiety
(Kirouac, 2021a). The PVN is one of the few brain regions that expresses greater

levels of ERB than ERa (Shughrue et al., 1997), and activation of these receptors is
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believed to either decrease or increase anxiety, respectively. The dichotomous effect of
each of these receptors may account for the inconsistencies in the literature regarding
the role of E; signalling in anxiety. Subcutaneous injections of the ERB-specific agonist
diarylpropionitrile (DPN) were shown to reduce anxiety-related behaviours in the OFT,
LDT, and EPM and were associated with decreased plasma corticosterone compared
to OVX rats treated with vehicle control or the ERa agonist propylpyrazoletriol (PPT) 1
h after removal from the maze (Lund et al., 2005). Other studies have also
corroborated the reduction in plasma corticosterone associated with ER signalling, as
well as increased reactivity of the hypothalamic-pituitary-adrenal (HPA) axis with ERa
signalling (Weiser and Handa, 2009, Weiser et al., 2009). Consistent with this,
gonadally intact ERKOf female mice show increased anxiety in the EPM compared to
WT controls (Krezel et al., 2001). ERB may mediate its anxiolytic effects via non-
traditional ligands such as 3p-diol, an androgenic metabolite of DHT (Ando et al.,
2016). Wax pellets containing 33-diol and implanted directly above the PVN were
effective in reducing plasma corticosterone in male rats 30 min after restraint stress
(Lund et al., 2006). It has been suggested that ERa has no effect on anxiety since
behaviours in gonadally intact ERKOa female mice were no different to WT controls
(Krezel et al., 2001). However, some studies have reported anxiogenic effects in
animals treated with PPT (Lund et al., 2005). ERa is found at low levels in the rodent
PVN (Suzuki and Handa, 2005) and is less abundant than ERp in the amygdala
(Shughrue et al., 1997), yet a subpopulation of cells in the peri-PVN express ERa and
GAD-67, the rate-limiting enzyme for the production of GABA (Weiser and Handa,
2009). The glucocorticoid-induced negative feedback on PVN activity is mediated
though increased GABA release onto parvocellular neurones of the PVN (Di et al.,
2005), and this negative feedback is impaired by the administration of PPT (Weiser
and Handa, 2009). Magnocellular neurones of the PVN produce oxytocin, which has
classically been associated with parturition and lactation, but has also demonstrated
negative correlation with anxiety (Borrow and Handa, 2017). Oxytocin and ER are
colocalised within the PVN, and the ERB-specific agonist 33-diol increased oxytocin
mRNA in a mouse hypothalamic cell line (Hiroi et al., 2013). GPER1 has also been
localised in magnocellular neurones in the PVN (Hadjimarkou and Vasudevan, 2018).
The parvocellular neurones of the PVN secrete corticotropin-releasing hormone, a
central regulator of the HPA axis, and there is significant overlap between ER[3 and
AVP-immunoreactivity specific to parvocellular neurones (Kanaya et al., 2019). Thus,
both genomic and nongenomic ERs are strategically positioned to modulate anxiety via
the PVN.
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The expression of GPER1 in the hippocampus and amygdala implicates nongenomic
signalling in the regulation of anxious behaviours (Hazell et al., 2009). Signalling
though ERK, which can be induced by GPERH1, (Filardo et al., 2002) has been shown
to be anxiogenic in mice (Satoh et al., 2011), and treating OVX female or gonadally
intact male mice with G-1 led to increased anxious behaviour in the EPM, LDT, and
OFT (Kastenberger et al., 2012). However, this study administered treatment 2 h prior
to testing, which could encapsulate both genomic and nongenomic signalling time
frames. Another study, which administered G-1 30 min prior to behavioural testing,
showed that G-1 was anxiolytic in castrated male, but not OVX female, mice tested in
the EPM (Hart et al., 2014). The disparity in these results could be due to differences in
gonadal status, drug dosages, and time between injection and behavioural testing.
GPERH1 is expressed in the paraventricular nucleus, though there have been no
functional connections between activation of the receptor and anxiety. Activation of
GPER1 in the PVN has been shown to promote anti-inflammatory effects in the early
stages of colitis in mice (Jiang et al., 2019) and decrease fluid intake in female rats
(Santollo and Daniels, 2015). However, given the importance of E; signalling and PVN
activation in anxious behaviours, it is possible that GPER1 signalling also plays a
contributory role. Clearly, further efforts are required to understand the role and

molecular actions of ERs in regulating non-social behaviours such as anxiety.
1.4.4 Oestrogen-mediated spinogenesis

The structural plasticity of dendrites and dendritic spines is an important neural
effect of E» that may act as the interface between neuroendocrine physiology and
behaviour (Gorman and Docherty, 2010, Woolley and McEwen, 1993). Changes in E>
across the 5-day oestrous cycle of the rat have been shown to rapidly modulate
hippocampal spine density (Woolley and McEwen, 1992), and OVX has been
associated with a gradual loss of dendritic spines that nadirs roughly six weeks post-
surgery (Woolley and McEwen, 1993). A single injection of E> benzoate increases
dendritic spine density within 24 h, with peak densities reached within 2-3 days, and a
gradual decline in density over the following 7 days (Woolley and McEwen, 1993),
suggesting this is mediated by genomic signalling. Previous studies have indicated
divergent roles of ERa and ER in spinogenesis: in hippocampal neurones, activation
of ERa, but not ER, significantly increased spine density within 2 h of drug application
(Mukai et al., 2007). However, in cortical neurones, the ERB agonist WAY-200070
increased spine density within 30 min (Srivastava et al., 2010, Sellers et al., 2015).
Increases in dendritic spine density have been correlated with activation of kinases,

such as ERK (Srivastava et al., 2010). MAP kinase inhibitors are effective in
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suppressing spinogenesis in the face of E; (Mukai et al., 2007). GPER1 can also
activate these kinases, and recent reports have suggested that nongenomic signalling
via this receptor has a positive effect on spine density in the hippocampus (Kim et al.,
2019, Li et al., 2021). In the ARC, nongenomic signalling was proposed to mediate
dendritic spine plasticity, as E> was able to increase density of immature filapodial
spines within 4 h (Christensen et al., 2011). The study further showed that, in animals
injected with EB and perfused 1 h later, phosphorylated cofilin, a marker for
remodelling of the actin cytoskeleton, was increased. However, in animals that
received an mGluR1a inhibitor 1 h before EB injection, phosphorylated cofilin levels
were no different to that of vehicle-treated controls (Christensen et al., 2011). This
suggests that nongenomic E; signalling initiated by the ERa-mGIluR1a complex
regulated dendritic spine plasticity. Genomic signalling may be more important for the
maintenance and maturation of spines, as mature mushoom-shaped spines increased
from 20 h after EB injection (Christensen et al., 2011).

The contribution of neuroestrogens to spinogenesis is an experimental conundrum
since it is difficult to separate the actions of central and systemic E> by OVX. OVX
resulted in decreased spine density in hippocampal CA1 neurones (Woolley and
McEwen, 1993), suggesting that neuroestrogens do not contribute to spinogenesis.
However, other studies have found no effect of OVX on dendritic spine density in CA3
neurones (Mendell et al., 2017), suggesting either a) dendritic spines in the CA3 layer
are not regulated by E; or progesterone, or b) neuroestrogens play a greater role than
ovarian E: in the regulation of CA3 spines. Aromatase has been detected in synaptic
terminals, positioning it perfectly to mediate rapid signalling mechanisms that could
lead to outputs that include spinogenesis (Srivastava et al., 2010). However, many in
vivo experiments have supplied aromatase inhibitors peripherally (Zhao et al., 2018,
Liu et al., 2019, Zhou et al., 2010), and although these are given at concentrations that
cross the blood brain barrier, they may affect the function of peripheral aromatase
making it difficult to disseminate the effects of brain and peripheral aromatase
inhibition. Aromatase inhibition in hippocampal slice cultures results in a reduction in
spine density (Kretz et al., 2004a), and in cortical neurones, aromatase is colocalised
with PSD-95 (Srivastava et al., 2010). In the forebrain-specific ArKO mouse, spine
density was significantly decreased in the CA1 region and cortex, but the morphology
of spines affected were dependent on sex (Lu et al., 2019). In adult male forebrain-
specific ArKO mice, immature thin spines were significantly decreased, whereas in
adult OVX mice of the same genotype, mature mushoom spines showed the greatest

decrease in comparison to OVX WT controls (Lu et al., 2019). Thus, not only do
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neuroestrogens have a temporal effect on spine maturation as discussed above, but
also a sexually dimorphic effect on dendritic spine maintenance that has been

associated with cognitive function (Lu et al., 2019).

Studies have revealed that alterations in spinogenesis can have profound effects on
behaviour. Dendritic spines play a role in the regulation of mood and emotion, and
chonic stress is associated with decreased dendritic spines and synaptic plasticity in
the hippocampus (Chen et al., 2008). In the ARC, dendritic spine morphology is critical
for the display of lordosis behaviour in female rats, and disruption of E>-induced

spinogenesis attenuated lordosis (Christensen et al., 2011).

1.5 Experimental rationale

E> is critical for the organisation and activation of the brain, specifically the
nodes of the SBN, which contribute to the expression of sex typical behaviours. The
brain can synthesise E, from haematogenous precursors or de novo in neurones,
astrocytes, and glia. It is thought that neuroestrogens are important to increase local
concentrations of E to support rapid signalling processes which underlie many
physiological processes from spinogenesis to behaviour. Despite this, there is a
relative lack of literature documenting direct measurements of E; in discrete regions of
the rodent brain. This gap in knowledge hinders a comprehensive understanding of the
spatial distribution of neuroestrogen and the precise regulatory mechanisms governing
its production. Numerous studies have shown that aromatase expression and/or
activity is regulated by ERs (Yilmaz et al., 2009) and the progesterone receptor in
hypothalamic neuronal cell lines (Yilmaz et al., 2011), and androgens (Abdelgadir et
al., 1994) in the male and female rat brain. However, the intricate details of these
regulatory interactions, particularly within the SBN, remain unclear. As a result, there
exists a compelling need for further research to unravel the complexities of
neuroestrogen synthesis and its regulation, specifically within those regions that are

activated by E» to facilitate behaviour.

The purpose of the research herein is to understand how hormone synthesis is
regulated in two key nodes of the mouse SBN: the mPOA and the VMH. This has been
investigated primarily in female mice to dissect the relative contributions of ovarian and
central E2 to neuroendocrine physiology. We also aimed to understand how the
process of neuroestrogen production is regulated in each of these nuclei, given the
evidence that aromatase expression and neurosteroid production is region specific. We

also investigated how the regulation of neuroestrogen production affected
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neuroarchitecture in the female mouse hypothalamus. Finally, we investigated how this
contributes to behaviours in the male and female mouse. This thesis represents a well-
rounded body of research into both the molecular mechanisms and behavioural

function of neuroestrogen production, as summarised in Fig. 1.3.
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Figure 1.3. Aims of this thesis. In this thesis, we aim to understand neuroestrogen
synthesis within the medial preoptic area and ventromedial hypothalamus, two key
hypothalamic nodes of the social behaviour network, and how this is regulated. We
also wish to explore how this affects neuroarchitecture underlying anxious behaviours,

and how neuroestrogens themselves contribute to sex and aggressive behaviours.
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Chapter 2

Materials and Methods
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Consumables and materials used in this thesis are shown in Appendix Table S1.

2.1 Mice

All animal experimental procedures described in this thesis conformed to
institutional and national ethical guidelines and were approved by the University of
Reading, UK, and the Animal Care and Use Committee at the University of Tsukuba,
Japan. All efforts were made to minimise the number of animals and their suffering. All
efforts were made to ensure adequate enrichment of animals, as described below.
Power analysis (section 2.15) was performed to ensure the correct number of animals
used and prevent unnecessary wastage of animal life. Although alternative methods
can be utilised for neuroendocrine experiments without the need for live animals (e.g.,
primary cell culture or using hypothalamic cell lines such as N42 cells), there is a
considerable lack of literature addressing sex differences in neuroendocrine function in
intact, non-hormone-primed animals This gap not only perpetuates the sex bias in
biomedical research but also implies the existence of unidentified therapeutic targets

for human medicine (see Chapter 7).

For experiments carried out at the University of Reading UK: Female C57/BL6J mice
were purchased at 6-8 weeks old (Charles River and Envigo, UK) and group housed
(maximum of 5 mice/cage of same-sex animals) in plastic cages (17 x 33.5 x 12cm)
with white paper for nesting and plastic toys (ball, tunnel) for enrichment, provided by
the Bioresource Unit at the University of Reading. Food (SDS RM3 (P) mouse diet,
LBS Biotechnology, UK) and water were provided ad libitum and animal housing rooms
were maintained on a 12 h light/12 h dark cycle (lights off at 19:00) at a constant
temperature (23 £ 2°C). No live animals received any drugs or modified diets that
would require the use of a project license. Mice were killed by Schedule 1 procedures
(cervical dislocation); these are not regulated procedures and therefore did not require
a project license. The researcher undertaking these procedures (JD) was fully trained

and named on the University of Reading’s Schedule 1 register.

For experiments carried out at the University of Tsukuba, Japan: All mice were
maintained in breeding colonies by technicians at the Laboratory Animal Resource
Centre at the University of Tsukuba. At the time of weaning at 3 weeks old, mice were
transferred to the animal housing facility in Research Building D at the University of
Tsukuba. Here, mice were group housed in plastic cages with cornhusk bedding for
enrichment provided by the Laboratory Animal Resource Centre (3-5 mice/cage of

same-sex animals) and provided with food (standard MF, Oriental Bioservice, Japan)
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and water ad libitum. Animal housing rooms were maintained on a 12 h light/12 h dark
cycle (lights off at noon) at a constant temperature (23 + 2°C). All procedures carried
out on mice in Japan were reviewed by the Animal Care and Use Committee at the
University of Tsukuba and complied with the national Guidelines for Proper Conduct of

Animal Experiments issued by the Science Council of Japan.
2.1.1 Aromatase-flox (Aro™) mice

Aro™mice, in which the aromatase allele was floxed to allow conditional and
site-specific knockdown of the aromatase gene, was constructed at MRC Harwell
(funding from NSF CAREER grant 10S-105371 to Dr Nandini Vasudevan) and
maintained and bred at Laboratory Animal Resource Centre at the University of
Tsukuba.

For the generation of Aro”"mice, which was carried out by researchers at MRC
Harwell, a targeting vector (Fig. 2.1A) containing the neomycin resistance gene (neo)
and lacZ reporter gene flanked by two FRT sites and thee loxP sites was constructed.
The vector was introduced into the WT aromatase gene at a critical site between exons
1 and 2 in C57BI/6N embryonic stem cells to generate a “knockout-first” allele (tm1a)
using electroporation (Fig. 2.1B). The embryonic stem cells that successfully
incorporated the targeting vector were selected in the presence of neomycin. Probes
were then used to identify the presence of hybridisation bands corresponding to the
loxP-flanked aromatase gene. The correctly targeted cells were transfected with an Flp
recombinase expression plasmid to delete the FRT-flanked neo cassette to generate a
conditional allele (tm1c) (Fig. 2.1B), in which aromatase exon 2 is flanked by loxP
sites. The resulting DNA was used to generate chimeric mice at the University of
Tsukuba that successfully transmitted the gene in the germ line. Mice homozygous for
the floxed aromatase gene (Aro™") were born at the expected Mendelian ratios and
presented with no obvious abnormalities. At the time of weaning at 3 weeks old, tail
tissue of tm1c mice was collected for gel-based genotyping by research technicians at
the University of Tsukuba before the mice were transferred to the animal housing
facility in Research Building D at the University of Tsukuba. The PCR cycling conditions
were: 1 min hold at 95°C; 30 cycles of denaturation at 95°C for 10 sec, annealing and
extension at 60°C for 10 sec and 72°C for 1 sec; 72°C for 30 sec; infinite hold at 16°C.
The PCR mix for genotyping consisted of 5 yl KAPA2G Fast Hotstart Readymix
(Roche, Sigma-Aldrich), 2.5 ul nuclease free water, 1 pl (~30 ng) DNA template, and
0.5 pl of each primer at a final concentration of 20 uM. The primers used were the
Cyp19a1-5arm-WTF (TATCCTCGCAGACCCTCTC), Cyp19a1-Crit-WTR
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(GAAGCATGGCTTCAAAGTTGC) and 5mut-R1 (GAACTTCGGAATAGGAACTTCG).
WT and tm1c mice both produce PCR products from the Cyp19a1-5arm-WTF and
Cyp19a1-Crit-WTR, although the tm1c product (472 bp) is 200 bp bigger than the WT
product (272 bp) due to the presence of the FRT-loxP part of the cassette. Only tm1c
mice produce a mutant-specific product of 186 bp from Cyp19a1-5arm-WTF and 5mut-
R1 (Fig. 2.1C-D).
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Figure 2.1. Generation of Aro™" mice. The targeting vector (A) contained thee loxP
sites and two FRT sites that flanked the neomycin resistance gene (neo) and the lacZ
reporter gene. The vector was electroporated into mouse embryonic stem cells,
thereby introducing the vector to the aromatase gene at a critical site between exons 1
and 2, shown by the numbered grey bars (B). This created a “knockout-first” allele
(tm1a). Embryonic stem cells with the tm1a allele were selected in the presence of
neomycin. Probes were used to identify the presence of hybridisation bands
corresponding to the loxP-flanked aromatase gene. Correctly targeted cells were

transected with an Flp recombinase expression plasmid, which deleted the FRT-

37



flanked neo cassette to generate a conditional allele (tm1c), in which aromatase
expression is restored (B). Aromatase can later be conditionally knocked out by
injecting a Cre-expressing vector, which deletes the floxed exon of the tm1c allele to
generate a frameshift mutation. Tm1c mice were genotyped using thee primers,
Cyp19a1-5arm-WTF, designed to the 5’ homology arm, Cyp19a1-Crit-WTR, and 5mut-
R1 (C). D shows an example representative gel in which WT produces a 272 bp
product from Cyp19a1-5arm-WTF and Cyp19a1-Crit-WTR. These same primers
produce a 472 bp product in tm1c. Tm1c mice produce a mutant-specific product of
182 bp from the Cyp19a1-5arm-WTF and 5mut-R1 primers.

2.2 Surgical procedures

Every effort was made to use aseptic technique during surgical procedures to

circumvent infection and further unnecessary pain caused to animals.
2.2.1 Ovariectomy

Female mice were bilaterally ovariectomised (OVX) under anaesthesia with
isoflurane inhalation (1.5-3%). Fur was shaved off the flank area and a dorsolateral
incision was made in the area between the last rib and hips, where the musculature
was separated from the skin. The ovarian fat pad was carefully pulled out of the
incision and the region below the ovary was clamped. The ovary was excised with
scissors and the fat pad was returned before the incisions were sutured. After surgery,
the animals were group housed (n = 4 per cage) with other OVX female mice and

allowed 7 days to recover before use in experiments.
2.2.2 Hormone priming

10 pg oestradiol benzoate (EB) in sesame oil was administered to female mice
by subcutaneous injection 2 and 1 days prior to experimentation using a 26-guage
sterile needle. 500 ug progesterone in sesame oil was administered by subcutaneous
injection 4-6 h prior to experimentation using a 26-guage sterile needle. Hormone
priming was used specifically for sexual behaviour tests involving a male test mouse.
One experiment used OVX test mice that received EB injections only. These were
administered in the same protocol as described here, with the omission of the

progesterone injection.
2.2.3 Intraperitoneal injections
In our experiments, we delivered drugs using intraperitoneal (i.p.) injections.

I.p. injections were delivered bilaterally to adult female mice using a 27-gauge sterile
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needle, dosed at 0.1 ml/10 g bodyweight, delivering 1 mg/ml letrozole and/or 12 mg/ml
dutasteride and/or vehicle control (10% Tween-80 in sterile saline (v/v) for letrozole;
0.3% gelatine in sterile saline (w/v) for dutasteride). On average, mice received an
injection volume of 0.2 ml bilaterally with no adverse effects. These drug
concentrations and vehicles have been used previously and have been shown to cross
the blood-brain barrier, resulting in behavioural effects (Litim et al., 2017, Chaiton et al.,
2019). Mice receiving only vehicle controls were injected with the vehicle for letrozole
in one side and the vehicle for dutasteride in the other. Mice receiving only letrozole
were injected with letrozole in one side and the vehicle for the dutasteride in the other.
Mice receiving both letrozole and dutasteride were injected with one treatment per
side. All injections were administered during the light phase at approximately the same
time each day. Animals were injected once a day for a total of 16 days, receiving 6
injections before behavioural testing commenced. On days of behavioural
experimentation, experiments were carried out during the dark phase, at least 2 h after

the animal received the injections.
2.2.4 Stereotaxic surgery

Stereotaxic surgery was carried out on adult male Aro™ mice, anaesthetised
with inhalational isoflurane (1.5-3%) and placed in a stereotaxic frame with non-
puncture ear bars (Model 900, David Kopf Instruments, USA). Fur was shaved from
the top of the head and a petroleum-based lubricant was applied over the eyes. A
sagittal cut was made in the skin to expose the skull, and Bregma was identified as the
reference point to locate the medial preoptic area (mPOA). A burr hole was drilled into
the skull on either side of the midline, and a 10 yl Hamilton syringe (gauge 26S, 2-inch
needle length) was aimed at the mPOA using the coordinates £0.2 mm ML, +0.2 mm
AP, -5.3 mm DV from the Bregma starting point, identified using the Paxinos Mouse
Brain Atlas (Paxinos and Franklin, 2001) (Fig. 2.1). Each mouse was injected
bilaterally with either 0.6 pl of pPENN.AAV.hSyn.HIl.eGFP-Cre. WPRE.SV40 (103
packaged particles, 0.3 pl/hemisphere; James M. Wilson, Addgene plasmid #105540-
AAV9; http://n2t.net/addgene:105540; RRID: Addgene_105540) or 0.6 ul of pAAV-
hSyn-EGFP (10'? packaged particles, 0.3 pl/hemisphere; Bryan Roth, Addgene
plasmid #50465-AAV2; RRID: Addgene_50465) over 3 min using a micropump injector
(World Precision Instruments Inc., Sarasota, FL). The needle was left in place for
additional 20 min following infusion before being withdrawn gently by 1 mm and being
left in place for a further 5 min. After removal of the needle, the skin was silk sutured,
and the mice were individually housed in running wheel cages. The location of the

stereotaxic injection was confirmed by immunocytochemistry. Briefly, mice were

39



sacrificed by perfusion fixation (section 2.4) and brains were immediately isolated and
post-fixed in 4% paraformaldehyde overnight at 4°C. The brains were washed in 0.1 M
PBS before they were transferred to 30% sucrose in 0.1 M PB (w/v) for 24 h, or until
the brains had sunk to the bottom of the tube. All brains were coronally sections at 60
KMm on a freezing microtome (Leica Biosystems). Free-floating sections were washed in
0.2% Triton X-100 in 0.1 M PBS (v/v), (PBS-X) pH 7.2, followed by a further wash in
0.1% hydrogen peroxide in PBS-X (v/v) for 20 min to inhibit endogenous peroxidase
activity. After 3 more washed in PBS-X, slices were incubated in blocking buffer (3%
BSA (v/v) and 3% skim milk powder (w/v) in PBS-X) for 2 h. Sections were stained with
the goat anti-GFP antibody (ab6673, Abcam) at 1:6000 dilution in blocking buffer
overnight at 4°C. The avidin-biotin-peroxidase complex (Vectastain ABC Elite Kitm
Vector Laboratories) was visualised with 0.03% 3,3-diaminobenzidine (DAB) and
0.0003% hydrogen peroxide in TBS for 10 min. Sections were mounted on gelatin-
coated slides and air dried. The slides were dehydrated though an ascending alcohol
series, cleared with xylene, and coverslipped with Permount. Staining was visualised
using a fluorescent microscope (Zeiss AxioSkop) and GFP-positive cells were scored

manually confirm the site of stereotaxic injection for each mouse.
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Figure 2.2. Location of stereotaxic injections in the medial preoptic area (mPOA).
Aromatase-flox (Aro™") mice were injected bilaterally with the Addgene plasmid
#105540-AAV9 to knockdown aromatase expression in the mPOA. The mPOA was
identified using the Paxinos Mouse Brain Atlas (Paxinos and Franklin, 2001) and the
syringe needle was aimed at the coordinates +0.2mm ML, +0.2mm AP, -5.3mm DV
from the Bregma starting point. A shows a coronal section and B shows a sagittal

section, where the red dot is the location of injection.
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2.2.5 Olfactory bulbectomy

Olfactory bulbectomised (OBX) Jcl:ICR mice were used as stimulus animals for
the resident-intruder paradigm (see section 2.3.7). For the OBX procedure, male mice
were anaesthetised with inhalational isoflurane (1.5-3%) and placed in a stereotaxic
frame with non-puncture ear bars (Model 900, David Kopf Instruments, USA). A
petroleum-based lubricant was applied over the eyes. Fur was shaved from the top of
the head and a sagittal cut was made in the skin to expose the skull. A burr hole was
drilled into each side of the skull covering the olfactory bulbs. The olfactory bulbs were
removed using a vacuum pump and a sterile flat-ended 23-gauge needle, taking care
to minimise damage to the vasculature and forebrain tissue. The incision was closed
with a silk suture. Animals were group housed (n = 4 per cage) with other same-sex
OBX mice and allowed at least 7 days to recover before use in experiments. OBX
ensures lack of aggression by intruders so that the behaviour of the resident can be
monitored without confound. This has been used routinely in Sano et al. (2013) and
Ogawa et al. (2000).

2.3 Behavioural experiments
Timeline for behavioural testing will be given in the relevant chapters.

Behavioural experimentation (apart from running wheel analyses) took place 2 h after
lights off and mice in the test were moved from housing rooms to behavioural rooms 1
h prior to lights off. This ensured that mice could acclimitise to the behavioural testing
rooms prior to testing. Cage changes were not performed 48 h prior to each test. Mice

were typically weighed after each behaviour test and prior to sacrifice.
2.3.1 Open field test (OFT)

Mice were tested for 10 min in an open field apparatus (60 x 60 cm, 28.5 cm-
high wall), which was illuminated with white light at 19 lux and a recording camera
directly above the arena. Activity and position in the arena were automatically
monitored and analysed on a Macintosh computer using Image OFC 2.03 (O’'Hara &
Co., Ltd.), modified software based on the public domain NIH Image programme
(developed at the U.S. National Institute of Health). The software split the arena into 25
squares (left to right, top to bottom), where squares 7-9, 12-14, and 17-19 were

classed as the centre of the arena (illustrated in Fig. 2.3). At the beginning of the test,
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the mouse was placed in the bottom right of the arena with its nose pointing towards
the corner. The total ambulatory distance, total movement duration, movement speed,
and centre duration were recorded automatically for each mouse. The first thee
measurements primarily indicated general exploratory activity levels in a novel
environment, whereas the total duration in the centre of the arena was interpreted to
be related to anxiety and fear. After completion of the test, mice were returned to the
home cage. Between each test, the apparatus was thoroughly wiped clean with 70%
ethanol.
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Figure 2.3. Open field test (OFT) arena. The Image OFC 2.03 (O’Hara & Co., Ltd)
software, based on the public domain NIH Image programme (developed at the U.S.
National Institute of Health) split the OFT area into 25 squares as shown. Mice were
placed in the bottom right corner (square 25), facing the corner of the arena, at the
beginning of the test. The total duration spent in the centre squares of the arena
(highlighted in yellow), was interpreted to be related to anxiety and fear, where mice

that spent more time in the centre were considered less anxious.

2.3.2 Elevated plus maze (EPM)

Mice were tested for 10 min in a maze consisting of a 5 x 5 cm centre platform
from which extended four acrylic arms in a cross formation, with two opposing arms
enclosed by side walls and two left open. Arms were 25 x 5 cm, with the enclosed arms
having 15 cm-high transparent acrylic walls. The entire maze was elevated 59 cm from

the ground and illuminated by a red light, with a recording camera placed directly over
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the maze. Activity was automatically monitored and analysed on a Macintosh computer
using Image OFC 2.03 (O’Hara & Co., Ltd.), modified software based on the public
domain NIH Image programme (developed at the U.S. National Institute of Health). At
the beginning of the test, mice were placed into the centre of the maze, facing one of
the closed arms. Total ambulatory distance, movement duration, time spent in the open
and closed arms, number of open arm entries, latency to enter open arms, time spent
in the centre square, and time spent immobile were recorded automatically. These
measurements were taken to analyse anxiety-related behaviour in the animals.

Between each test, the apparatus was thoroughly wiped clean with 70% ethanol.
2.3.3 Light-dark test (LDT)

Apparatus consisted of an opaque black “dark” box (18.5 x 38.5 x 25 cm) with a
doorway to a transparent “light” box (18.5 x 38.5 x 25 cm) which was illuminated at 20
lux. The dark box also had an entrance doorway, where mice were placed at the
beginning of the test. Once mice had entered the dark box, the doorway to the light box
was automatically opened 2 sec after movement was detected. Movements were
recorded for 10 min on a Windows computer using Image J LD2 (O’'Hara & Co., Ltd.)
modified software based on the public domain MIH Image programme (developed at
the U.S. National Institute of Health). For each mouse, the following activities were
recorded: distance travelled in light and dark boxes, total distance travelled, time spent
in light and dark boxes, number of transitions between light and dark boxes, and
latency to the first entrance to the light box. These measurements were taken to
analyse anxiety-related behaviour in the animals. Between each test, the apparatus

was thoroughly wiped clean with 70% ethanol.
2.3.4 Social investigation test (SIT)

Two days before the test, extra bedding was added to each of the home cages.
On the day of the test, the surplus soiled bedding was transferred to a larger housing
cage (31 x 36.5 x 17 cm) which was used for testing, to allow the subject to establish
territory in the larger cage quickly. The test was carried out in a soundproof box
illuminated at 25 lux with a camera placed directly above the cage. Testing apparatus
is shown in Fig. 2.4. Mice were tested individually in test cages that contained their
own home bedding. A gonadally intact male stimulus mouse of C57BI/6J strain was
placed in a perforated plexiglass cone (6.4 cm base x 4.3 cm top x 16 cm height) for 5
min before the test. A male mouse was used to evoke more anxiety in the female test
mouse. For the test, female mice were placed in the test cage with an empty plexiglass

cone for 5 min. The plexiglass cone was then replaced with the cone containing the
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male stimulus mouse and the test continued for 15 min. The total ambulatory distance,
average moving speed, immobile time, and the count and duration of contact with the
social investigation cone was recorded automatically using an independently licensed
software (O’Hara& Co., Ltd.) for the Ogawa Lab, University of Tsukuba. Between each
test, the stimulus mouse was swapped out and each plexiglass cone was thoroughly

wiped clean with 70% ethanol.

Figure 2.4. Social investigation test apparatus. The test apparatus (A) consisted of
a camera placed over a white plastic testing cage (B) and a transparent plexiglass
cylinder (C). The test apparatus was housed within a soundproof box which was
illuminated under 25 lux white light. The cone was placed in the centre of the testing
cage as shown in B, either empty or with a stimulus mouse inside. The test mouse was
able to pick up on odour cues though the small holes in the plexiglass tube. This figure
is modified from (Tsuda and Ogawa, 2012) Tsuda and Ogawa (2012).
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2.3.5 Running wheel

Aromatase-flox mice were individually housed in plastic cages (29.8 x 19m x 12
cm) equipped with a running wheel (25 cm diameter). Each revolution of the wheel was
registered by a laser beam, which was connected to a counter. The number of
revolutions was recorded daily for 15 days (data starting on day 3 were included for
analysis so that stable data may be analysed). After the last recording day, the running

wheel apparatus was removed, and mice remained individually housed.
2.3.6 Sexual behaviour

Two sexual behaviour tests were conducted one week apart. Sexual behaviour
was measured in the home cage. Subject male Aro™ mice were placed with an OVX
female stimulus mouse that was in hormone-primed oestrous (described above in
section 2.2.1). Testing for sexual behaviour took place 4-6 h after the progesterone
injection was given to the female stimulus mouse. Male test mice were paired with a
novel stimulus mouse for each test, so that behaviour was not dependent on specifc
male-female interactions. After placing the female in the cage, interactions were
recorded for 30 min using a camera placed in front of the cage. The cumulative
duration and number of bouts of following, sniffing, attempted mounts, mounts, and
head grooming attempted by the male mouse were measured post hoc using a digital
event recorder programme (Recordia 1.0b, O’Hara & Co., Ltd.). Between each test, the
surface upon which the cage was placed was thoroughly wiped clean with 70%

ethanol.
2.3.7 Aggressive behaviour

Aggressive behaviour tests were conducted in the home cage over 3
consecutive days following sexual behaviour using a resident-intruder paradigm with
an OBX intact male stimulus mouse (Section 2.2.5). Because aggression is primarily
governed by olfactory signals, OBX mice rarely show aggression (Ogawa et al., 1997).
However, since their gonads are still intact, they can evoke aggression from the
resident test mouse (Denenberg et al., 1973). This allows the measurement of
aggression in test mice that have not been influenced by any experience of defeat.
After the stimulus mouse was placed in the cage, behaviours were recorded for 15 min
using a camera placed in front of the cage. Behavioural events were measured using a

digital event recorder programme (Recordia 1.0b, O’'Hara & Co., Ltd.).
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The thee consecutive tests were then repeated one week later. This is because
aggression can be a learned reward-based behaviour in male mice (Golden et al.,

2019). For each test, the test mouse was paired with a new OBX intruder.

2.4 Perfusion fixation

At the end of behavioural testing, mice were deeply anaesthetised by i.p.
injection of ketamine/xylazine dosed at 0.1 ml/10 g bodyweight, delivering 10 mg/ml
ketamine and 1 mg/ml xylazine. Once anaesthetised, the mice were transcardially
perfused with 0.1 M PBS for 10 min followed by 4% paraformaldehyde for a further 10
min, both delivered at a speed of 2 ml/min. The brains were immediately isolated and
post-fixed in 4% paraformaldehyde overnight at 4°C. The brains were washed in 0.1 M
PBS and transferred to 30% sucrose in 0.1 M PB (w/v) for at least 24 h, until the brains
had sunk to the bottom of the tube.

Perfusion fixation was the method of sacrifice for Aro™ animals, unless otherwise

stated.

2.5 Oestrous staging

The oestrous stage of female mice was assessed post-mortem both visually
and using vaginal cytology. Visual assessment was performed by evaluating the
vaginal opening based on criteria described by Champlin et al. (1973). Vaginal cytology
was assessed by means of a vaginal lavage. Any secretions covering the entrance of
the vagina after sacrifice were removed with a cotton bud dampened with physiological
saline (0.9% NaCl (w/v) in double distilled H2O). A Pasteur pipette was used to gently
flush the vagina with physiological saline and the final flush was dispensed into a 24-
well plate. The material was observed, unstained, under a light microscope with a 10X

objective (Fig. 2.5) and compared to the criteria detailed in (Byers et al., 2012).
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Figure 2.5. Vaginal cytology of mouse oestrous stages. Cornified epithelial cells
(black arrow) and nucleated epithelial cells (white arrow) are characteristic of
proestrous (A). Cornified epithelial cells in the absence of any other cell type are
characteristic of oestrous (B). Leukocytes (black circle) in the presence of cornified and
nucleated epithelial cells is characteristic of metoestrous (C). Leukocytes and
nucleated epithelial cells, in the absence of cornified epithelial cells, is characteristic of
dioestrous (D). From: Byers et al. (2012).

Post-mortem assessment of oestrous stage prevented unnecessary stress being
caused to animals. However, given that access to the animal housing facility was
restricted and animals were delivered to experimentation rooms at designated times of
day, we were not able to guarantee the oestrous stage of the mice upon
experimentation. For this reason, it was decided to pool female mice regardless of
oestrous stage, as obtaining enough mice in each individual stage to meet statistical
power would have required a larger number of animals, contravening the principles of
the 3Rs. We acknowledge that pooling animals may have caused insignificant findings,

despite power being achieved (see section 2.15).
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2.6 Plasma collection

1.5 ml microfuge tubes were coated with 0.5 M sterile filtered EDTA and an
additional 10 ul of EDTA was added to prevent blood clotting. Trunk blood of sacrificed
mice was collected in the coated microfuge tubes. The tube was inverted several times
to mix and placed on ice until plasma preparation. Samples were centrifuged for 10
min at 10,000 xg 4°C. Supernatant (plasma) was transferred to a new microfuge tube

and stored at -80°C until further processing.

2.7 Preparation of ex vivo brain slices

For animal experiments carried out at the University of Reading, UK, surgery
and dissection equipment was kindly provided by Dr Francesco Tamagnini, University
of Reading. Following cervical dislocation and decapitation, the brain was rapidly
removed and immediately submerged in oxygenated ice-cold sucrose solution (189
mM sucrose, 10 mM glucose, 26 mM NaHCO3, 3 mM KCI, 5 mM MgCl,-6H20, 12.5
mM NaH;PO4-2H,0, and 0.1 M CaCl,) in a 5 ml collection tube. After 2 min, the brain
was removed and blotted dry on filter paper before the cerebrum was removed with a
razor blade. The remaining brain was placed onto a magnetic stage with Super Glue
(caudal edge facing down) and resubmerged in oxygenated ice-cold sucrose. The
stage and its container were placed on the vibratome (Leica Biosystems) and 200 um
coronal sections thoughout the hypothalamus were made. Individual slices were
collected in glass bijous containing 5 ml freshly made artificial cerebrospinal fluid
(aCSF; 129 mM NaCl, 3 mM KCI, 1.2 mM MgSOs, 0.4 mM K2HPOs, 25 mM HEPES, 10
mM glucose, 1.4 mM CaCalz, 0.4 mM ascorbic acid, pH 7.6, sterile filtered using a 22
pum filter). aCSF was oxygenated in carbogen (95% 02/5% CO-) for 15 min at 37°C
prior to slice collection. The bijous containing the brain slices were transferred to an
incubator (37°C, 95% 02/5% CO3), and left to recover for 1 h. The recovery aCSF was
used as the 0 h timepoint. After recovery, slices were transferred to 12-well plates
containing pre-warmed oxygenated aCSF and placed back in the incubator for various

timepoints either with or without treatment, depending on the study aims.

Although hypothalamic brain slices containing the SBN were collected, all brain slices
contained adjacent brain regions which may have contributed to measurements made

from the whole slice. These are shown in Fig 2.6.
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Fig. 2.6. Adjacent, potentially neurosteroidogenic regions within hypothalamic

slices. Slices containing the mPOA (A) also contain the cortex (1), lateral septum (2),
lateral preoptic area (3), bed nucleus of stria terminalis (4), and anteroventral
periventricular nucleus (5). Slices containing the VMH (B) also contain the cortex (1),

hippocampus (2), anterior hypothalamus (3), lateral hypothalamus (4),

arcuate nucleus (5), and medial amygdala (6). There also exists the possibility that

other non-labelled regions are steroidogenic.

To avoid skewing the data, brain slices were counterbalanced across treatment groups
by exposing different slices from different animals to each treatment. This is shown in
Table 2.1 and 2.2.
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Table 2.1. Slice distribution across three treatment groups. Animals are denoted

by letters; slice number is as shown. Five slices containing the mPOA were obtained

for each animal. They were counterbalanced across treatments as shown to obtain n =

15 slices per treatment from a total of 9 animals. Three slices containing the VMH were

obtained for each animal. They were counterbalanced across treatments as shown to

obtain n = 9 slices per treatment from a total of 9 animals. This is across all chapters.

mPOA VMH

Treatment | Treatment | Treatment | Treatment | Treatment | Treatment

I ! 1] I ! i

A1 A2 A3 A1 A2 A3

A4 A5 B1 B2 B3 B1

B2 B2 B3 C3 C1 C2

B5 C1 C2 D1 D2 D3

C3 C4 C5 E2 E3 E1
E D1 D2 D3 F3 F1 F2
0 | D4 D5 E1 G1 G2 G3
8 [E2 E3 E4 H2 H3 HA
% E5 F1 F2 13 1 12
.g F3 F4 F5
< |Gt G2 G3

G4 G5 H1

H2 H3 H4

H5 11 12

13 14 15

52



Table 2.2. Slice distribution across four treatment groups. Animals are denoted by
letters; slice number is as shown. Five slices containing the mPOA were obtained for
each animal. They were counterbalanced across treatments as shown to obtain n = 15
slices per treatment from a total of 12 animals. Three slices containing the VMH were
obtained for each animal. They were counterbalanced across treatments as shown to
obtain n = 9 slices per treatment from a total of 12 animals. For RT-gPCR (section
2.12), slices for each treatment were pooled as shown by the highlighting, and SBN
nuclei were punched out. Pooling was necessary to obtain sufficient RNA
concentrations from the small amount of tissue collected in punching. Pooling resulted
in a biological n = 5 for the mPOA, where each biological replicate was made up of
punches from 1 brain slice each of 3 animals. The VMH, the biological replicates were

n = 3, where each biological replicate was made up of punches from 1 brain slice each

of 3 animals. All samples were run in triplicate to give a technical replicate of n = 3.

This is across all chapters.

mPOA VMH

Treatment | Treatment | Treatment | Treatment | Treatment | Treatment | Treatment | Treatment

I I [} v I ! ] v

A1 A2 A3 A4 A1 A2 A3 B1

A5 B1 B2 B3 B2 B3 C1 C2

B4 B5 C1 C2 C3 D1 D2 D3

C3 C4 C5 D1 E1 E2 E3 F1

D2 D3 D4 D5 F2 F3 G1 G2
E E1 E2 E3 E4 G3 H1 H2 H3
» | E5 F1 F2 F3 U1 12 13 J1
E F4 F5 G1 G2 J2 J3 K1 K2
% G3 G4 G5 H1 K3 L1 L2 L3
£ [RH2 H3 H4 H5
< M 12 13 4

15 J1 J2 J3

J4 J5 K1 K2

K3 K4 K5 L1

L2 L3 L4 L5
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2.8 Brain slice viability

Brain slice viability was assessed using the Trypan Blue exclusion test (Strober,
2001). Slices were collected and incubated as described above for timepoints of 2, 8,
24, and 48 h (n = 3 slices per timepoint from 3 different animals), before being briefly
rinsed in PBS and fixed in 4% paraformaldehyde with 0.4% Trypan Blue Solution (v/v)
for 30 min at room temperature. Slices were then rinsed with PBS and carefully
mounted on microscope slides for imaging. 10X brightfield images of four separate
areas of each slice were acquired using a Zeiss Axiolmager Epifluorescence
microscope (Carl Zeiss Microlmaging GmbH) under identical exposure times. Stained
cells were identified using the ImagedJ Particle Analyser plugin (version 1.52u, 17
March 2020).

2.9 Palkovits punch technique (micropunch dissection)

Following incubation (section 2.7) 200 pym brain slices were rinsed in 0.1 M
PBS and fixed in 4% PFA (w/v) for 30 min. Slices were washed with PBS for 1 min
before being placed on a 0.01 mm microscope calibration slide over dry ice for a few
seconds until the slice was firm but not frozen. A dissection microscope was used to
identify nuclei of interest to closely match the Paxinos Mouse Brain Atlas (Paxinos and
Franklin, 2001). A 0.5 mm stainless steel cannula (Fine Science Tools, USA) was used
to dissect out each nucleus. The resulting micropunches were pooled into Eppendorf
tubes ready for further processing by solid phase extraction and hormone analysis or
RNA isolation (see sections 2.10 — 2.12).

An alternative method of micropunch dissection was also used for mice tested at the
University of Tsukuba, Japan, where ex vivo slices could not be prepared and
incubated. Mice were sacrificed by cervical dislocation and brains were immediately
isolated. After removal of the cerebellum, the brains were snap frozen in ice-cold
isopentane and stored at -80°C until further processing. Brains were placed in a brain
mould and embedded in OCT before 200 um sections were taken on a cryostat (Leica
Biosystems, Japan). Sections were placed on a cooled microscope slide on a bed of
dry ice under a dissection microscope and nuclei of interest were identified to closely
match the Paxinos Mouse Brain Atlas (Paxinos and Franklin, 2001). A 0.5 mm stainless
stell cannula (Fine Science Tools, USA) was used to dissect out each nucleus. The
resulting micropunches were pooled into Eppendorf tubes ready for further processing

by solid phase extraction and hormone analysis (see sections 2.10 — 2.11).
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For either method, punches could be stored at -20°C prior to solid phase extraction.
The number of punches and punch volume for each brain nucleus is shown in Table
2.3.
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Table 2.3. Number and volume of punches for each nucleus of interest in the
social behaviour network and hypothalamus. Slices were 200 ym thick, but one
nucleus may span several slices. Therefore, the height of the nucleus was determined
by 200 um multiplied by the number of slices the nucleus spanned. Number of punches

and punch volume are for both hemispheres combined. Punch volume was determined

by:
V (mm3) = m x 0.52 x (0.2 x the number of slices the nucleus spans)

In instances where the area of a nucleus in a particular slice was too diminutive to

sample independently, it was omitted from the collection.

Nucleus # Punches from both | Nucleus volume
hemispheres from both

hemispheres (mm?)

Medial preoptic area 10 0.785
Anterior hypothalamus 6 0.471
Ventromedial hypothalamus 6 0.471
Arcuate nucleus of the 4 0.314

hypothalamus

2.10 Solid phase extraction

Brain tissue and plasma samples were homogenised in Eppendorf tubes with
ice-cold 85% HPLC-grade methanol, which was gently agitated with a pipette until the
slice was homogenised and left at 4°C overnight. Non-end capped 1 ml C18 columns
were used to extract steroids from plasma and homogenised brain tissue. Columns
were primed with 3 ml absolute ethanol and equilibrated with 2.5 ml deionised water.
Homogenised samples were diluted 1/5 in deionised water and loaded to the C18
column. The column was washed twice more with 2.5 ml deionised water and steroids
were eluted with 1.5 ml 90% HPLC-grade methanol. Steroid eluates were spin-dried on
a SpeedVac and resuspended in 350 ul of 0.1 M phosphate buffer containing 0.1%
(w/v) gelatine and 0.7% (v/v) ethanol. The composition of the resuspension solution

was optimised previously by Charlier et al. (2010b).
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2.11 Hormone immunoassays

The steroid hormone assays used in this thesis are competitive enzyme-linked
immunosorbent assays (ELISAs) that rely on competition between the sample and an
enzyme-conjugated competing antigen in binding to the limited amount of antibody that
coats the plate. For all ELISAs, the competing antigen was bound to horseradish
peroxidase (HP), and the assay buffer used was gelatine-phosphate buffer (GPB),
consisting of 0.1% (w/v) gelatine in PBS and 0.5% (v/v) ProClin 300 as a biocide.
Standards in the range of 0-10,000 pg/ml 17B-oestradiol (E2) or testosterone were
prepared as 3-fold serial dilutions in GPB and stored at -4°C (not beyond 3 months)
prior to running the assay. All samples were run in triplicate to give 3 technical

replicates per biological replicate.

Detection limits of the E (section 2.11.1) and testosterone (section 2.11.2) ELISAs
were 10 and 15 pg/ml, respectively. Mean within- and between-plate coefficients of

variability were <10% and <15%, respectively for both assays.

Steroids were measured either in aCSF that bathed the slices during ex vivo slice
preparation or in punch dissected brain tissue. For punch samples, concentrations
were normalised to pg/mm? to reflect the size of each nucleus. This was calculated by

the following equation:
V (mm3) = m x 0.52 x (0.2 x the number of slices the nucleus spans)

where 0.5 is the diameter of the punch (mm) and 0.2 is the thickness of each slice
(mm). Refer to Table 2.3 (section 2.9) for the number and volume of punches from

each nucleus.
2.11.1 17B-oestradiol (Ez) ELISA

The 510/6 goat anti-oestradiol serum (kindly gifted by the late Prof G. S. Pope,
National Institute for Research in Dairying, Shinfield, Berkshire, UK) was diluted
1/10,000 in 0.05 M carbonate buffer, pH 9.6 and stored at 4°C for no longer than 1
month prior to use. Greiner Bio-One high binding capacity 96-well ELISA plates were
coated with 100 pl/well of the diluted anti-oestradiol antibody and incubated overnight
at room temperature in a moist, sealed box. The following day, the antibody coating
was removed with 3 washes of a PBS wash buffer containing 0.1% (v/v) Tween-20 and
any free binding sites on the plates were blocked with GPB at 250 ul/well. The plates

were stored overnight in a moist, sealed box at 4°C.
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For the assay, plates were washed 3 times with wash buffer and banged dry on a
paper towel immediately before use. 60 yl of standards (diluted 5:1 in GPB) or 60 pl
sample (diluted 1:5 in GPB) were added to wells in duplicate. Blank wells and negative
control wells containing aCSF in GPB (1:5) were also ran in duplicate. 50 ul of E>-HP,
(stored neat at 4°C for no longer than 1 week prior to use) diluted 1/2000 in GPB, was
added as the competing antigen to all wells except the blank wells. The plate was
mixed thoroughly on a plate shaker and incubated for 3 h at room temperature in a

moist, sealed box.

After incubation, the plate was washed 3 times with wash buffer and 100 ul/well of
freshly prepared o-phenylenediamine (OPD), diluted 1 mg/ml in 0.05 M citrate buffer,
pH 5.0, with 1 pl/ml 30% hydrogen peroxide, was added as the HP substrate. The
plates were incubated at room temperature in the dark for 30 min to allow the yellow
colour to develop. The reaction was stopped by adding 50 ul/well of 1 M hydrochloric
acid before the absorbance was read at 450 nm (600 nm reference filter) on a
microplate reader (Emax Microplate Reader, Molecular Devices, USA). A standard
curve was constructed using SoftMax Pro V5 software (Molecular Devices, USA) and
sample concentrations were interpolated using R (version 4.0.2m, The R Foundation

for Statistical Computing, Vienna, Austria).

The crossreactivity of other physiologically relevant hormones with the anti-oestradiol
serum was tested previously by Dr W. Cheewasopit (Table 2.4). Briefly, hormones
were diluted in standard concentrations of E; at a concentration of 100 pg/ml.
Absorbance readings of standards containing each hormone were compared to the

absorbance readings of the E» standards. % crossreactivity was calculated by:

Absorbance of E2 standard with hormone

% crossreactivity = ( ) x 100

Absorbance of E2 standard
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Table 2.4. Crossreactivity of physiologically relevant steroid hormones with the

17B-oestradiol ELISA. All steroids were tested at a concentration of 100 pg/ml.

Steroid hormone

% crossreactivity

17B-oestradiol

100

Aldosterone 0.106
Androstenedione 0.050
Corticosterone 0.047
Dehydroepiandrosterone 0.132
Deoxycorticosterone 0.180
Dihydrotestosterone 0.210
Estrone 7.489
Progesterone 0.056
Testosterone 0.097

Table 2.5 shows the % crossreactivity of drug treatments that were added to aCSF and

incubated with the brain slices. Drugs were run in a series of concentrations, diluted in

E» standards, to determine appropriate concentrations for experimentation.

Crossreactivity was determined as above.
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Table 2.5. % crossreactivity of drugs used in brain slice incubation with the 17§3-

oestradiol ELISA. A range of concentrations for each drug were tested over 10-fold

dilutions based on relevant literature. The concentrations used for experiments are

highlighted in bold.

Drug Concentration % crossreactivity
Letrozole 108 M 6.22
10"M 26.41
10 M 52.21
Dutasteride 108M 3.02
10¢M 25.99
104 M 17.72
Finasteride 108 M 4.45
10°M 8.66
104 M 18.73
Propylpyrazoletriol (PPT) 10°M 4.27
108 M 10.60
10"M 13.10
Diarylpropionitrile (DPN) 10°M 1.89
108 M 4.98
10" M 13.48
ICI 182,780 108 M 12.41
5a-androstane-33, 173- 10°M 6.33
diol (3B-diol)
10" M 8.55

The minimum detection limit of the assay was approximately 10 pg/ml and the inter-

and intra-assay CVs were <15%.
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Figure 2.7. Typical standard curve obtained for the 17f-oestradiol ELISA.

2.11.2 Testosterone ELISA

The S505 sheep anti-testosterone serum (National Institute for Research in
Dairying, Shinfield, Berkshire, UK) was diluted 1/30,000 in 0.05 M carbonate buffer (pH
9.6) and stored at 4°C for no longer than 1 month prior to use. Greiner Bio-One high
binding capacity 96-well ELISA plates were coated with 100 ul/well of the diluted anti-
testosterone antibody and incubated overnight at room temperature in a moist, sealed
box. The following day, the antibody coating was removed with 3 washes of a PBS
wash buffer containing 0.1% (v/v) Tween-20 and any free binding sites on the plates
were blocked GPB, 250 pl/well. The plates were stored overnight in a moist, sealed
box at 4°C.

For the assay, plates were washed 3 times with wash buffer and banged dry on a
paper towel immediately before use. 60 yl of standards (diluted 5:1 in GPB) or 60 pl
sample (diluted 1:5 in GPB) were added to wells in duplicate. Blank wells containing
aCSF in GPB (1:5) were also ran in duplicate. 50 pl of testosterone-HP (stored neat at
4°C for no longer than 1 week prior to use) diluted 1/6000 in GPB, was added as the
competing antigen to all wells except the blank wells. The plate was incubated for 4 h

at room temperature in a moist, sealed box.

After incubation, the plate was washed 3 times with wash buffer and 100 pl/well of
freshly prepared OPD, diluted 1 mg/ml in 0.05 M citrate buffer, pH 5.0, with 1 yl/ml 30%
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hydrogen peroxide, was added as the HP substrate. The plates were incubated at
room temperature in the dark for 30 min to allow the yellow colour to develop. The
reaction was stopped by adding 50 pl/well of 1 M hydrochloric acid before the
absorbance was read at 450 nm (600 nm reference filter) on a microplate reader
(Emax Microplate Reader, Molecular Devices, USA). A standard curve was constructed
using SoftMax Pro V5 software (Molecular Devices, USA) and sample concentrations
were interpolated using R (version 4.0.2m, The R Foundation for Statistical Computing,

Vienna, Austria).

The crossreactivity of other physiologically relevant hormones with the anti-
testosterone serum was tested previously by Dr W. Cheewasopit (Table 2.6) by

following a similar procedure as in Section 2.11.1.
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Table 2.6. Crossreactivity of physiologically relevant steroid hormones with the

testosterone ELISA. All hormones were tested at a concentration of 100 pg/ml.

Steroid hormone % crossreactivity
Testosterone 100
17B-oestradiol 0.385
Aldosterone 0.005
Androstenedione 1.322
Corticosterone 0.001
Dehydroepiandrosterone 0.071
Deoxycorticosterone 0.008
Dihydrotestosterone 9.497
Estrone 0.011
Progesterone 0.004

Table 2.7 shows the crossreactivity of drug treatments that were added to aCSF and
incubated with the brain slices. Drugs were run in a series of concentrations to

determine appropriate concentrations for experimentation.



Table 2.7. % crossreactivity of drugs used in brain slice incubation with the

testosterone ELISA. The desired concentration was first ascertained by %

crossreactivity with the 17p-oestradiol ELISA, since that was the hormone of interest.

The chosen drug concentration was then tested for % crossreactivity with the

testosterone ELISA.

Drug Concentration % crossreactivity
Letrozole 10" M 5.1

Dutasteride 108 M 10.87

Finasteride 108 M 13.58
Propylpyracoletriol (PPT) 10°M 1.37
Diarylpropionitrile (DPN) 10°M 0.75

ICI 182,780 108 M 1.71
5a-androstane-38, 17- 108 M 20.6

diol (3B-diol)

The assay detection limit was approximately 15 pg/ml and inter- and intra-assay CVs

were <15%.

Standard Curve
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Figure 2.8. Typical standard curve obtained for the testosterone ELISA.
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2.12 Gene expression analysis
2.12.1 Total RNA extraction

Tissue was submerged in 5 volumes of RNA/ater Stabilization Solution in a 24-
well plate and stored at 4°C. Samples were processed within 3 weeks of collection for

optimal RNA recovery.

Total RNA was extracted using a Qiagen RNeasy Plus Mini Kit, following
manufacturer’s instructions. Absorbance at Azso and Azso nm was measured using the
NanoDrop™ 2000 Spectrophotometer (Thermo Fisher Scientific) to determine RNA
concentration and purity. Isolated RNA was temporarily stored up to 3 months at -20°C
in nuclease-free water and more permanently at -80°C. Punches from a single social
behaviour network (SBN) nucleus/animal yielded approximately 100-120 ng of RNA
and hence RNA from 3-4 animals per treatment per SBN nucleus were pooled for use

in RT-gPCR experiments.
2.12.2 cDNA synthesis

100 ng total RNA was reverse transcribed in a 20 ul reaction mixture using the
High Capacity cDNA Reverse Transcription kit (Applied Biosystems, Thermo Fisher
Scientific), following manufacturer’s instructions. A single reaction mixture contained 2
Ml reverse transcription buffer, 2 pl random primers, 0.8 pl deoxyNTP mixture, and 1 pl
MultiScribe reverse transcriptase. The StepOne™ Real-Time PCR System (Applied
Biosystems, Thermo Fisher Scientific) was used to create the following reaction
conditions: annealing at 25°C for 10 min, reverse transcription at 37°C for 120 min,
RNA denaturation at 85°C for 5 min. cDNA was temporarily stored (no longer than 1
month) at -20°C.

2.12.3 RT-gPCR

RT-gPCR was performed with the StepOne™ Real-Time PCR System (Applied
Biosystems). The cDNA was amplified in a reaction volume of 14 pl, consisting of 7 pl
2X PowerSYBR® Green Master Mix (Thermo Fisher Scientific) and primers at a final
concentration of 360 nM. The primer sets were designed by Integrated DNA
Technologies Primer 3 tool and checked against NCBI Primer-Blast for duplex
formation with other species or other genes. Primer sequences for all target genes are
shown in Table 2.8. For each cDNA sample, PCR amplification of the housekeeping
gene ActB (encoding B-actin) was determined to allow normalisation between the
samples. Targets and controls were run in separate wells under the following reaction

conditions: an initial holding step of 95°C for 10 min, 40 cycles of denaturation at 94°C
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for 15 sec, followed by annealing and extension at 60°C for 1 min. A melt curve was
also included. Cycle thesholds (Ct) were automatically determined by the StepOne™
Software (Applied Biosystems). Three reactions were performed for each cDNA
sample (n = 3 technical replicates), and a no template control, in which molecular-
grade water was included instead of cDNA template, was included for each target gene

in each assay.

Relative gene expression was determined using the 2722¢T method (Livak and
Schmittgen, 2001) with B-actin as the housekeeping control gene. $-actin was chosen
due to its high conservation and hypothalamic insensitivity to dietary changes that
affect other housekeeping genes such as GAPDH (Sellayah et al., 2008). Furthermore,
B-actin has been the housekeeping gene of choice in previous literature measuring
steroidogenic enzyme expression in the rodent hypothalamus (Soma et al., 2005). Cr
values from triplicate samples were normalised to the average Cr of the endogenous
control gene ActB to obtain ACt. ACtvalues were normalised to the corresponding AC+
value for 0 h samples or the ovary, depending on the experiment. AACt values were

then converted to fold-differences using the formula: fold-difference = 2-24CT,
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Table 2.8. Primer sequences for RT-gPCR. Primers were designed by Integrated

DNA Technologies Primer 3 tool and duplex formation with other species or genes was

checked against NCBI Primer-Blast.

Gene Forward sequence (5’ 2> 3’) Reverse sequence (3’ > 5’)
name
ActB TGTGCTGTCCCTGTATGCCTCTG | GGGAGAGCATAGCCCTCGTAGAT
G GG
StAR GGAACCCAAATGTCAAGGAGATC | AGGCCCCACCAGGTTGCC
AAGG
Cypi11al | AGTCCTGGCTGCCCGGCG GGTGGAGTCTCAGTGTCTCCTTG
ATGC
Hsd3b1 | CACCCAGTACCTGAGGAGAGCTT | GGCACACTGGCTTGGATACAGGC
GC
Hsd17b1 | GTGCGAGAGTCTGGCGATCCTGC | CGCCCACCAGCTTTTCATAGAAG
G
Cyp19a1 | GGACACCTCTAACATGCTCTTCCT | TGATGAGGAGAGCTTGCCAGGC
GGG
Srdb5a1 GCCGATACTTGAGCCAGTTTGC CTCAGATTCCGCAGGATGTGGT
Srd5a2 | CATCCACAGTGACTGCATGCTG AAGGCTGGAACAGACCAAGTGG
Srd5a3 | GGAGCACCTTTTCCAAACTGGC ACCAAGAAGGCAGACAGAGCCA
Esr1 TCTGCCAAGGAGACTCGCTACT GGTGCATTGGTTTGTAGCTGGAC
Esr2 GGTCCTGTGAAGGATGTAAGGC TAACACTTGCGAAGTCGGCAGG

2.13 Golgi staining

The sliceGolgi Kit protocol was used to impregnate neurones for Golgi analysis,

with some modifications.

Mice used for Golgi staining were transcardially perfused as described in section 2.4,

but with the aldehyde fixative supplied in sliceGolgi kit, Bioenno Tech 003760.

Following perfusion fixation, the brains were cut into hemispheres so that one

hemisphere could be used in solid phase extraction and hormone analysis (see

Sections 2.10-2.11) and the other hemisphere was post-fixed in the aldehyde fixative

(volume = 10x volume of tissue) for 5 h and used for Golgi staining. The fixative was
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replaced after 30 min. After post-fixing, the brains were stored in 0.1 M PB at 4°C for

no longer than 3 days, until ready for further processing.

Brains were removed from the 0.1 M PB and sectioned at 200 um on a vibratome
(Leica Biosystems) in room temperature 0.1 M PB. The slices were collected using a
paintbrush and placed in a 12-well plate (3 slices/well) containing 0.1 M PB (3 ml/well).
Under a fume hood, the 0.1 M PB was removed carefully with a Pasteur pipette,
making sure not to damage any of the slices in the well. 2 ml of 1X impregnation
solution (diluted from 5X stock following instructions in the sliceGolgi protocol) was
added to each well. The slices were incubated in the dark for 4 days at room
temperature, refreshing the impregnation solution after 1 day. The slices were rinsed in
double-distilled H>O and washed in 0.01 M PBS with 0.3% Triton X-100 (v/v) 5 min, 3
times. 2 ml of the Solution C stain was added to the slices for 4 min and the slices
were again rinsed with double-distilled H20. 2 ml of the Solution D post-stain was
applied for 1 min and the slices were washed 3 times in 0.01 M PBS with 0.3% Triton
X-100 (v/v), 5 min each wash. The slices were then carefully mounted onto gelatin-
coated microscope slides and left overnight to dry slightly. Gelatin-coated microscope
slides were prepared by dipping slide racks into slide jars containing filtered gelatin
solution (5 g gelatin and 0.5 g chomium potassium sulphate in 1 L deionised H20).
Slides were left to dry completely before use. Finally, the mounted slices were
dehydrated in increasing concentrations of ethanol (50%, 70%, 90%, 100%, 100%,
100%) in slide jars and defatted 3 times in xylene (also in a slide jar). The slides were
covered with a 76 x 26 x 1 mm rectangular coverslip with Permount mounting medium

and left in the dark until dry.
2.13.1 Image acquisition and analysis

An inverted microscope (Nikon TiE) was used to take a series of z stacks (0.5
Mm step size) at 100X magnification to visualise dendritic spines (n = 50 per animal) in
the mPOA resulting from i.p. injections. 20X images were also taken for Sholl analysis
(Sholl, 1953), n = 50 neurones/treatment evenly distributed across each of the 4-5
animals per treatment group. ImageJ (v 1.8.0) was used to analyse the images and
measure arbourisation, dendrite length, soma size, and spine density and morphology.
Briefly, pixel-to-micron scale was set, and the line drawing tool was used to measure
dendrite lengths and the width of the soma. Spine morphology was determined by
measuring the length and width of each spine using the line drawing tool and
categorised as according to the criteria in Risher et al. (2014). Filopodial spines were

characterised by a length >2 ym, long thin spines were characterised by a length <2
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pUm, and thin spines were characterised by a length <1 pm. Stubby spines were
characterised by a length:width ratio <1. Mushoom spines were characterised by a
width >0.6 ym. Branched spines were characterised by having 2 or more heads.
During analysis, microscope slides were coded using an alphabetical system by an
independent researcher (Ruby Vajaria, RV) who was not involved in the experimental
procedures. The analysts (JD and Rosie Moore, RM) were unaware of the treatment

received by the brain slices on the slides until after the image analysis was completed.

2.14 Immunohistochemistry for the aromatase protein

Aromatase is a microsomal cytochome P450 enzyme that resides largely in the
endoplasmic reticulum (Chan et al., 2016) but is also found at synapses and
presynaptic terminals (Hojo et al., 2004a, Srivastava et al., 2010). Due to its limited
expression in specific subcellular compartments, the aromatase protein is notoriously
difficult to immunostain (Cornil, 2018). Though several antibodies have been used to
immunostain aromatase, they are limited by insufficient characterisation and no scoring
or grading system for immunoreactivity (Hong et al., 2009). Previously, unpublished
data from our laboratory utilised a specific aromatase antibody that is unfortunately no
longer available from the commercial supplier. Therefore, a closely related rabbit
polyclonal antibody (rabbit anti-aromatase, Novus Biologicals, AB_10000919) was
used in an immunostaining optimisation protocol with the end goal of localising the

aromatase protein in brain slices.
2.14.1 Optimisation of staining protocol

In an initial method adapted from Hornsby et al. (2020), testes were dissected
from adult male mice and snap frozen in ice-cold isopentane. Frozen tissue was stored
at -80°C until sectioning. Tissue was embedded in OCT for sectioning at 20 yum on a
cryostat (Bright Instruments, UK) and collected on SuperFrost Plus Adhesion slides
(Epredia, UK). Slides were placed in a slide jar and washed 3 times with 0.1 M PBS, 5
min per wash. The tissue was permeabilised with ice-cold methanol for 2 min and
washed as previous. The slide jar was placed in a water-bath heated to 70°C and pre-
heated antigen retrieval buffer (0.1 M sodium citrate buffer + 0.05% Tween 20 (v/v), pH
6.0) was added to the jar. The slides were incubated in this solution for 1 h. Slides
were removed from the jar and SuperBlock Blocking Buffer (ThermoFisher Scientific,
UK) was applied to each section. Slides were incubated in a dark, moist box at room
temperature for 1 h. Excess blocking solution was removed and the primary antibody
was applied at a 1:500 or a 1:200 dilution in 0.1 M PBS with 0.1% Triton X-100 (v/v) for
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24 hin a dark, moist box at 4°C. Negative control samples were incubated in the same
solution, but the primary antibody was omitted. Slides were washed as previous before
application of the secondary antibody (goat anti-rabbit AlexaFluor 568, diluted 1:300 in
0.1 M PBS with 0.1% Triton X-100 (v/v), and incubated in a dark, moist box for 2 h at
room temperature. Slides were washed as previous and coverslipped with

Fluoromount-G mounting medium with DAPI (Invitrogen, UK).

A second protocol, designed to reduce background staining and enhance visualisation
of the immunostain, was adapted from Rosas-Arellano et al, (2016). This method was
identical to the method above except for the composition of the blocking solution and
the primary antibody incubation solution. Sections were blocked in 50 mM glycine,
0.05% Tween-20 (v/v), 0.1% Triton X-100 (v/v) and 0.1% BSA (v/v) in SuperBlock
Blocking Buffer. The primary antibody was diluted at 1:500 or 1:200 in 10 mM glycine,
0.05% Tween-20 (v/v), 0.1% Triton X-100 (v/v) and 0.1% hydrogen peroxide (v/v) in 0.1
M PBS. Negative control samples were incubated in the same solution, but the primary
antibody was omitted. The addition of glycine and hydrogen peroxide aims to quench
any autofluorescence, enhance specific signals, and reduce background noise (Rosas-
Arellano et al., 2016).

Sections were imaged on a fluorescent microscope (Zeiss Axioskop) at 10X and 20X
and images were analysed in Imaged (v 1.8.0). Each image was segmented in to four
quadrants which were analysed separately using thesholding tools in ImageJ.
Corrected total cell fluorescence (CTCF) was calculated for each image as shown

below:

CTCF = integrated density of immunostained area —

(area of immunostained selection x mean integrated density of unstained background)

The CTCF of each primary antibody dilution in each method is shown in Fig. 2.9. The
method modified from Rosas-Arellano et al. (2016) gave a stronger signal, and was

used for all subsequent staining.
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Figure 2.9. Corrected total cell fluorescence (CTCF) using two different staining
methods during the optimisation of immunostaining with the Novus Biologicals
anti-aromatase antibody (AB_10000919). Following cryostat sectioning, two methods
were employed to determine the best protocol for aromatase staining in tissue
sections. Both methods were identical except for the composition of the blocking
solution and primary antibody incubation solution. In a method adapted from Hornsby
et al. (2020) (blue bars), SuperBlock Blocking Buffer (ThermoFisher Scientific, UK) was
used as the blocking solution. The primary antibody incubation solution in this method
was 0.1 M PBS with 0.1% Triton X-100 (v/v). A second method, designed to reduce
background staining and enhance visualisation of the immunostain, adapted from
Rosas-Arellano et al. (2016) (green bars), used a blocking solution consisting of 50
mM glycine, 0.05% Tween-20 (v/v), 0.1% Triton X-100 (v/v) and 0.1% BSA (v/v) in
SuperBlock Blocking Buffer. The primary antibody incubation solution was 10 mM
glycine, 0.05% Tween-20 (v/v), 0.1% Triton X-100 (v/v) and 0.1% hydrogen peroxide
(v/v) in 0.1 M PBS. Sections were either incubated with no primary antibody (negative
control, NC), or the primary antibody diluted at 1:500 or 1:200. All sections were
incubated with the secondary antibody (goat anti-rabbit AlexaFluor 568, diluted 1:300
in 0.1 M PBS with 0.1% Triton X-100 (v/v) and coverslipped with Fluoromount-G
mounting medium with DAPI (Invitrogen, UK). The resulting CTCF of each method is

shown.
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2.14.2 Characterisation of aromatase antibody in mouse ovary sections

The immunostaining method with the anti-aromatase antibody was further
optimised using ovaries. Ovarian tissue consists of thecal cells, which do not express
aromatase, and granulosa cells, where aromatase is exclusively expressed (Stocco,

2008) making it an ideal positive and negative staining control.

Ovaries were dissected out of adult female mice in dioestrous and snap frozen in ice-
cold isopentane. Frozen tissue was stored at -80°C until sectioning. Tissue was
embedded in OCT for sectioning at 10 um on a cryostat (Bright Instruments, UK) and
collected on SuperFrost Plus Adhesion slides (Epredia). Section thickness was
reduced to improve the resolution of the images. The method adapted from Rosas-
Arellano et al. (2016) described above was used with a 1:200 primary antibody dilution.
Antigen retrieval times were further optimised to maintain the integrity of the sections
on the slides. Retrieval times of 0, 10, 30, and 60 min were used, and resulting images
are shown in Fig. 2.10. Antigen retrieval was also performed for 120 min, but this
resulted in sections peeling away from the slides. 60 min led to significant deformation
of the sections on the slides, whilst no antigen retrieval step resulted in no visible
immunostain (Fig. 2.10). Therefore, antigen retrieval was necessary to visualise
immunostaining. Section morphology was best with 10 min antigen retrieval, whilst also
providing clear staining. Negative controls (primary anti-aromatase antibody omitted;
secondary antibody only) showed large blotches of colour across the tissue whilst all
experimental samples showed non-specific staining across the theca and stroma,
where aromatase is not expressed (Stocco, 2008) (Fig. 2.10). To ensure this was not
due to ineffectual wash times, wash times were increased to 3x 20 min with a 10 min
antigen retrieval. This was effective at removing colour blotches in the negative
controls, though staining continued to be observed outside the granulosa layer (Fig.
2.11). Due to the non-specific staining of the antibody, aromatase immunostaining was

not pursued further.
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Figure 2.10. Representative images to show the effects of antigen retrieval time
on aromatase staining of 10 pm mouse ovary sections. Slices underwent a 0, 10,
30, 60, or 120 min antigen retrieval time. Antigen retrieval for 120 min resulted in
samples peeling away from slides, therefore these samples are not shown. Negative
control (NC) sections (first and third rows) were incubated with the primary antibody
incubation solution with the primary antibody omitted, followed by incubation with the
secondary antibody (goat anti-rabbit AlexaFluor 568, diluted 1:300 in 0.1 M PBS with
0.1% Triton X-100 (v/v). The second and fourth rows show sections stained with the
primary antibody at a 1:200 dilution and the secondary antibody. Images show
expected staining of aromatase in the granulosa layer (yellow arrows) and non-specific

staining in the stroma and theca (white arrows).
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Figure 2.11. Representative images to show the effects of wash times on
aromatase staining of 10 pm mouse ovary sections. Negative control (NC) sections
(A-D) were incubated with the primary antibody incubation solution with the primary
antibody omitted, followed by incubation with the secondary antibody (goat anti-rabbit
AlexaFluor 568, diluted 1:300 in 0.1 M PBS with 0.1% Triton X-100 (v/v). E-F shows
sections stained with the primary antibody at a 1:200 dilution followed by the
secondary antibody. Images show expected staining of aromatase in the granulosa

layer (yellow arrows) and non-specific staining in the stroma and theca (white arrows).
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2.15 Statistical analyses

For the measurement of steroid hormones, it was estimated that 10 slices per
treatment group would be required to reach power of 80%. This estimation was based
on our initial measurements of E» from 6 samples, where the 24 h group had a mean of

218 pg/ml and the 0 h group had a mean of 80 pg/ml.

n
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(1112 + 1112/1)(1.96 + 0.84)2
™= 1382

where:

A = |u2-p1| = absolute difference between two means
o1, 02 = variance of mean #1 and #2

n1 = sample size for group #1

n2 = sample size for group #2

a = probability of type | error (0.05)

B = probability of type Il error (0.2)

z = critical Z value for a given a or 3

k = ratio of sample size for group #2 to group #1

Power was achieved in all experiments, however lack of statistical differences could be
a consequence of oestrous cycle stage, as animals were pooled across stages (see

section 2.5.

Results are expressed as mean +/+ SEM, and data was tested for normality
using the Shapiro-Wilk test. For parametric datasets, differences established by
Student’s t test and one-way ANOVA with Bonferroni post hoc test for multiple

comparisons. For nonparametric datasets, differences were established by a Kruskal-
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Wallis test with Dunn’s multiple comparisons post hoc. This is indicated in the figure
legends. P values of <0.05 were considered statistically significant. Statistical testing
and graphing were carried out using GraphPad Prism version 8.0 for Windows,
GraphPad Software, Boston, Massachusetts, USA.
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Chapter 3

Measuring Neurosteroids in the Social
Behaviour Network of the Mouse Using a

Novel Ex Vivo Brain Slice Culture Technique

This chapter was originally written as a manuscript submitted to Endocrinology,
October 2023 and co-authored by Janine Dovey (JD) and DeAsia Davis (DD). All male
data were collected by DD; all female data was collected by JD. Both authors
contributed to the manuscript equally. For this thesis, all data obtained by DD were

reanalysed and redrawn by JD.
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3.1 Introduction

Steroid hormones have widespread effects on sexually dimorphic behaviours
via nuclear hormone receptors that are abundantly expressed in the brain. The neural
circuits underlying behaviour are found within the social behaviour network (SBN); a
conserved, sexually dimorphic network of brain nuclei (Newman, 1999). The
hypothalamus contributes several nuclei to the SBN, including the medial preoptic area
(mPOA), anterior hypothalamus (AH), and ventromedial hypothalamus (VMH), and is a
critical mediator of lordosis behaviour in female rodents (Pfaff, 1998) and aggressive
behaviour in male rodents (Sano et al., 2013) (Unger et al., 2015) when activated by

sex hormones.
3.1.1 Expression of steroidogenic enzymes

Sex hormones not only originate from the gonads or adrenals but can be
produced by the brain itself in de novo synthesis from cholesterol or in situ from
haematogenous precursors (Giatti et al., 2019). De novo neurosteroidogenesis
requires the expression of both steroidogenic acute regulatory protein (StAR), which
mediates the transfer of cholesterol to the inner mitochondrial membrane, and the
mitochondrial enzyme cytochome P450 side-chain cleavage (P450scc), which converts
cholesterol into pregnenolone. RT-PCR has demonstrated the regional and sexually
dimorphic distribution of Cyp11a1 (encoding P450scc) in the rat brain, where cortical
expression is high amongst both male and female rats, but hippocampal expression is
much higher in the female than the male (Mellon and Deschepper, 1993). Discrete cell
populations in the mouse brain express P450scc and StAR proteins, suggesting that
only a few cells can synthesise neurosteroids de novo, though co-immunoreactivity has
been observed in the hypothalamus of both male and female mouse brains (King et al.,
2002). Enzymes involved in further steroid metabolism, including 33-hydroxysteroid
dehydrogenase (33-HSD), encoded by Hsd3b1, 17B-hydroxysteroid dehydrogenase
(17p-HSD), encoded by Hsd17b1, and cytochome P450 aromatase, encoded by the
Cyp19a1 gene, have also been demonstrated in the mammalian brain by means of
immunohistochemistry, in situ hybridisation, Western blot, RT-PCR, and transgenes
(Stanic et al., 2014) (Pelletier, 2010). Many of the steroidogenic enzymes show
regional and sex differences in expression across the cerebral cortex, cerebellum, and
hypothalamus. For example, female rats tend to express higher levels of Stard1 mRNA
(encoding StAR) in the cerebellum and Hsd3b1 mRNA in the cerebral cortex (Giatti et
al., 2019). Meanwhile, the female mouse hypothalamus expresses less Hsd3b1 than

the male (Nishida et al., 2005). In contrast, in the male hypothalamus, the bed nucleus
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of stria terminalis (BNST), preoptic area, and amygdala exhibit higher levels of
aromatase expression than in the female (Tabatadze et al., 2014a) (Stanic et al., 2014)
(Wu et al., 2009), However, the dorsal hippocampus and cingulate cortex did not show

any sex dimorphisms in aromatase expression (Tabatadze et al., 2014a).
3.1.2 The role of neurosteroids

Steroids made within the brain, i.e., neurosteroids, contribute to rapid signalling
functions to exert a variety of effects on the nervous system, including myelin formation
in peripheral nerves (Schumacher et al., 2001), synapse formation and maintenance in
the hippocampus (Kretz et al., 2004b, Prange-Kiel and Rune, 2006) , dendritic spine
formation in the hippocampus (Murakami et al., 2018) (Kato et al., 2013), and
promotion of GABAergic transmission in the VMH (Uddin et al., 2020). Many of these
cellular or network effects have behavioural consequences. For example,
neuroestrogens rapidly modulate auditory processing circuits in the songbird brain to
enhance song memory (Vahaba and Remage-Healey, 2018). In the mouse,
neuroestrogen in the medial amygdala (meA) drives aggressive behaviour (Unger et
al., 2015) and sexual motivation in male quail (Seredynski et al., 2013). In
ovariectomised (OVX) female mice, both intracerebroventricular and intra-VMH
injections of E2-benzoate (EB) can drive lordosis in a protein kinase-dependent
pathway (Dominguez-Ordoinez et al., 2019), suggesting hypothalamic neuroestrogen is
important for female sexual behaviour. In male mice with a forebrain-specific
aromatase knockout (ArKO), sexual behaviour is decreased despite high levels of
testosterone (Brooks et al., 2020a). In the female rat hippocampus, neuroestrogens
fluctuate across the oestrous cycle, following a similar cyclicity in concentration to that
in the plasma (Kato et al., 2013). However, the relative contribution of ovarian
oestrogen and neuroestrogen to the overall concentrations measured in the brain

remains unclear.

Concentrations of circulating sex hormones are not a direct representation of the
concentrations present in the brain because of regional and sexually dimorphic
changes in aromatase activity under certain physiological conditions. In the newborn
rat, high aromatase activity in the hypothalamus correlates with higher levels of
oestradiol and low levels of aromatase activity in the hippocampus and cortex
correlates with lower levels of brain-derived oestradiol (Konkle and McCarthy, 2011a).
Neurosteroids have been measured to a greater extent in the songbird (Jalabert et al.,
2022) (Charlier et al., 2010b) (Saldanha et al., 2013a), which contains the same SBN

regions along with the caudal medial nidopallium (NCM); a steroid-responsive brain

79



region important for song processing and social behaviours (Vahaba and Remage-
Healey, 2018). In the rodent, neurosteroids have been measured mostly in the
hippocampus (Hojo et al., 2004a, Hojo et al., 2009, Hojo and Kawato, 2018, Kretz et
al., 2004a), where they play an important role in learning and memory (Frick and Kim,
2018). Neurosteroids exist in higher concentrations than that of plasma steroids in both
the songbird brain and the rodent hippocampus (Charlier et al., 2010b) (Kato et al.,
2013).

However, absolute concentrations of sex hormones and the regulation of their

production within the adult SBN have not yet been demonstrated in the rodent.

Using a novel ex vivo slice culture method, we show differential expression between
the sexes of steroidogenic enzymes and differences in local sex hormone
concentrations that are important for the dynamics of neuroestrogen signalling in vivo,
in response to stimuli. Since this research was carried out by two independent
researchers (JD and DD) at different stages of their PhDs, all analysis was carried out
post hoc. Thus, there exists some inconsistencies in brain regions used in analysis.
JD, who gathered data from female mice, was primarily interested in behaviourally
relevant regions involved in female typical behaviour. DD, who gathered data from
male mice, conducted research on the whole SBN. Whilst it is acknowledged that
differences in the brain regions studied by each researcher do not lend themselves to
direct comparisons, it should be noted that there is significant overlap in the
behaviourally relevant brain areas for female behaviour and the SBN. Overall, the aim
of this work was to contribute to a greater understanding of the paracrine roles of

locally produced hormones in sexually dimorphic brain processes.

3.2 Methods
3.2.1 Materials: animals and chemicals

All animals were housed at the University of Reading as described in section

2.1. Oestrous stage was determined as described in section 2.5.
3.2.2 Preparation of slice culture

Ex vivo brain slices were prepared as described in section 2.7.
3.2.3 Determination of slice viability

Slice viability was determined with Trypan Blue, as described in section 2.8.
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3.2.4 Blood collection and plasma preparation
Blood was collected and plasma prepared as described in section 2.6.
3.2.5 Palkovits punch technique for extraction of steroids and for RT-qPCR

The Palkovits punch method (described in section 2.9) was used to micropunch
regions of interest which were used for solid phase extraction (section 2.10) or RT-
gPCR (section 2.12).

3.2.6 Determination of steroid concentration by ELISA

Concentrations of E, and testosterone in aCSF samples, and from punches and
serum (which had been subject to solid phase extraction) were measured using
competitive in-house ELISAs, described in section 2.11. It should be noted that
hormones measured from aCSF may not be a direct reflection of the
neurosteroidogenic capacity of the brain regions of interest alone, as each slice
contains several other brain regions that have the capability to produce neurosteroids.

Please see section 2.8 and Fig. 2.5.
3.2.7 Statistical analyses

Statistical analysis was carried out as described in section 2.15.

3.3 Results
3.3.1 The brain produces neurosteroids ex vivo

The concentrations of sex hormones E; and testosterone in ex vivo
hypothalamic brain slices following incubation at different time points are shown in Fig.
3.1. Neurosteroids were measured in the incubation media, in females (Fig. 3.1A and
3.1C) and males (Fig. 3.1B and 3.1D). In female hypothalamic slices, E> concentration
was significantly increased by 8 h (Fig. 3.1A, 0 h vs 8 h, P =0.0291). In both females
and males, there was a significant increase in E2> between 0 h and 24 h (Fig 3.1A,
females, P = 0.0373; Fig. 3.1B, males, P = 0.0456), but no increase at 48 h (Fig. 3.1A,
females, Oh vs 48h, P > 0.999; Fig. 3.1B, males, 0 h vs 48 h, P > 0.999). In female
hypothalamic slices, testosterone concentration increased significantly from 0 h after 2
h incubation (Oh vs 2h, P = 0.0067), showing a continued increase at8 h (0 hvs 8 h, P
< 0.0001) (Fig. 3.1C). After 24 h incubation testosterone had increased significantly
from O h in both females (Fig. 3.1C, P = 0.0109) and males (Fig. 3.1D, P = 0.0257) but
did not increase significantly from 0 h after 48 h (0 h vs 48 h, P > 0.999 for both
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females [Fig. 3.1C] and males [Fig. 3.1D]). Since there was a significant increase in
the concentration of both E, and testosterone at 24 h in both males and females
alongside satisfactory slice viability (Fig. 3.2), a 24 h incubation period was used for all

subsequent experiments.
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Figure 3.1. Neurosteroid concentrations in hypothalamic brain slices from adult
male and female mice incubated for different time points. Concentrations of
neuroestrogen (A, B) and neurotestosterone (C, D) in female (left) and male (right)
animals. n = 6 slices from 6 animals for all timepoints except 48 h where n = 3 slices
from 3 animals, and 0 h where n = 24 slices from 6 animals. Differences were
established by the Kruskal Wallis test with Dunn’s multiple comparisons test post hoc
(A and C), or by a one-way ANOVA with Bonferroni’s multiple comparisons test post
hoc (Band D), *P<0.05vs0h,*™ P<0.01vsO0h,*** P<0.0001 vs 0 h.
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Figure 3.2. Viability of hypothalamic brain slices incubated for different time
points measured by the Trypan Blue exclusion assay. A vibratome was used to
take 200 um slices from hypothalamic brain regions of P38-44 C57BI/6 mice, which
were incubated in aCSF for different time points. Following incubation, slices were
incubated with 0.4% Trypan Blue Solution and fixed in 4% w/v paraformaldehyde
before being mounted on microscope slides and imaged under a light microscope. 10X
images of four separate areas of each slice were taken, and each image was then
divided into quadrants. The % area of unstained tissue is plotted, where 0 h was
assumed 100% viability. n = 1 slice per time point, where each slice contributed 16
images. Differences were established by a one-way ANOVA with Bonferroni’s multiple
comparisons test post hoc. *** P < 0.001 vs 2 h, **** P < 0.0001 vs 2 h.

3.3.2 The capacity to synthesise neurosteroids in the social behaviour network is

sexually dimorphic

To understand if males differed from females in neurosteroid synthesis, we
investigated E> and testosterone concentration at 0 h and 24 h across all SBN nuclei
(Fig. 3.3). For both E: (Fig. 3.3A) and testosterone (Fig. 3.3C), there was a significant
effect of sex (P < 0.0001 for E2 and testosterone), timepoint (P < 0.0001 for E; and
testosterone), and the interaction between sex and timepoint (P = 0.0002 for E,, P <
0.0001 for testosterone). To compare punch dissected SBN nuclei between males and
females, the concentrations of neurosteroids from the female mPOA, AH, and VMH
was averaged and compared to the concentration of neurosteroids from the SBN
nuclei of the male (Fig 3.3B). There was a significant effect of sex (P = 0.001),

timepoint (P = 0.0005), and the interaction between sex and timepoint (P = 0.001) on
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E> concentration in SBN punches (Fig. 3.3B). There was a significant effect of
timepoint on the concentration of testosterone in SBN nuclei (P = 0.0002), but no effect

of sex or the interaction between sex and timepoint (Fig. 3.3D).
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Figure 3.3. Neurosteroid concentrations in pooled SBN nuclei of adult male and
female mice. Concentrations of neuroestrogen (A) and neurotestosterone (C) in
pooled aCSF bathing male and female slices comprising the lateral septum, medial
preoptic area, bed nucleus of stria terminalis, anterior hypothalamus, medial amygdala,
and ventromedial hypothalamus after either O h or 24 h incubation. Individual SBN
nuclei were punch dissected from their slices after either 0 h or 24 h incubation in
aCSF before being processed by C18 extraction to extract steroids for measurement of
neuroestrogen (B) or neurotestosterone (D) contents. Note that SBN nuclei pooled
from male and female mice were used for this analysis. Differences were established
by a Kruskal-Wallis test with Dunn’s multiple comparisons post hoc. * P < 0.05 vs 0 h,
*P<0.01vs0h,* P<0.001 vsO0h, **** P<0.0001 vsO0 h.
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3.3.3 Neurosteroids are locally regulated across the social behaviour network and are

significantly higher than plasma steroids

Across the SBN, neurosteroid production in ex vivo slices is locally regulated.
Neurosteroids were measured from the incubation aCSF bathing hypothalamic slices
containing SBN nuclei (Fig. 3.4A, 3.4C, 3.4E, and 3.4G). In females, there was a
significant increase in E; between 0 h and 24 h in all slices except those containing the
mPOA/BNST (Fig. 3.4A, 0 h vs 24 h, LS/mPOA, P = 0.0097; AH/meA, P <0.0001,
meA/NVMH, P = 0.0253; mPOA/BNST, P = 0.0939). E» measured in aCSF at any
timepoint was at least 1.9x higher than that measured in plasma, shown by the dotted
line (14.33 £1.71 pg/ml) (Fig. 3.4A). Plasma steroids were lower than neurosteroids
measured in aCSF regardless of oestrous stage (Fig. 3.6). In male slices, there was a
significant increase in E, between 0 h and 24 h in all slice regions (Fig. 3.4C, 0 h vs 24
h, LS/mPOA, P <0.0001; mPOA/BNST, P = 0.0061; AH/meA, P = 0.0014, meA/VMH, P
<0.0001). E> measured in aCSF was considerably greater than that measured in
plasma (13.7 £0.07 pg/ml, shown by the dotted line), with a minimum difference of 11-
fold (Fig. 3.4C).

For testosterone, there was a significant increase between 0 h and 24 h for all slice
regions in both female (Fig 3.5A, 0 h vs 24 h, LS/mPOA, P <0.0001; mPOA/BNST, P =
0.0007; AH/meA, P <0.0001; meA/VMH, P = 0.0079) and male (Fig. 3.5C, 0 h vs 24 h,
LS/mPOA, P <0.0001; mPOA/BNST, P = 0.0004; AH/meA, P =0.0157; meA/NVMH, P =
0.0048) ex vivo slices. This was most predominantly seen in male slices, where
testosterone concentrations increased by up to 3.6-fold (Fig 3.5C). Plasma
testosterone concentrations (shown by the dotted line) were less than that measured in
aCSF in both females (7.49 +1.34 pg/ml) (Fig. 3.5A) and males (660.21+15.07g/ml)
(Fig 3.5C).

Since ex vivo hypothalamic slices contain steroid-producing cells outside of the SBN
nuclei, individual nuclei were punch dissected and steroids were extracted by C18
extraction (Fig. 3.4 and Fig. 3.5, panels C-D). In the female, only 3 SBN nuclei were
dissected, along with the ARC, a non-SBN region that is important for the expression of
lordosis during female reproductive behaviour. There was a significant increase in E>
between 0 h and 24 h in the female AH (0 h vs 24 h, P =0.0095) and VMH (0 h vs 24
h, P =0.0270) (Fig. 3.4B). In males, there was a significant increase in E> between 0 h
and 24 h for all regions except the VMH (Fig 3.3D, 0 h vs 24 h, LS, P = 0.0357; mPOA,
P =0.0109; BNST, P = 0.0388; AH, P = 0.0135; meA, P =0.0163; VMH, P = 0.1509).
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Testosterone concentrations within mPOA punch dissections showed a significant
increase in females (Fig 3.5B, 0 h vs 24 h, P = 0.0152) and males (Fig. 3.5D, 0 h vs
24 h, P=0.0477). In male SBN punches, there was also a significant increase in
testosterone between 0 h and 24 h in the VMH (Fig. 3.5D, 0 h vs 24 h, P <0.0001).
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Figure 3.4. Neuroestrogen concentrations in individual SBN nuclei of adult male
and female mice. Left side: Neuroestrogen concentrations were measured in aCSF
bathing female (A) and male (C) slices after either 0 h or 24 h incubation. Dotted lines
represent the average plasma steroid levels in the animals used for neurosteroid
analysis. Right side: Six different SBN nuclei were punch dissected from their slices
after either 0 h or 24 h incubation in aCSF before being processed by C18 extraction to
extract steroids to measure neuroestrogen in female (B) and male (D) SBN nuclei.
Slice n is shown in bars for A-B, contributed by at least 5 animals per group. Animal n
is shown in bars for C-D, where one animal contributed one whole SBN nucleus.
Differences were established by a two-way ANOVA comparing time, region, and the
interaction between time and region. Parametric datasets for 0 h vs 24 h were
compared by an unpaired t-test; nonparametric datasets for 0 h vs 24 h were
compared by a Mann-Whitney test. * P<0.05vs0h,** P<0.01 vsO h, *™* P <
0.0001 vs O h.
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Figure 3.5. Neurotestosterone concentrations in individual SBN nuclei of adult
male and female mice. Left side: Neurotestosterone concentrations were measured in
aCSF bathing female (A) and male (C) slices after either 0 h or 24 h incubation. Dotted
lines represent the average plasma steroid levels in the animals used for neurosteroid
analysis. Right side: Six different SBN nuclei were punch dissected from their slices
after either 0 h or 24 h incubation in aCSF before being processed by C18 extraction to
extract steroids to measure neurotestosterone in female (B) and male (D) SBN nuclei.
Slice n is shown in bars for A-B, contributed by at least 5 animals per group. Animal n
is shown in bars for C-D, where one animal contributed one whole SBN nucleus.
Differences were established by a two-way ANOVA comparing time, region, and the
interaction between time and region. Parametric datasets for 0 h vs 24 h were
compared by an unpaired t-test; nonparametric datasets for 0 h vs 24 h were
compared by a Mann-Whitney test. * P<0.05vs0h,** P<0.01vs0 h, *™** P <
0.0001 vs 0 h.
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Figure 3.6. E> concentrations in plasma vs aCSF in female mice at different
oestrous stages. Mice were staged post mortem by assessing vaginal cytology
following vaginal lavage. n = 11 animals in metoestrous/dioestrous (Met/Di), and n = 2
animals in oestrous (Oest). Due to the relatively short proestrous window and the
timing of animal delivery and sacrifice, only one animal was obtained in proestrous
(Pro). Therefore, statistics could not be performed for this group. Differences were
established by a two-way ANOVA with Bonferroni’s multiple comparisons post hoc. * P
<0.05, *** P < 0.0001.

3.3.4 Expression of steroidogenic enzymes varies between regions and is sexually
dimorphic

Stard1 and Cyp11a1: Expression of Stard7 mRNA encoding the cholesterol

transport protein StAR and Cyp717a1, encoding cytochome P450scc, was measured in
punch dissections of the SBN of male and female brain slices that had been incubated
for 0 h and 24 h (Fig. 3.5), using RT-gPCR. In the female, there was a significant
increase in Stard1 expression in the LS (0 h vs 24 h, P = 0.0266), BNST (0 h vs 24 h,
P =0.2179), AH (0 h vs 24 h, P = 0.0025), and meA (0 h vs 24 h, P = 0.0125) (Fig.
3.7A). Cyp11a1 expression increased significantly between 0 h and 24 h in the female
BNST (0 hvs24 h, P=0.0179) and AH (0 h vs 24 h, P <0.0001) (Fig. 3.7B).

In male SBN punches, there was no significant difference in expression of either
Stard1 (Fig. 3.7C) or Cyp11at (Fig. 3.7D) between 0 h and 24 h. However, the male
SBN expressed significantly more Stard1 than the female SBN at both time points
(male vs female, 0 h, P = 0.0056; 24 h, P <0.0001) (Supp. Fig. $3.1A). The same was
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true for Cyp171at (male vs female, 0 h, P =0.0134; 24 h, P = 0.0031) (Supp. Fig.
S3.1B).
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Figure 3.7. Expression of Stard7 and Cyp171a1 in adult male and female SBN
nuclei at 0 h and 24 h slice incubation timepoints, measured by RT-qPCR.
Following incubation of slices for 0 h or 24 h, six different SBN nuclei were punch
dissected, and nuclei from 4 animals were pooled into one, such that n = 3 from a total
of 12 animals for A and B, and n = 2 from a total of 6 animals for C and D. Following
RNA extraction, cDNA was synthesised and used for RT-qPCR analysis. Expression
levels, relative to the housekeeping gene (Actb), are shown for Stard?1 (A, C) and
Cyp11at (B, D) in female and male mice, respectively. Differences were established by
a two-way ANOVA comparing region, time, and the interaction between time and
region. Parametric datasets for 0 h vs 24 h were compared by an unpaired f-test;
nonparametric datasets for O h vs 24 h were compared by a Mann-Whitney test. * P <
0.05vs0h,*™ P<0.01vs0h, **** P<0.0001vsO0 h.
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Hsd3b1 and Hsd17b1: In the female SBN, a significant increase in Hsd3b1 expression
was observed in the LS (0 h vs 24 h, P = 0.0056), AH (0 h vs 24 h, P = 0.0027), and
VMH (0 h vs 24 h, P=0.0023) (Fig. 3.8A). There was a tendency for increase in the
female BNST (0 h vs 24 h, P = 0.0509) (Fig. 3.8A). The female BNST, AH, and meA all
showed a significant increase in Hsd17b1 expression between 0 h and 24 h (BNST, P
= 0.0035; AH, P =0.0093; meA, P =0.0285) (Fig. 3.8B).

The male mPOA showed a significant increase in Hsd3b1 expression between 0 h and
24 h (0 hvs 24 h, P=0.0177), but this was not observed elsewhere in the SBN (Fig.
3.8C). There were no significant changes in Hsd17b1 expression between 0 h and 24
h in the male SBN (Fig. 3.6D). Sexual dimorphisms in enzyme expression were clear
when the SBN nuclei were pooled per time point (Supp. Fig. $3.1). At 0 h and 24 h,
the male SBN expressed more Hsd3b1 than the female SBN (0 h, P = 0.0004; 24 h, P
= 0.0001) (Supp. Fig- S3.1C). For Hsd17b1, expression was also significantly higher in
the male SBN at 24 h (male vs female, P = 0.0001) (Supp. Fig. S3.1D).
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Figure 3.8. Expression of Hsd3b1 and Hsd17b1 in adult male and female SBN
nuclei at 0 h and 24 h slice incubation timepoints, measured by RT-qPCR.
Following incubation of slices for 0 h or 24 h, six different SBN nuclei were punch
dissected, and nuclei from 4 animals were pooled into one, such that n = 3 from a total
of 12 animals for A and B, and n = 2 from a total of 6 animals for C and D. Following
RNA extraction, cDNA was synthesised and used for RT-qPCR analysis. Expression
levels, relative to the housekeeping gene (Actb), are shown for Hsd3b1 (A, C) and
Hsd17b1 (B, D) in female and male mice, respectively. Differences were established by
a two-way ANOVA comparing time, region, and the interaction between time and
region. Parametric datasets for 0 h vs 24 h were compared by an unpaired f-test;
nonparametric datasets for 0 h vs 24 h were compared by a Mann-Whitney test. * P <
0.05vs0h,*™ P<0.01vsOh.

Cyp19a1: Finally, the expression of Cyp19a1, encoding the aromatase enzyme
that converts androgens to oestrogens, was measured in SBN punches, shown in Fig.
3.9. In the female SBN, expression increased significantly in the mPOA (0 h vs 24h, P
=0.0025), AH (0 h vs 24 h, P =0.0013), and meA (0 h vs 24 h, P = 0.0265) (Fig. 3.9A).

There was no significant difference in expression between 0 h and 24 h in any SBN

92



regions in the male (Fig. 3.9B), but sex dimorphisms in expression were clear when
SBN punches were pooled per time point (Supp. Fig. S3.1E). At both 0 h and 24 h,
males expressed significantly more Cyp19a7 than females at matched time points
(Supp. Fig. S3.1E, P <0.0001 for both 0 h and 24 h).
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Figure 3.9. Expression of Cyp79a1 in adult male and female SBN nuclei at 0 h
and 24 h slice incubation timepoints, measured by RT-qPCR. Following incubation
of slices for 0 h or 24 h, six different SBN nuclei were punch dissected, and nuclei from
4 animals were pooled into one, such that n = 3 from a total of 12 animals. Following
RNA extraction, cDNA was synthesised and used for RT-qPCR analysis. Expression
levels, relative to the housekeeping gene (Actb), are shown for Cyp719at in female (A)
and male (B) mice. Differences were established by a two-way ANOVA comparing
time, region, and the interaction between time and region. Parametric datasets for 0 h
vs 24 h were compared by an unpaired t-test; nonparametric datasets for 0 h vs 24 h
were compared by a Mann-Whitney test. * P<0.05vs0h, *™* P<0.01 vs 0 h.
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3.4 Discussion

In the present study, we used a novel method to measure steroid production by
ex vivo hypothalamic brain slices from male and female mice. We punch-dissected
specific nodes of the hypothalamus and SBN and found substantial sex differences in
steroid production and expression of steroidogenic enzymes. In support of previous
literature, the male brain was much more active in synthesising steroid hormones, as
shown by higher levels of enzyme expression and greater concentrations of oestrogen
and testosterone within the brain areas investigated (Stanic et al., 2014, Hojo and
Kawato, 2018, Roselli et al., 1984, Wu et al., 2009, Tabatadze et al., 2014b).

We investigated the synthesis of neurosteroids in male and female slices of the SBN
using a modified method outlined in Loryan et al. (2013), followed by a sensitive in-
house assay for neurosteroids. This modified brain slice incubation model allows for
the determination of neurosteroid concentration, not only in brain tissue, but also from
the aCSF that served as the incubation media. It has been shown previously that,
under optimal conditions that encapsulate the control of temperature, pH, bacterial
growth and bacterial-induced glial nitric oxide production, acute brain slices can stay
viable in aCSF for up to 36 h (Buskila et al., 2014). In a series of optimization studies,
we found that the volume of aCSF used initially during brain slice recovery has a high
impact on viability and neurosteroid output. Using our system where we oxygenated
200 pm brain slices in 5 ml aCSF, we demonstrate that not only are hypothalamic brain

slices viable up to 48 h, but they are also functional with secretion of steroids.
3.4.1 Timeline of neurosteroid production in the SBN

We have utilised an incubation system to show that steroid hormones can be
measured from brain slices ex vivo after 24 h in culture. Moreover, steroid hormone
concentration increased over time in the absence of endocrine glands and peripheral
steroid precursors. Steroid hormones are lipophilic and therefore cannot be stored in
vesicles from which they would easily diffuse (Holst et al., 2004); this eliminates the
possibility that the steroids measured were simply those that had originated from the
periphery and were stored in the brain, thereby indicating true de novo synthesis. In
male hypothalamic slices, both E» and testosterone had increased by 24 h incubation
but in female hypothalamic slices, testosterone concentration increased significantly
after 2 h incubation. 33-HSD catalyses the biosynthesis of both progesterone from
pregnenolone, and androstenedione from DHEA (Schlinger et al., 2008). The synthesis
of both steroids is required for testosterone production, catalysed by 173-HSD (Labrie

et al., 1997). In zebra finches, the baseline activity of 33-HSD is higher in females than
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males (Soma et al., 2004). This could explain, at least in part, our observation of a
much earlier increase in testosterone in female hypothalamic slices compared to
males. Despite an early increase in testosterone, E, concentration in female
hypothalamic slices did not significantly increase until 8 h incubation, which could be
due to the time required to synthesise de novo aromatisable precursors, which exist in
much lower concentrations in the female brain and plasma (Konkle and McCarthy,
2011a, Caruso et al., 2013). This delayed increase in E; was observed in a similar slice
culture method using male rat brain, where application of tritiated (*H-) DHEA to slice
culture medium resulted in the production of *H-E; after 5 h (Hojo et al., 2004b, Hojo et
al., 2004a). DHEA is an intermediate product between pregnenolone and testosterone.
Therefore, it makes sense that in a slice without exogenously applied steroid
precursors, concentrations of E; and testosterone (further down the steroidogenic
pathway) increase significantly after 8 h, because they may be being synthesised de
novo from cholesterol. Additionally, the sex differences in dynamics of steroid hormone
production by brain slices could be due to differences in steroid hormone metabolism.
For example, testosterone is metabolised by the 5a-reductase enzymes, which are

expressed at much higher levels in the male brain (Giatti et al., 2019)
3.4.2 Sexual dimorphism in neurosteroid concentrations in the SBN

We found profound sex differences in E»> and testosterone concentrations
across the SBN. Both E; and testosterone measured from incubation aCSF were
significantly higher in males compared to females at both 0 h and 24 h, and there was
a significant increase over time within the same sex (Fig. 3.2). This highlights not only
that the slices continued to synthesise steroids over time in incubation, but also that
the basal levels of steroids and the capacity to produce and secrete them over time is
significantly greater in male mouse hypothalamic slices. Using an EGFP transgene that
is transcribed following the physiological activation of the aromatase gene in male and
female mice, it was shown that there are significantly more aromatase-positive fibres in
the male BNST, posterodorsal and posteroventral medial amygdaloid nucleus, AH and
mPOA of male mice (Stanic et al., 2014). This would provide more avenues for steroid
secretion; a possible reason for our observation of higher steroids in aCSF incubating

male slices.

In the hippocampus, which is steroidogenically active (Hojo et al., 2004b) and
responsive to neurosteroids (Kretz et al., 2004a), sophisticated LC-MS techniques
revealed that the levels of basal testosterone and E; were higher in male than in

female rats at any stage of the oestrous cycle (Hojo and Kawato, 2018), consistent
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with the data that we see at the 0 h timepoint. However, another study showed higher
levels of testosterone in male hippocampus, cerebral cortex and cerebellum than in
females but higher levels of Ez in these areas in females than in male rats (Caruso et
al., 2013). This opposing sex dimorphism may highlight regional and/or species
differences to our data or could be due to methodological differences. Consistent with
previous reports, we observed much higher concentrations of neurosteroids (E2> and
testosterone) compared to concentrations of steroids measured in plasma (Charlier et
al., 2010b, Nilsson et al., 2015, Caruso et al., 2013, Hojo et al., 2009, Charlier et al.,
2010a).

Few studies have made similar sex comparisons in the rodent SBN, but in a study
comparing neurosteroid levels in male and female rats following acute swim stress,
there was no significant difference in hypothalamic levels of corticosterone,
deoxycorticosterone, dihydrodeoxycorticosterone, pregnenolone, or progesterone in
non-stressed subjects (Sze et al., 2018). E> was not measured, and testosterone could
not be measured because concentrations in the female rat brain fell below the lower
limit of quantification in all brain regions examined (Sze et al., 2018). Following swim
stress testing, hypothalamic pregnenolone and progesterone increased to a
significantly greater level in stressed female rats compared to stressed males (Sze et
al., 2018), though this only highlights context-dependent changes in neurosteroids and

not constitutive levels or typical synthesis rates in a non-stressed state.

When SBN regions were analysed separately, we found regional differences in steroid
production in the male and female mouse brain (Fig. 3.3). Ez production increased
significantly between 0 h and 24 h in both male and female hypothalamic slices
corresponding to the LS/mPOA, AH/meA, and meA/NVMH, and male slices
corresponding to the mPOA/BNST. Testosterone production increased significantly in
all slice regions of both male and female mice between 0 h and 24 h. In steroid
extractions from punch dissections, the male SBN showed a significant increase in
testosterone in both the mPOA and VMH and a significant increase in E» across the
whole SBN except the VMH, though there was a trend for increase. The female SBN
showed a significant increase in E2 in AH and VMH punches, and a significant increase
in testosterone in MPOA punches. Taken together, this suggests that some mouse
SBN nuclei synthesise their own neurosteroids. Typically, neurooestrogen synthesis in
the rodent is analysed by means of aromatase activity, which can be measured
indirectly though the production of 3H20 in brain homogenates incubated with [1B-3H]
androstenedione (Roselli et al., 1984). Hypothalamic preoptic area homogenates from

male rats showed higher aromatase activity than homogenates of female rats,
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regardless of oestrous stage (Roselli et al., 1984). The same method has also shown
that aromatase activity is greater in the male VMH, BNST, and meA (Roselli et al.,
1985a) consistent with our observations of greater levels of E; in these very same
areas of the male mouse brain compared to females. To our knowledge, there are no
detailed reports of neurosteroid concentrations in the intact, non-hormone-primed

female rodent SBN available to compare with our data.

Neurosteroid concentrations have been investigated more thoroughly in the bird SBN
and NCM: a node outside the SBN but responsive to steroid hormones and significant
in the expression of complex and sexually dimorphic avian behaviour (Vahaba and
Remage-Healey, 2018). Palkovits punch and C18 steroid extraction from behaviourally
significant brain areas of sexually naive male zebra finches also revealed regional
differences in E2 concentration (Charlier et al., 2010b). The NCM expresses high levels
of aromatase (Saldanha et al., 2000), and unsurprisingly displayed the highest levels of
E>, though this was not significantly different to the levels observed in the mPOA
(Charlier et al., 2010b). In male breeding song sparrows, E> concentrations in
microdissected mPOA and AH did not differ from levels in the NCM, and whilst E; was
significantly lower in the VMH compared to the NCM and AH, it did not differ from
levels observed in the mPOA (Jalabert et al., 2022). Despite the species difference,
there is similarity in the regional steroidogenic activity in the SBN, at least in the male

mouse where all regions of the SBN studied displayed higher levels of E; at 24 h.

Sex dimorphism is most easily visible when comparing secreted neurosteroids in the
aCSF rather than punches of a SBN area, possibly due to methodological constraints
of extraction or because of synthesis from overlapping brain regions in the slice. One
caveat when comparing data, however, are the methodological differences and the
units in which concentrations are measured. Studies measuring neurosteroids by LC-
MS/MS or GC-MS/MS may present data as pg/mg protein (Charlier et al., 2010b,
Caruso et al., 2013, Hojo et al., 2004a). Other studies have expressed neurosteroid
concentrations in nM values (Kato et al., 2013). Our steroid concentrations were
presented as pg/ml, given the liquid phase of incubation (aCSF) and pg/mm? tissue,
given the technical difficulty of accurately weighing ‘wet’ mouse brain punches. This
further highlights the importance of having such comparisons between regions and sex

carried out in one study.
3.4.3 Sexual dimorphism in the steroidogenic pathway in the SBN

Most studies investigate aromatase localisation and regulation as the main end

enzyme that generates E», possibly from circulating testosterone in males. However,
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some studies have shown that other steroidogenic enzymes are present in the brain.

In the male rat hippocampus, the presence of 5a-reductase, StAR, P450scc, 33-HSD,
17B-HSD, P450(17a) and aromatase proteins have been localised using
immunohistochemistry to the dentate gyrus granule cells and to hippocampal neurons
in the CA1-CA3 (Mellon and Deschepper, 1993, Furukawa et al., 2002, Agis-Balboa et
al., 2006, Kawato et al., 2002, Shibuya et al., 2003). Consistent with this, our data
shows the presence of several steroidogenic enzymes, ranging from Cyp11a1 to
Cyp19a1 in both male and female mouse hypothalami. Comparison to the ovary shows
that the female hypothalamus possesses lower levels of Hsd3b1, Hsd17b1, Stard1,
and Cyp1711a1 but similar levels of Cyp19a1 as the ovary (Supp. Fig. $3.3). In addition,
levels of MRNA of steroidogenic enzymes in the male at baseline (0 h) are higher than
in the female for all steroidogenic enzymes except Hsd17b1, suggesting that this might
be a reason for higher steroidogenic capacity in the male brain. Transcriptomics data
from the whole hypothalamus also shows that P450scc and 3B3-HSD steroidogenic
enzymes are lower in the female than the male, consistent with our data (Nishida et al.,
2005).

Though our data suggests that none of the steroidogenic enzymes measured in the
whole hypothalamus show differences in mRNA level from the 0 h to the 24 h timepoint
in either sex, sexual dimorphism is evident when individual SBN nuclei are
investigated. There is both node-specific and enzyme-specific regulation in females.
For example, Stard? mRNA increases within 24 h in the AH, BNST, and meA, though
such increases are not seen in the male. The AH and BNST also show increases of
Cyp11at and Hsd17b1 mRNA at 24 h in the female but not in the male. This is in
contrast to the hippocampus where there appears to be no differences in Stard1,
Hsd17b1 and Cyp19a1 expression between males and females (Kato et al., 2013). In
hippocampal dissociated cultures derived from mixed male and female pups, provision
of cholesterol increases the amount of E, produced, to a much larger extent than the
provision of testosterone; this could be decreased with letrozole and by the knockdown
of Stard1 with siRNA. These suggest that hippocampal cultures can synthesise E> de
novo from cholesterol and this is not sex-specific (Fester et al., 2009), in parallel with
the lack of sexual dimorphism in steroidogenic enzymes. Similarly, in the cerebral
cortex of the rat, there were no sex differences in the expression of several
steroidogenic enzymes though Stard7 mRNA was higher in the female cerebellum than
in the male rat cerebellum (Giatti et al., 2019). Consistent with these studies, our study

also shows region and sex-specific levels of expression of steroidogenic enzymes.
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In addition, there is very low expression of mRNA for the enzymes Cyp17a1 and
Hsd3b1 when compared to the ovary and intermediate level of Cyp19a1 expression in
adult male rat hippocampus (Hojo et al., 2004b). This is not true for the hypothalamus
where expression levels of Cyp11ai, Stard1, Hsd3b1 and Hsd17b1 are equivalent to
the ovary in the male hypothalamus; this may be due to differences in methodology

used in the previous study compared to ours, or differences between mouse and rat.

We found a regional difference in Cyp19a1 expression in the female mouse mPOA
over 24 h incubation times, though there was a tendency for increase in the AH (P =
0.0818) and meA (P = 0.1). ltis interesting to note that, in steroids measured in the
aCSF, E: increased significantly between 0 h and 24 h in slices corresponding to the
LS/mPOA, AH/meA, and meA/VMH. Regional differences were not observed in the
male SBN, though there was a tendency for increase in the LS (P = 0.0977). This
indicates that aromatase expression increases over time in incubation, though the
mechanism underlying this is unclear. High levels of Cyp719a1 expression have also
been found in the meA, BNST, and mPOA (Tabatadze et al., 2014a) consistent with our
data. Aromatase mMRNA (Tabatadze et al., 2014a) and protein (Stanic et al., 2014)
have been identified at high levels in the BNST and meA, expressed in cell bodies and
fibres (Wu et al., 2009). These studies have also shown a clear sex dimorphism in
aromatase expression within these areas, where males typically express more
aromatase mRNA and protein than females (Tabatadze et al., 2014a, Stanic et al.,

2014, Roselli et al., 1998), consistent with our data.

In male and female mice that express EGFP under the physiological activation of
Cyp19a1 (Stanic et al., 2014), low densities of EGFP-positive cell bodies were found in
the AH (male > female), ARC (male = female), and mPOA (male > female). EGFP-
positive cell bodies were not detected at all in the VMH of male or female mice (Stanic
et al., 2014). Protein expression levels do not always correlate with mRNA expression
levels, and aromatase activity is known to be post-translationally modified by
phosphorylation and dephosphorylation (Hayashi and Harada, 2014). Cyp719a1 mRNA
has been found in the rodent VMH, but it is worth noting that this was in male rats that
had been treated with testosterone propionate for 1 week before sacrifice (Roselli and
Klosterman, 1998a).

Notably, most previous studies have been performed in males due to the complications
inherent in cycling females. One caveat is that we used very young mice with most
females in diestrous since it was difficult to source the required number of females in

each phase of the cycle for such analyses. This was especially difficult when RNA
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amounts obtained from each SBN nucleus of individual animals is very low, meaning
that we need to pool several animals together to obtain enough RNA for accurate
analyses. However, mRNA levels of steroidogenic enzymes in the hippocampus do not
change depending on the oestrous cycle phase, though the neuroestrogen levels show
a peak in proestrous and a nadir at diestrous in the female (Kato et al., 2013).
Similarly, the increase in neurotestosterone and neuroestrogen levels in SBN nuclei at
24 h in our study is not paralleled by an increase in the expression of steroidogenic
enzymes. However, protein was not measured in these studies or ours and it is
possible that activity levels are modulated independent of mRNA levels during this

period.

3.5 Summary

This study is the first of its kind to measure steroid levels within nuclei of the
mouse SBN and make direct comparisons in steroid synthesis and enzyme expression
between age-matched, intact, and non-hormone-primed male and female subjects.

We show that all SBN nuclei can show increased secretion of both E, and testosterone
within 24 h, suggesting de novo synthesis. This is similar in both males and females
(with the exception of slices that comprise the mPOA and BNST in the female) with
levels of steroid secreted higher in males than in females for every SBN nucleus
tested. In the hippocampus, increase in the concentration of E;, DHT and DHEA by
addition of radiolabeled pregnenolone to hippocampal neurons, upon NMDA
stimulation, suggests de novo steroidogenesis takes place specifically in neurons (Hojo
et al., 2004b). The role of neurosteroids has been explored using both pharmacological
and genetic manipulations, typically in the hippocampus. Aromatase inhibitor treatment
to female rat hippocampal slice culture decreases synapse density, spine density and
long term potentiation (LTP) (Kretz et al., 2004b, Prange-Kiel and Rune, 2006). /n vivo,
central administration of an aromatase inhibitor decreased spatial memory in mice
(Zhao et al., 2018) and the songbird (Bailey et al., 2013) and also decreased
consolidation of novel object recognition memories in mice (Tuscher et al., 2016).
Supporting this, conditional forebrain ArKO male and OVX female mice showed
reduced LTP, spine density, novel object recognition memory, and spatial memories (Lu
et al., 2019). Our study provides a foundation to explore the physiological relevance of

neuroestrogen synthesized in SBN nuclei to social behaviours in the mouse.
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3.6 Supplementary information
3.6.1 E2ELISA

Concentrations of E> were determined by an in-house competitive ELISA using
goat anti-oestradiol-17 antiserum (510/6) kindly provided by Dr G. S. Pope (National
Institute for Research in Dairying, Shinfield, Berkshire, UK). Briefly, 96-well plates
(Nunc Maxisorb; Fisher Scientific) were coated overnight with 100 ul antiserum diluted
1/10,000 in 0.05 M sodium hydrogen carbonate solution, washed 3x with wash buffer
(PBS with 0.1% (v/v) Tween-20), blocked overnight with 250 pl assay diluent (PBS
containing 0.1% (w/v) gelatin and 0.05% (v/v) Proclin-2000), and stored for <5 days at
4°C. Standards (1.5 pg/ml to 10 ng/ml; serial 3-fold dilutions) were diluted in assay
diluent and 50 ul added to wells together with 10 yl sample medium blank and 50 pl
horseradish peroxidase (HP)-labeled oestradiol-6-CMO (1:5000; Fitzgerald Industries,
USA). Samples (10 ul) were added to wells with 50 pl assay diluent and 50 pl HP-
labelled oestradiol tracer. Plates were mixed and incubated for 3 h at room
temperature before washing 3x and adding 200 ul substrate solution (prepared by
dissolving 10 mg o-phenylenediamine in 25 ml 0.05 M citrate-phosphate buffer, pH 5.0,
and adding 10 pl H203). After incubating in the dark for ~1 h, absorbance values at 450
nm (600 nm reference) were read using a microwell plate reader (Emax, Molecular
Devices, UK). Calibration curve fitting and calculation of ‘unknowns’ was carried out
using the PC-based Softmax program (Molecular Devices) linked to the plate reader.
The assay detection limit was ~10 pg/ml and mean intra- and inter-assay CVs were
<9% and <12% respectively. The specificity of the assay was confirmed by determining
the percentage cross-reactivity relative to the oestradiol standard (100%) of a range of
steroids including pregnenolone (0.69%), progesterone (0.06%),
dehydroepiandrosterone (0.13%), testosterone (0.10%), androstenedione (<0.05%),
dihydrotestosterone (0.21%), oestrone (7.5%), deoxycorticosterone (<0.18%), cortisol
(<0.05%), corticosterone (<0.05%) and aldosterone (0.11%).

3.6.2 Testosterone ELISA

Concentrations of testosterone were determined by an in-house competitive
ELISA developed using S505 sheep anti-testosterone serum (National Institute for
Research in Dairying, Shinfield, Berkshire, UK) used at a coating dilution of 1:30,000
dilution. The tracer was testosterone-6-CMO-HP (Fitzgerald Industries) used at a
1:6000 dilution. Testosterone standards prepared by 3-fold serial dilutions ranged from
1.5 pg/ml to 10 ng/ml (50 pl/well). Other features of the assay methodology were

essentially the same as those described above for the E; ELISA. The assay detection
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limit was ~15 pg/ml and mean intra- and inter-assay CVs were <10% and <15%
respectively. The specificity of the assay was confirmed by determining the percentage
cross-reactivity relative to the testosterone standard (100%) of a range of steroids
including pregnenolone (0.02%), progesterone (<0.01%), dehydroepiandrosterone
(0.05%), androstenedione (1.32%), dihydrotestosterone (6.25%), oestradiol-173
(0.61%), oestrone (0.04%), deoxycorticosterone (<0.18%), cortisol (<0.01%),

corticosterone (<0.01%) and aldosterone (<0.01%).
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Supplementary Figure S$3.1. Comparison of steroidogenic enzyme levels in adult
male and female pooled SBN nuclei at 0 h and 24 h slice incubation timepoints,
compared to ovary, measured by RT-qPCR. Following incubation, SBN nuclei were
punch dissected, and nuclei from 4 animals were pooled into one, such that n = 3 from
a total of 12 animals for female, and n = 2 from a total of 6 animals for male. Following
RNA extraction, cDNA was synthesised and used in an RT-gPCR analysis. In this
analysis, all SBN nuclei for each particular timepoint from male and female mice were
pooled together. Relative expression to the housekeeping gene, Actb, is shown for
Stard1 (A) Cyp11at, encoding cytochome P450 side-chain cleavage enzyme (B)
Hsd3b1 (C), Hsd17b1 (D), and Cyp19a1 (E), as compared to ovary. Differences were
established by a non-parametric one-way ANOVA between groups with Dunn’s multiple
comparisons post hoc, * P < 0.05, ** P < 0.01, *** P < 0.001, *** P < 0.0001.
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Chapter 4

Regulation of Neurosteroid Production by
Ex Vivo Hypothalamic Brain Slices from the

Adult Female Mouse
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4.1 Introduction

It is now widely recognised that the vertebrate brain expresses the
steroidogenic enzymes required for de novo production of 173-oestradiol (E2) (King et
al., 2002, Mellon and Deschepper, 1993, Kohchi et al., 1998, Soma et al., 2004,
Takase et al., 2002, Stromstedt and Waterman, 1995, Gottfried-Blackmore et al.,
2008). The nuclear oestrogen receptors (ERs) a and B are abundantly expressed in the
brain, particularly the hypothalamus, hippocampus, and amygdala (Mitra et al., 2003,
Merchenthaler et al., 2004, Zhang et al., 2002, Moéne et al., 2019), giving rise to
several organisational and activational effects that are both region-dependent and

sexually dimorphic in nature (McCarthy et al., 2009).

Neuroestrogens — i.e., oestrogens produced from cholesterol de novo in the brain or
those synthesised centrally from haematogenous precursors — have several important
functions in the brain that may be independent of E» from the periphery (Giatti et al.,
2019). Neuroestrogen synthesised in the hippocampus has been implicated in
hippocampal spine formation and plasticity (Kretz et al., 2004a, Murakami et al., 2018).
In the hypothalamus, neuroestrogen contributes to the regulation of the hypothalamic-
pituitary-gonadal axis by stimulating gonadotropin-releasing hormone (GnRH) release
(Kenealy et al., 2013), in turn leading to the surge in luteinising hormone (Kenealy et
al., 2017). Neuroestrogen induces GABAergic transmission in the ventromedial
hypothalamus (VMH) to activate a protein kinase-mediated response to hypoglycaemia
(Uddin et al., 2020). E> can modulate membrane excitability in the male songbird brain
(Remage-Healey et al., 2011) and can potentiate the excitation of neurones in the rat
ventrolateral VMH within 5 min (Kow et al., 2006). These rapid actions indicate that
neurosteroids can function as neurotransmitters, binding to membrane-bound
receptors at the synapse to stimulate second messengers, bypassing the lengthy
process of gene transcription associated with classical nuclear ER signalling. Together,
these neuroestrogen-driven mechanisms give rise to sexually dimorphic behaviours,
including reproduction (Cornil et al., 2013), aggression (Trainor et al., 2008b), and
learning and memory (Sheppard et al., 2018). For example, brain aromatase in the
male mouse is essential for the complete expression of male sexual behaviour (Brooks
et al., 2020b), whereas intracerebroventricular E; restores the expression of lordosis in
ovariectomised (OVX) mice (Dominguez-Ordodiez et al., 2019). ERa-expressing
neurones in the ventrolateral VMH regulate territorial aggression in male mice (Yang et
al., 2013) and maternal aggression in female mice (Hashikawa et al., 2017). Female

rats and mice have a greater abundance of synaptic ERa in the hippocampus and a
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greater theshold for the induction of long-term potentiation compared to males, which
contributes to sex differences in encoding specific types of memories (Wang et al.,
2018). This shows that both ligand and receptor may be differentially produced or

expressed between sexes.

Brain aromatase and neuroestrogen have predominantly been studied in male
vertebrates (Cornil, 2018), whereas the female behavioural phenotype is typically
thought to arise from fluctuations in ovarian E» (Schlinger et al., 2014, Gerall et al.,
1973) which confound the importance of neuroestrogens. However, there is substantial
evidence that brain aromatase is expressed and active in the female vertebrate brain,
though typically at much lower levels than in males (Saldanha et al., 2000, Wu et al.,
2009, Stanic et al., 2014). We have shown a sex dimorphism in the capacity to
synthesise neuroestrogen (Chapter 3), which could be attributed to the higher levels of
circulating androgens (Caruso et al., 2013, Sonnweber et al., 2022) in conjunction with
the aforementioned higher aromatase activity in the male mouse. Despite low
circulating androgens in the female, the high affinity of aromatase allows it to bind
testosterone effectively (Konkle and Balthazart, 2011). Local production of
neuroestrogen may be important for elevating regional E: to sufficient concentrations to
activate neural circuits either independently or in the presence of ovarian E> (Schlinger
et al., 2014).

Regulation of aromatase — and consequently, neuroestrogen production — involves
complex interactions between sexually dimorphic mechanisms, including photoperiod
(Trainor et al., 2008b), neural activity (Charlier et al., 2013), and behavioural stimuli
(Remage-Healey et al., 2008). Moreover, evidence suggests that gonadal hormones
may further influence aromatase expression and activity in both males and females,
adding another layer of complexity to the regulation of aromatase and neuroestrogen
production. In male rats, aromatase expression in the medial preoptic area (mMPOA),
bed nucleus of stria terminalis (BNST), and the medial amygdala (meA) is increased
following administration of testosterone propionate via a subcutaneous silastic capsule
for 1 week (Roselli et al., 1998). Castration was found to reduce aromatase activity to a
level similar to that observed in intact female rats (Roselli et al., 1985b) while
testosterone delivery could restore hypothalamic aromatase activity, making them no
different to intact controls (Roselli et al., 1985b). However, aromatase activity does not
appear to be under the influence of gonadal hormones in the meA of the male rat, as
there is no difference in activity between intact males, castrated males, and castrated

males treated with testosterone, dihydrotestosterone (DHT), or E> (Abdelgadir et al.,
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1994, Roselli et al., 1985b). In primary amygdala neuronal cultures from female mouse
embryos, aromatase expression is significantly increased by both E> and the non-
aromatisable androgen DHT (Cisternas et al., 2017). In oestrogen response element
(ERE)-Luciferase reporter mice, OVX did not alter ERE-dependent gene transcription
across brain regions in the short-term (10 days) but decreased transcription in the
long-term (70 days), suggesting a dependence of neuroestrogen on gonadal hormones
(Baumgartner et al., 2019). In vitro, E> shows a biphasic effect on aromatase
expression that depends on the duration of E» exposure with a decrease at 12 h and
an induction in 24 h (Yilmaz et al., 2009) that is dependent on ERa in the N42
hypothalamic cell line (Yilmaz et al., 2009). These studies show that neuroestrogen

production is itself Ez- and/or androgen-dependent in a nuclei and sex-specific manner.

Despite these studies, the regulation of aromatase and neuroestrogen production in
the female mouse brain has been underexplored, particularly in specific brain regions
and nuclei. The mPOA and VMH are critical for female reproductive behaviour
(Micevych and Christensen, 2012), express aromatase (Stanic et al., 2014, Roselli et
al., 1998), and express ERs (Dovey and Vasudevan, 2020). The mPOA expresses both
ERa and ERB (Merchenthaler et al., 2004), whereas ERa is the predominant ER
isoform in the VMH (Correa et al., 2015). In previous work, we demonstrated a novel
slice incubation method that confirmed the continued production of neurosteroids by
the brain ex vivo (Chapter 3). In this study, we build on this method to investigate the
regulation of aromatase expression and neuroestrogen production in the female mouse
mPOA and VMH, revealing a region-specific androgen-driven pathway of regulation in

the female mouse hypothalamus.

4.2 Methods
4.2.1 Animals

Animals were housed as described in section 2.1. All mice were housed at the
University of Reading apart from the mice that were used in OVX experiments, which
were housed at the University of Tsukuba. In OVX experiments, surgical procedures
were carried out as in section 2.1.1 and mice were hormonally primed as described in

section 2.2.2, with the omission of progesterone injection.
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4.2.2 Preparation of ex vivo brain slices

Ex vivo brain slices were prepared as described in section 2.7. Slice viability

using this method has been confirmed previously (Chapter 3).
4.2.3 Drug treatments

Enzyme inhibitors, hormones, ER modulators, and their corresponding vehicles
were added to aCSF prior to filtering. Over a series of experiments, brain slices were
incubated in aCSF containing 108 M letrozole (DMSO vehicle, final DMSO
concentration 0.01%), 10-° M testosterone (ethanol vehicle, final ethanol concentration
0.0001%), 108 M dutasteride (DMSO vehicle, final DMSO concentration 0.01%), 10€M
finasteride (DMSO vehicle, final DMSO concentration 0.01%), 108 M 5a-androstane-
3B, 17B-diol (3B-diol) (DMSO vehicle, final DMSO concentration 0.01%), 10-° M propyl
pyrazole triol (PPT; DMSO vehicle, final DMSO concentration 0.01%), 10°M
diarylproprionitrile (DPN, DMSO vehicle, final DMSO concentration 0.01%), 108 M ICI
182,780 (DMSO vehicle, final DMSO concentration 0.01%). Slices from each animal
were counterbalanced between treatments to account for biological and slice-

dependent variability.

These concentrations were chosen based on previous literature (Phan et al., 2015,
Smejkalova and Woolley, 2010, Kretz et al., 2004a) and levels of crossreactivity with
ELISAs (section 2.11).

4.2.4 Palkovits punch technique for extraction of steroids and RT-qPCR

Palkovits punch and RT-qPCR was performed as described in sections 2.9 and
2.12.

4.2.5 Hormone immunoassays

ELISAs for E> and T were carried out as described in section 2.11. Steroid
hormones were measured in either aCSF or steroid eluates from brain punches
(procedure detailed in section 2.10). It should be noted that hormones measured from
aCSF may not be a direct reflection of the neurosteroidogenic capacity of the brain
regions of interest alone, as each slice contains several other brain regions that have

the capability to produce neurosteroids. Pleas see section 2.8 and Fig. 2.5.
4.2.6 Statistical analysis

Statistical analysis and presentation of results is as described in section 2.15.
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4.3 Results

4.3.1 E, production is not increased by providing an androgenic substrate nor

decreased by the aromatase inhibitor letrozole in the female mouse mPOA and VMH

Female mouse brain slices containing the mPOA and VMH were incubated in
aCSF containing 10-° M testosterone, 108 M letrozole, or vehicle control. Fig. 4.1 and
4.2 show the resulting concentrations of E» and testosterone measured from the aCSF
(panels A-B) or within punch dissections of each region (panels C-D) at 0 h and after
24 h incubation. There was a significant effect of time on the concentration of E»
measured in aCSF bathing mPOA-containing slices (mPOA-aCSF) (Fig. 4.1A, P
<0.0001) and VMH-aCSF (Fig. 4.1B, P = 0.0049), similar to what we have observed
previously (Chapter 3). However, there was no significant effect of treatment (mPOA-
aCSF, P =0.3349; VMH-aCSF, P = 0.8040) or the interaction between treatment and
time (mPOA-aCSF, P = 0.2608; VMH-aCSF, P = 0.4753) on E> measured in aCSF
(Fig. 4.1A-B). Bonferroni’s multiple comparisons test between 0 h and 24 h timepoints
showed a significant increase in E2 measured in mPOA-aCSF with vehicle control (P =
0.0002) and, unexpectedly, letrozole (P = 0.0172) (Fig. 4.1A). In VMH-aCSF, E;
concentration increased only with vehicle control (P = 0.0431) (Fig. 4.1B). Likewise,
treatment had no significant effect on E; measured in mPOA and VMH punches (Fig.
4.1C-D).

For testosterone measured in aCSF, there was again a significant effect of time
(mPOA-aCSF, P = 0.0010 [Fig. 4.2A] VMH-aCSF, P = 0.0001 [Fig. 4.2B]), but no
significant effect of treatment or the interaction between treatment and time. Letrozole
treatment led to a significant increase in testosterone in VMH-aCSF (P = 0.0142 [Fig.
4.2B]), but not mPOA-aCSF (P >0.9999 [Fig. 4.2A]). For both mPOA-aCSF and VMH-
aCSF, the concentration of testosterone was less than the concentration of
testosterone added, indicating that the steroid had been taken up and/or metabolised
by the slice. There was no significant effect of treatment on testosterone
concentrations in punch dissections of the mPOA or VMH (Fig. 4.2C-D), similar to what

was observed for E.
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Figure 4.1. Effect of letrozole and testosterone on E; concentrations in adult

female mouse medial preoptic area and ventromedial hypothalamus. E> was

measured in aCSF bathing slices containing the medial preoptic area (mPOA, left

column) and ventromedial hypothalamus (VMH, right column) at 0 h and 24 h

timepoints after treatment with 10-° M testosterone (T), 108 M letrozole (L) or vehicle

control (C). Concentrations of neuroestrogen in aCSF are shown in A-B; for mPOA, n

= 15 slices per treatment group, and for VMH, n = 9 slices per treatment group, from a

total of 9 animals. Punch dissections of the mPOA and VMH were used to measure

neuroestrogen (C-D) after 24 h incubation. Punches were pooled across animals and

treatment groups such that n = 9 pooled punch groups from 9 animals. Differences

were established by a two-way ANOVA with Bonferroni’s multiple comparisons test

post hoc (A-B) or by a one-way ANOVA with Bonferroni’s multiple comparisons test

post hoc (C-D). * P < 0.05, *** P < 0.001.
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Figure 4.2. Effect of letrozole and testosterone on T concentrations in adult
female mouse medial preoptic area and ventromedial hypothalamus. T was
measured in aCSF bathing slices containing the medial preoptic area (mPOA, left
column) and ventromedial hypothalamus (VMH, right column) at 0 h and 24 h
timepoints after treatment with 10-° M testosterone (T), 108 M letrozole (L) or vehicle
control (C). Concentrations of neurotestosterone in aCSF are shown in A-B; for mPOA,
n = 15 slices per treatment group, and for VMH, n = 9 slices per treatment group, from
a total of 9 animals. Punch dissections of the mPOA and VMH were used to measure
neurotestosterone (C-D) after 24 h incubation. Punches were pooled across animals
and treatment groups such that n = 9 pooled punch groups from 9 animals. Differences
were established by a two-way ANOVA with Bonferroni’s multiple comparisons test
post hoc (A-B) or by a one-way ANOVA with Bonferroni’s multiple comparisons test
post hoc (C-D). * P < 0.05, ** P < 0.01.
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4.3.2 Inhibiting DHT production in conjunction with letrozole reduces E; production in
the adult female mouse mPOA, but not the VMH

Testosterone is aromatised to E, via aromatase but can also be converted to
the non-aromatisable androgen, DHT, via the 5a-reductase enzymes, encoded by
Srd5a1-3 (Zhu and Sun, 2005). 5a-androstane-3[3, 17p-diol (33-diol), a metabolite of
DHT, can increase aromatase expression by acting on ER (Cisternas et al., 2017). To
investigate if activation of this pathway was preventing the expected decrease in E;
with letrozole, we incubated slices with letrozole and the 5a-reductase inhibitors
dutasteride (L + D) and finasteride (L + F) (Fig. 4.3 - 4.6).

mPOA: E> measured in mPOA-aCSF was significantly reduced when incubated
with letrozole and dutasteride compared with all other treatment groups (L+ D vs C, P
=0.0332; vsL, P=0.0306; vsL + F, P=0.024) (Fig. 4.3A). There was no significant
difference between incubations with letrozole and vehicle control (P > 0.9999) (Fig.
4.3A). Testosterone measurements in mPOA-aCSF were significantly less with
letrozole treatment compared to vehicle control (P = 0.0193) (Fig. 4.3B). There was no
difference between vehicle control, letrozole + dutasteride, or letrozole + finasteride
treatment groups (C vs L+ D, P> 0.9999; vs L +F, P= 0.3615) (Fig. 4.3B).

Srdba1 expression in mPOA punches was significantly increased with letrozole +
finasteride treatment compared to vehicle control (P = 0.0444) (Fig. 4.3C). Srd5a2
expression tended to increase with letrozole + dutasteride treatment (P = 0.0616) and
letrozole + finasteride treatment (P = 0.0845) compared to vehicle control (Fig. 4.3D).
Letrozole + finasteride decreased Srd5a3 expression compared to letrozole treatment
(P =0.0084), but expression with letrozole nor letrozole + finasteride was significantly
different to vehicle control (P = 0.7094 and 0.2675, respectively) (Fig. 4.3E). Esr1,
encoding ERa, was significantly increased with letrozole + finasteride treatment
compared to letrozole alone (P = 0.0165), though expression levels with letrozole or
letrozole + finasteride treatment were not significantly different to vehicle control (P =
0.5650) (Fig. 4.4A). Letrozole + finasteride treatment also increased Esr2 expression
(encoding ERB) compared to letrozole (P = 0.0423) and letrozole + dutasteride
treatments (P = 0.0165). However, no treatment changed expression to a level that
was significantly different to vehicle control (Fig. 4.4B). There was no difference in
Cyp19a1 expression (encoding aromatase) between letrozole and vehicle control (P >
0.9999) (Fig- 4.3C), reaffirming the notion that letrozole was ineffective in reducing E»
production in mPOA-aCSF (Fig. 4.1A and 4.3A). Incubation with letrozole +

dutasteride and letrozole + finasteride decreased Cyp19a1 expression compared to
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letrozole alone (P = 0.0423 and 0.0165, respectively), though no treatment changed

expression levels compared to vehicle control (Fig. 4.4C).
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Figure 4.3. Effect of the inhibition of aromatase and 5a-reductase on steroid
hormone concentrations and enzyme expression in the adult female mouse
medial preoptic area. Slices were incubated for 24 h with vehicle control (C), 108 M
letrozole (L), with and without 10-® M dutasteride (L + D) or 108 M finasteride (L + F).
aCSF bathing medial preoptic area (MPOA)-containing slices was used to measure
neuroestrogen (A) and neurotestosterone (B). n = 15 slices per treatment group from a
total of 9 animals. Punch dissections of the mPOA from 3 animals were pooled into
one, such that n = 3 from a total of 12 animals, which were used to measure gene
expression. Expression levels, relative to the housekeeping gene (Actb) are shown for
Srd5a1 (C), Srd5a2 (D), Srdba3 (E). For parametric datasets, differences were
established by a one-way ANOVA with Bonferroni’s multiple comparisons post hoc;
nonparametric datasets were compared by a Kruskal-Wallis test with Dunn’s multiple
comparisons post hoc. * P < 0.05, ** P< 0.01.
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Figure 4.4. Effect of the inhibition of aromatase and 5a-reductase on aromatase
and ER expression in the adult female mouse medial preoptic area. Slices were
incubated for 24 h with vehicle control (C), 108 M letrozole (L), with and without 108 M
dutasteride (L + D) or 10 M finasteride (L + F). n = 15 slices per treatment group from
a total of 9 animals. Punch dissections of the mPOA from 3 animals were pooled into
one, such that n = 3 from a total of 12 animals, which were used to measure gene
expression. Expression levels, relative to the housekeeping gene (Actb) are shown for
Esr1 (A), Esr2 (B), Cyp19a1 (C). For parametric datasets, differences were
established by a one-way ANOVA with Bonferroni’s multiple comparisons post hoc;
nonparametric datasets were compared by a Kruskal-Wallis test with Dunn’s multiple
comparisons post hoc. * P < 0.05, ** P< 0.01.

Expression of other steroidogenic enzymes (Stard1, Cyp11a1, Hsd3b1, Hsd17b1) is
shown in Supp. Fig. S4.1. There was no significant effect of any treatment of the
expression of Cyp11a1 (encoding cytochome P450 side chain cleavage enzyme)
(Supp. Fig. S4.1B), Hsd3b1 (encoding 33-HSD) (Supp. Fig. S4.1C), or Hsd17b1
(encoding 173-HSD); though Hsd17b1 expression tended to increase with letrozole +
dutasteride compared to letrozole + finasteride treatment (P = 0.0755) (Supp. Fig.
S$4.1D). Letrozole + dutasteride treatment significantly increased Stard? expression
(encoding steroidogenic acute regulatory protein, StAR) compared to letrozole +
finasteride (P = 0.0118), though neither were significantly different to vehicle control
(Supp. Fig. S4.1A).

VMH: There was no significant effect of treatment on E; (Fig. 4.5A) or

testosterone concentration (Fig. 4.5B) in VMH-aCSF. Srd5a1 and Srd5a2 expression
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were not significantly affected by treatment (Fig. 4.5C and 4.5D, respectively), though
letrozole + dutasteride significantly increased Srd5a3 expression compared to vehicle
control (P = 0.0334) (Fig. 4.5E). ER mRNA expression in the VMH was not affected by
treatment (Fig. 4.6A-B); the same was true for Cyp79a7 (Fig. 4.6C), consistent with
the lack of significant differences in Ez concentrations measured in VMH-aCSF (Fig.
4.2A).
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Figure 4.5. Effect of the inhibition of aromatase and 5a-reductase on steroid
hormone concentrations and enzyme expression in the adult female mouse
ventromedial hypothalamus. Slices were incubated for 24 h with vehicle control (C),
108 M letrozole (L), with and without 108 M dutasteride (L + D) or 108 M finasteride (L +
F). aCSF bathing ventromedial hypothalamus (VMH)-containing slices was used to
measure neuroestrogen (A) and neurotestosterone (B). n = 12 slices per treatment
group from a total of 9 animals. Punch dissections of the VMH from 3 animals were
pooled into one, such that n = 3 from a total of 12 animals, which were used to
measure gene expression. Expression levels, relative to the housekeeping gene (Actb)
are shown for Srd5a1 (C), Srd5a2 (D), Srd5a3 (E). For parametric datasets,
differences were established by a one-way ANOVA with Bonferroni’'s multiple
comparisons post hoc; nonparametric datasets were compared by a Kruskal-Wallis test

with Dunn’s multiple comparisons post hoc. * P < 0.05.
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Figure 4.6. Effect of the inhibition of aromatase and 5a-reductase on aromatase
and ER expression in the adult female mouse ventromedial hypothalamus. Slices
were incubated for 24 h with vehicle control (C), 108 M letrozole (L), with and without
108 M dutasteride (L + D) or 108 M finasteride (L + F). n = 12 slices per treatment
group from a total of 9 animals. Punch dissections of the VMH from 3 animals were
pooled into one, such that n = 3 from a total of 12 animals, which were used to
measure gene expression. Expression levels, relative to the housekeeping gene (Actb)
are shown for Esr1 (A), Esr2 (B), Cyp19a1 (C). For parametric datasets, differences
were established by a one-way ANOVA with Bonferroni’'s multiple comparisons post
hoc; nonparametric datasets were compared by a Kruskal-Wallis test with Dunn’s

multiple comparisons post hoc.
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Expression of other steroidogenic enzymes in the VMH is shown in Supp. Fig. S4.2.
There was no significant effect of treatment on the expression of Stard? (Supp. Fig.
S.42A), Hsd3b1 (Supp. Fig. S4.2C), or Hsd17b1 (Supp. Fig. S4.2D). Cyp11at
expression was increased with letrozole + dutasteride treatment relative to vehicle
control (P = 0.0334) (Supp. Fig. S4.2B).

4.3.3 3B-diol reinstates neurosteroid production that is blocked by letrozole and
dutasteride in the mPOA

In a third experiment, we investigated the effect of 33-diol on neurosteroid
concentrations and enzyme expression alone and in the presence of aromatase and
5a-reductase inhibitors (Fig. 4.7 - 4.10). As dutasteride inhibits all 3 isoforms of 5a-
reductase (Titus et al., 2014), and was superior to finasteride in inhibiting E2 production
by the mPOA, we chose to use dutasteride as the 5a-reductase inhibitor for

subsequent experiments.

mPOA: In agreement with the previous experiment, mPOA-containing slices
treated with letrozole + dutasteride showed significantly less E»in aCSF compared with
the slices treated with vehicle control (P = 0.0165) (Fig. 4.7A). 33-diol had no
significant effect on E2 measured in mPOA-aCSF (P > 0.9999), but E> was significantly
higher than that measured in mPOA-aCSF with letrozole + dutasteride treatment (P =
0.0338) (Fig- 4.7A). An unpaired Mann-Whitney U test also showed a significant
increase in Ez in mPOA-aCSF with 33-diol + letrozole + dutasteride treatment when
compared to letrozole + dutasteride alone (P = 0.0287) (Fig. 4.7A). For testosterone,
there was a significant increase in mPOA-aCSF compared to control when treated with
3B-diol + letrozole + dutasteride (P = 0.0111) (Fig. 4.7B). This was also significantly
greater than letrozole + dutasteride alone (P = 0.0153) (Fig. 4.7B). Expression of 5a-
reductase isoforms was not significantly affected by treatment, though letrozole +
dutasteride tended to increase expression of Srd5a3 relative control (P = 0.0545) (Fig.
4.7C-E). Esr1 and Esr2 expression were also not affected by treatment (Fig. 4.8A-B).
Cyp19a1 expression was almost doubled with 33-diol + letrozole + dutasteride
treatment compared to letrozole + dutasteride or 3B-diol alone (3.030 £0.9725 vs L +
D, 1.674 +0.2184 and vs 3B-diol, 1.547 £0.4776), but this did not reach statistical
significance (Fig. 4.8C).
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Figure 4.7. The effect of 3B-diol on steroid hormone concentrations and enzyme
expression in the adult female mouse mPOA. Slices were incubated for 24 h with
vehicle control (C), 10 M letrozole with 10-# M dutasteride (L + D), 108 M 3B-diol (3B),
or a combination of all thee treatments (33 + L + D). aCSF bathing mPOA-containing
slices was used to measure neuroestrogen (A) and neurotestosterone (B). n =15
slices per treatment group from a total of 12 animals. Punch dissections of the mPOA
from 4 animals were pooled into one, such that n = 3 from a total of 12 animals, which
were used to measure gene expression. Expression levels, relative to the
housekeeping gene (Actb) are shown for Srd5a1 (C), Srd5a2 (D), Srd5a3 (E). For
parametric datasets, differences were established by a one-way ANOVA with
Bonferroni’s multiple comparisons post hoc; nonparametric datasets were compared

by a Kruskal-Wallis test with Dunn’s multiple comparisons post hoc. * P < 0.05.
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Figure 4.8. The effect of 3B-diol on aromatase and ER expression in the adult

female mouse mPOA. Slices were incubated for 24 h with vehicle control (C), 108 M

letrozole with 108 M dutasteride (L + D), 10-® M 3B-diol (3B), or a combination of all thee

treatments (3B + L + D). n = 15 slices per treatment group from a total of 12 animals.

Punch dissections of the mPOA from 4 animals were pooled into one, such that n =3

from a total of 12 animals, which were used to measure gene expression. Expression

levels, relative to the housekeeping gene (Actb) are shown for Esr1 (A), Esr2 (B),

Cyp19a1 (C). For parametric datasets, differences were established by a one-way

ANOVA with Bonferroni’s multiple comparisons post hoc; nonparametric datasets were

compared by a Kruskal-Wallis test with Dunn’s multiple comparisons post hoc.

The expression of other steroidogenic enzymes in the mPOA under this treatment
protocol is shown in Supp. Fig. S4.3. There was no significant effect of treatment on
Stard1 expression (Supp. Fig. S4.3A), Cyp11a1 expression (Supp. Fig. $S4.3B),
Hsd3b1 expression (Supp. Fig. $4.3C) or Hsd17b1 expression (Supp. Fig. $S4.3D) in
the mPOA.
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VMH: In VMH-aCSF, there was no effect of treatment on E> concentrations (Fig. 4.9A),
testosterone concentrations (Fig. 4.9B) or Srd5a1 expression (Fig 4.9C). All
treatments significantly reduced Srd5a2 expression (C vs L+D, P = 0.0008; vs 3p-diol,
P =0.002; vs 3B-diol + letrozole + dutasteride, P = 0.0008 [Fig. 4.9D]) and Srd5a3

expression (P < 0.0001 for all comparisons vs vehicle control [Fig. 4.9E]).

There was no effect of treatment on the expression of Esr1, Esr2, or Cyp19a1 (Fig.
4.10A-C). Yet, 3B-diol tended to increase expression of Esr1 compared to vehicle
control (P = 0.0727) (Fig. 4.5F). Expression of other steroidogenic enzymes is shown
in Supp. Fig. S4.4. There was no significant effect of treatment on Stard? expression
(Supp. Fig. S4.4A), Cyp11a1 expression (Supp. Fig. S4.4B), or Hsd3b1 expression
(Supp.- Fig. $4.4C) in the VMH. 3B-diol tended to decrease Hsd17b1 expression
compared to vehicle control (P = 0.0524) (Supp. Fig. S4.4D).
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Figure 4.9. The effect of 3B-diol on steroid hormone concentrations and enzyme
expression in the adult female mouse VMH. Slices were incubated for 24 h with
vehicle control (C), 10 M letrozole with 10-# M dutasteride (L + D), 108 M 3B-diol (3B),
or a combination of all thee treatments (3@ + L + D). aCSF bathing VMH-containing
slices was used to measure neuroestrogen (A) and neurotestosterone (B). n =12
slices per treatment group from a total of 12 animals. Punch dissections of the VMH
from 4 animals were pooled into one, such that n = 3 from a total of 12 animals, which
were used to measure gene expression. Expression levels, relative to the
housekeeping gene (Actb) are shown for Srd5a1 (C), Srd5a2 (D), Srd5a3 (E). For
parametric datasets, differences were established by a one-way ANOVA with
Bonferroni’s multiple comparisons post hoc; nonparametric datasets were compared
by a Kruskal-Wallis test with Dunn’s multiple comparisons post hoc. ** P < 0.001, *** P
< 0.0001.
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Figure 4.10. The effect of 3B-diol on aromatase and ER expression in the adult
female mouse VMH. Slices were incubated for 24 h with vehicle control (C), 10¥M
letrozole with 108 M dutasteride (L + D), 10-® M 3B-diol (3B), or a combination of all thee
treatments (3B + L + D). aCSF bathing VMH-containing slices was used to measure
neuroestrogen (A) and neurotestosterone (B). n = 12 slices per treatment group from a
total of 12 animals. Punch dissections of the VMH from 4 animals were pooled into
one, such that n = 3 from a total of 12 animals, which were used to measure gene
expression. Expression levels, relative to the housekeeping gene (Actb) are shown for
Srd5a1 (C), Srd5a2 (D), Srd5a3 (E). For parametric datasets, differences were
established by a one-way ANOVA with Bonferroni’s multiple comparisons post hoc;
nonparametric datasets were compared by a Kruskal-Wallis test with Dunn’s multiple
comparisons post hoc. ** P < 0.001, *** P < 0.0001.

4.3.4 The induction of E» synthesis by 3B-diol may be ligand specific

To understand the involvement, if any, of ERs in neurosteroid production, slices
were incubated in the presence of ER-specific agonists (PPT for ERa and DPN for
ERPB) and an ER antagonist (ICI 182,780) for 24 h.
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mPOA: mPOA-aCSF showed no significant effect of ICI treatment when
compared to control, but a significant reduction in E2 with ICI + PPT treatment (P =
0.0391) (Fig- 4.11A). This concentration of E; was also significantly less than that
measured with ICl alone (P = 0.025) (Fig. 4.11A). Testosterone in mMPOA-aCSF was
significantly decreased by ICl when compared to control (P = 0.0013) (Fig. 4.11B). ICI
treatment tended to reduce testosterone concentration in mPOA-aCSF when
compared to PPT (P = 0.0582) and DPN (P = 0.0746) (Fig. 4.11B). There was no
significant difference between ICl and ICI + PPT or ICI + DPN (Fig. 4.11B). ER mRNA
expression was not significantly different between vehicle control and any other
treatment group, but significantly increased with ICI + DPN treatment compared to IClI
alone (Esr1, P=0.0419; Esr 2, P=0.0333) (Fig. 4.12A-B). For Cyp19a1, expression
tended to decrease with ICI treatment compared to vehicle control (P = 0.0604) (Fig.
4.12C).

>
o

*ok

300 - I

150 = | |

100 = | ‘

50 4

200+

100 =

E; concentration in aCSF (pg/ml)
T concentration in aCSF (pg/mil)

v o A o A - G o - A, -
b QQ OQ qu 5 QQ b QQ OQ KQQ . QQ
\0\ \Q\' \(r'\ \O\
Treatment Treatment

Figure 4.11. Effect of oestrogen receptor modulators on steroid hormone
concentration in the adult female mouse mPOA. Slices were incubated for 24 h with
vehicle control (C), 10-€M ICI 182,780 (ICI), 10°M PPT, 10-°°M DPN, or a combination
(ICI + PPT, ICI + DPN). aCSF bathing mPOA-containing slices was used to measure
neuroestrogen (A) and neurotestosterone (B). n = 26 slices per treatment group from a
total of 32 animals. For parametric datasets, differences were established by a one-
way ANOVA with Bonferroni’'s multiple comparisons post hoc; nonparametric datasets
were compared by a Kruskal-Wallis test with Dunn’s multiple comparisons post hoc. *
P <0.05, ** P<0.01.
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Figure 4.12. Effect of oestrogen receptor modulators on oestrogen receptor
expression and Cyp79a1 expression in the adult female mouse mPOA. Slices
were incubated for 24 h with vehicle control (C), 108 M ICI 182,780 (ICl), 10°M PPT,
10°M DPN, or a combination (ICI + PPT, ICI + DPN). n = 26 slices per treatment group
from a total of 32 animals. Punch dissections of the mPOA from 4 animals were pooled
into one, such that n = 3 from a total of 12 animals, which were used to measure gene
expression. Expression levels, relative to the housekeeping gene (Actb) are shown for
Esr1 (A), Esr2 (B), and Cyp19a1 (C). For parametric datasets, differences were
established by a one-way ANOVA with Bonferroni’s multiple comparisons post hoc;
nonparametric datasets were compared by a Kruskal-Wallis test with Dunn’s multiple

comparisons post hoc. * P < 0.05.
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Expression of other steroidogenic enzymes in the mPOA is shown in Supp. Fig. $4.5.
ICI treatment decreased expression of Cyp77a1 compared to PPT treatment (P =
0.0127) (Supp. Fig. S4.5B), and Hsd17b1 compared to DPN treatment (P = 0.0193)
(Supp. Fig. S4.5D). ICI also showed a tendency to decrease Stard? expression when
compared with vehicle control (P = 0.0604) (Supp. Fig. S4.5A). PPT increased
Hsd3b1 expression compared to vehicle control (P = 0.0345) (Supp. Fig. $4.5C).
There was no effect of any treatment on the expression of 5a-reductase isoforms Il or
Il (Supp. Fig. S4.5F-G), but expression of Srd5a1 was increased with ICI treatment (P
= 0.0070) and treatment with ICI + DPN (P = 0.0470) (Supp. Fig. S4.5E).

VMH: In VMH-aCSF, there was a significant interaction between E-
concentration and treatment (H (5) = 13.25, P = 0.0211), but there were no pairwise
differences found by Dunn’s multiple comparisons test (Fig. 4.13A). However, there
was a tendency for ICI + DPN to reduce Ez in VMH-aCSF when compared to control (P
=0.0691) (Fig. 4.13A). There was no effect of treatment on testosterone
concentrations measured in VMH-aCSF (P = 0.1778) (Fig. 4.13B). In line with the
absence of treatment-related changes in neurosteroids, there was no effect of
treatment on Cyp19a1 expression in the VMH (Fig. 4.14C). ER expression levels were

also not affected by treatment (Fig. 4.14A-B).
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Figure 4.13. Effect of oestrogen receptor modulators on steroid hormone
concentration in the adult female mouse VMH. Slices were incubated for 24 h with
vehicle control (C), 10€M ICI 182,780 (ICI), 10°M PPT, 10-°°M DPN, or a combination
(ICl + PPT, ICI + DPN). aCSF bathing VMH-containing slices was used to measure
neuroestrogen (A) and neurotestosterone (B). n = 18 slices per treatment group from a
total of 32 animals. For parametric datasets, differences were established by a one-
way ANOVA with Bonferroni’'s multiple comparisons post hoc; nonparametric datasets

were compared by a Kruskal-Wallis test with Dunn’s multiple comparisons post hoc.
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Figure 4.14. Effect of oestrogen receptor modulators on oestrogen receptor
expression and Cyp79a71 expression in the adult female mouse VMH. Slices were
incubated for 24 h with vehicle control (C), 108 M ICI 182,780 (ICI), 10°M PPT, 10°M
DPN, or a combination (ICI + PPT, ICI + DPN). n = 18 slices per treatment group from
a total of 32 animals. Punch dissections of the mPOA from 4 animals were pooled into
one, such that n = 3 from a total of 12 animals, which were used to measure gene
expression. Expression levels, relative to the housekeeping gene (Actb) are shown for
Esr1 (A, Esr2 (B), and Cyp19at (C). For parametric datasets, differences were
established by a one-way ANOVA with Bonferroni’s multiple comparisons post hoc;
nonparametric datasets were compared by a Kruskal-Wallis test with Dunn’s multiple

comparisons post hoc.
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Supp. Fig. S4.6 shows the expression levels of other steroidogenic enzymes in the
VMH under ER modulator treatments. Stard? (Supp. Fig. S4.6A), Hsd3b1 (Supp. Fig.
S$4.6C), Hsd17b1 (Supp. Fig. S4.6D), Srdb5a1 (Supp. Fig. S4.6E), and Srd5a3 (Supp.
Fig. S4.6G) were unaffected by treatment. Cyp77a1 expression was increased with ICI
+ DPN compared to control (P = 0.0314), though there was no difference compared to
ICI alone (Supp. Fig. S4.6B). ICI + DPN had the opposite effect on Srd5a2,

significantly decreasing expression compared to vehicle control (Supp. Fig. S4.6F).
4.3.5 Ovariectomy does not seem to impede neurosteroid production

To understand the dependence of neurosteroids on gonadal hormones, steroids
were measured from brain hemispheres of intact, OVX, long-term OVX (OVX-L), and
OVX mice treated with EB, after C18 extraction (Fig. 4.15). There was no interaction
between gonadal status and Ez concentration in the mPOA (P = 0.5578) (Fig. 4.15A).
A significant interaction was found in the VMH (H (3) = 8.453, P = 0.0183), but pairwise
comparisons found no significant difference in E; between groups (Fig. 4.15B).
Testosterone concentrations in the mPOA of OVX mice of any condition were not
significantly different to intact mice, but long-term ovariectomy increased testosterone
concentrations compared to OVX mice (P = 0.0248) (Fig. 4.15C). There was no effect

on gonadal condition on testosterone concentrations in the VMH (Fig. 4.15D).
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Figure 4.15. Effect of ovariectomy on E: and testosterone production in punch

dissected medial preoptic area and ventromedial hypothalamus from the adult

female mouse. Punch dissections from one hemisphe

re of the medial preoptic are

(mPOA, left column) and ventromedial hypothalamus (VMH, right column) were taken

from mice that were intact (INT), short-term ovariectomised (OVX), long-term

ovariectomised (OVX-L), or short-term ovariectomised

and treated with E; benzoate

(OVX + EB). OVX animals were OVX one week prior to sacrifice whereas OVX-L

animals were OVX seven weeks prior to sacrifice. n = 4 animals per treatment group,

with the exception of INT, where n = 3. Punch dissections were used to measure

neuroestrogen (A-B) and neurotestosterone (C-D). For parametric datasets,

differences were established by a one-way ANOVA with Bonferroni’s multiple

comparisons post hoc; nonparametric datasets were compared by a Kruskal-Wallis test

with Dunn’s multiple comparisons post hoc. * P < 0.05.
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The effect of OVX on steroidogenic enzyme expression is shown in Fig. 4.16 and 4.17.
Stard1 expression was increased in OVX mice compared to mice in the OVX + EB
group (P = 0.0210), though neither group was significantly different to intact mice (Fig.
4.16A). OVX-L mice had significantly increased expression of Cyp11af compared to
intact, OVX and OVX + EB mice (P < 0.0001 for all comparisons) (Fig. 4.16B). Hsd3b1
expression was significantly increased in OVX-L mice compared to OVX (P = 0.0034)
and OVX + EB mice (P = 0.0189) (Fig. 4.16C). There was no effect of gonadal
condition on the expression of Hsd17b1 (Fig. 4.16D). The intact group showed higher
expression of Cyp19a1 compared to all other groups (vs OVX, P =0.0011; vs OVX-L,
P =0.0037; vs OVX + EB, P = 0.0007) (Fig. 4.17A). OVX-L and OVX + EB mice had
lower expression levels of Esr1 compared to intact (P = 0.0146 and 0.0146,
respectively) and OVX mice (P = 0.0221 and 0.0382, respectively) (Fig. 4.17B). OVX-
L and OVX + EB mice had lower expression levels of Esr1 compared to intact (P =
0.0002 and 0.0142, respectively) and OVX mice (P < 0.0001 and = 0.0004,
respectively), however, OVX + EB mice expressed greater levels of Esr2 compared to
OVX-L mice (P = 0.007) (Fig. 4.17C).
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Figure 4.16. Effect of ovariectomy on steroidogenic enzyme expression in the

adult female mouse hypothalamus. Hypothalami were excised from hemispheres of

mice that were intact (INT), short-term ovariectomised (OVX), long-term
ovariectomised (OVX-L), or short-term ovariectomised and treated with oestradiol
benzoate (OVX + EB) and used to measure gene expression. Expression levels,
relative to the housekeeping gene (Actb) are shown for Stard1 (A), Cyp11at (B),

Hsd3b1 (C), Hsd17b1 (D). For parametric datasets, differences were established by a

one-way ANOVA with Bonferroni’s multiple comparisons post hoc; nonparametric
datasets were compared by a Kruskal-Wallis test with Dunn’s multiple comparisons
post hoc. * P < 0.05, ** P <0.01, **** P <0.0001.
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Figure 4.17. Effect of ovariectomy on oestrogen receptor expression and
steroidogenic enzyme expression in the adult female mouse hypothalamus.
Hypothalami were excised from hemispheres of mice that were intact (INT), short-term
ovariectomised (OVX), long-term ovariectomised (OVX-L), or short-term
ovariectomised and treated with oestradiol benzoate (OVX + EB) and used to measure
gene expression. Expression levels, relative to the housekeeping gene (Actb) are
shown for Cyp19a1 (A), Esr1 (B), and Esr2 (C). For parametric datasets, differences
were established by a one-way ANOVA with Bonferroni’'s multiple comparisons post
hoc; nonparametric datasets were compared by a Kruskal-Wallis test with Dunn’s
multiple comparisons post hoc. * P < 0.05, ** P < 0.001, ** P < 0.001, *** P <0.0001.

Steroidogenic enzymes relevant to the 3p-diol pathway are shown in Supp. Fig. $4.7.
Srd5a1 expression was significantly decreased in OBX + EB mice compared to OVX-L
(P =0.0059) and OVX mice (P = 0.0456) (Supp. Fig. S4.7A). However, both OVX and
OVX-L groups expressed significantly less Srd5a2 compared to intact mice (P =
0.0227) (Supp. Fig. S4.7B). Srd5a3 was not detected in OVX + EB mice (Supp. Fig.
S$4.7C).
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4.4 Discussion

We have previously developed a protocol that allowed us to measure steroid
production by ex vivo mouse brain slices (Chapter 3). In the present study, we utilised
our established protocols to understand the regulation of neurosteroid synthesis by
hypothalamic nuclei that contribute to social behaviours in the female mouse. The
mPOA and VMH are nuclei integral to female reproductive and social behaviour
(Spiteri et al., 2012, Correa et al., 2015), express ERs (Mitra et al., 2003, Moéne et al.,
2019) and show aromatase activity (Roselli et al., 1984, Roselli, 1995). We
hypothesised that, if true de novo synthesis was taking place within these brain
regions, this could be inhibited with the aromatase inhibitor letrozole. This has been
demonstrated in the rodent hippocampus. In mixed sex hippocampal slice cultures, E;
release into the culture medium is decreased with the addition of letrozole (Kretz et al.,
2004a). Likewise, letrozole reduces E> measured in culture medium of a rat glioma cell
line (Dave et al., 2015). We failed to observe these effects with letrozole in
hypothalamic slice culture but uncovered a novel regulatory mechanism for

neuroestrogen synthesis in the female mouse hypothalamus.
4.4.1 The 3B-diol pathway in the mPOA

Aside from E;, testosterone can be metabolised to DHT by 5a-reductase
enzymes (Celotti et al., 1997). DHT is typically considered the most potent androgen
since it cannot be aromatised to E,-like metabolites and binds directly to the androgen
receptor (Marchetti and Barth, 2013). DHT is effective at reinstating the decreased
aromatase immunoreactivity in the BNST of castrated adrenalectomised male rats and
is more effective at doing so than either testosterone or E, (Zhao et al., 2007). In
primary amygdala cell cultures, DHT significantly increases aromatase expression
specifically in cultures from female mice, yet this occurs though an ERB-dependent
mechanism (Cisternas et al., 2015, Cisternas et al., 2017). For example, in primary
amygdala cultures, treatment with DHT increases aromatase expression, but not in the
presence of the specific ERB antagonist 4-[2-phenyl-5,7-
bis(trifluoromethyl)pyrazolo[1,5-a]pyrimidin-3-yl]phenol (PHTPP) (Cisternas et al.,
2017). Several reports have indicated that the actions of DHT may be caused by its
metabolites, specifically 3B-diol (Lund et al., 2004, Lund et al., 2006), and reviewed in
Handa et al. (2011). 33-diol does not bind the androgen receptor, but preferentially
binds ERp (Kuiper et al., 1998) which induces transcription of Ex-responsive genes

though a canonical oestrogen response element (ERE) similar to E; (Pak et al., 2005).
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Furthermore, 33-diol mimics the effect of DHT on aromatase expression in primary

amygdala culture (Cisternas et al., 2017).

We hypothesised that a mechanism involving 33-diol may have prevented us from
observing a decrease in E following treatment with the aromatase inhibitor, letrozole,
in the mPOA. Letrozole, a competitive inhibitor of aromatase (Brueggemeier et al.,
2005), did not change concentration during slice incubation, therefore limiting
testosterone to its own actions, or pushing its conversion to DHT and subsequent
metabolism to 3B-diol. If 33-diol resulted in more aromatase expression, this might
relieve inhibition by letrozole (demonstrated in Fig. 4.18). Therefore, we supposed that
if the female brain was truly synthesising E, its production would be diminished in the
presence of inhibitors targeting both aromatase and 5a-reductase. We used two
different 5a-reductase inhibitors: dutasteride, which inhibits all thee isoforms of 5a-
reductase (types 1, 2 > type 3) and finasteride, which inhibits types 2 and 3 with a
similar potency (Titus et al., 2014, Yamana et al., 2010). We found that letrozole and
dutasteride significantly reduced E> concentration in mPOA-aCSF, and both 5a-
reductase inhibitors administered together with letrozole significantly reduced
aromatase expression in the mPOA compared to letrozole alone. The efficiency of
dutasteride over finasteride in reducing neuroestrogen synthesis could be due to the
moderate expression of Srd5a2 in the hypothalamus (Castelli et al., 2013). The results
of this experiment strongly suggested that the activation of the 33-diol pathway
counteracted the anticipated decrease in E2 associated with letrozole treatment. It also
substantiates the ability of the brain slices in our culture system to synthesise
neurosteroids and provides the first empirical evidence that the female mouse mPOA

synthesises neuroestrogen.
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Figure 4.18. The mechanism of the 3p-diol pathway in ex vivo slice culture. Under
normal physiological conditions, testosterone is converted to E» by aromatase (aro)
and DHT by 5a-reductase enzymes (5a-R) (A). E2 can bind to its cognate receptors.
When the aromatization pathway is blocked by letrozole, there is a build-up of
testosterone. Testosterone can either exert actions as is or it can be converted to DHT.
As DHT concentration rises, it is metabolized to 5a-androstane 33, 178 diol (33-diol).
3B-diol is a natural ligand for ERB (B). 33-diol acts on ER to increase aromatase
expression. Since the initial concentration of letrozole has not changed, the inhibition is
relieved (C).
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Effect on neuroestrogen synthesis: To strengthen our findings, we investigated

neurosteroid synthesis and enzyme expression after administration of 33-diol, either
alone or in combination with letrozole and dutasteride. By inhibiting the conversion of
testosterone to E; and DHT whilst supplementing with 33-diol, we aimed to determine
whether 3B-diol could rescue neuroestrogen synthesis. We found that neuroestrogen
concentrations in mPOA-aCSF were significantly increased with 3B-diol and showed a
tendency for increase when 33-diol was given with letrozole and dutasteride compared
to letrozole and dutasteride treatment alone. The effects of dutasteride are not solely
related to the inhibition of the conversion of testosterone to DHT; dutasteride has been
shown to upregulate the enzymes that degrade DHT and its metabolites (Schmidt et
al., 2004). Therefore, using all 3 treatments — letrozole, dutasteride, and 3p-diol — at
once could have limited the effectiveness of 3B-diol. Interestingly, neither treatment
involving 3B-diol resulted in a significant increase in neuroestrogen concentrations
compared to vehicle control. These observations suggest the presence of a possible
ceiling effect on neuroestrogen synthesis in the female mouse mPOA where high
concentrations are already present under control conditions. This is also believed to
occur in the songbird caudomedial nidopallium (NCM) (Pawlisch and Remage-Healey,
2015), a region with high aromatase activity and neuroestrogen synthesis (Jalabert et
al., 2022). It also suggests that not only is aromatase constitutively expressed in the

brain (Cornil, 2018), but it is also constitutively active.

Effect on ER expression: The inhibitors used in these experiments clearly act

directly on enzymes rather than acting on hormone receptors (Brueggemeier et al.,
2005, Yamana et al., 2010). However, 33-diol is also a potent modulator of ER
expression in the rat prostate (Oliveira et al., 2007), and E2 and DHT increase ER(3
mRNA expression in amygdala cultures (Cisternas et al., 2017). We were interested to
see if the inhibition of 3p3-diol synthesis impacted ER expression. There appeared to be
a positive effect of finasteride on ERa and ER expression in the mPOA. In human
prostatic tissue specimens, which predominantly express the type 2 5a-reductase
isozyme (Steers, 2001), gene methylation of SRD5AZ2 increased the protein levels of
phosphorylated ERa (Wang et al., 2017). Since finasteride inhibits the type 2 isozyme
to a greater extent than dutasteride (Yamana et al., 2010), it is possible that the
decreased activity of Srd5a2 drove ER expression in the mPOA. 3B-diol itself had no
effect on ER expression in either the mPOA or the VMH, though in the prostate, 3B-diol
increased ER[ protein (Oliveira et al., 2007). The possibility of a tissue-specific effect

of 3B-diol has not been explored.
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Effect on steroidogenic enzyme expression: Clearly, the actions of the 33-diol

pathway work to increase neuroestrogen production in the mPOA. Whether this is
though increased de novo synthesis, or redirection of existing precursors to the
aromatisation pathway, is unclear. To explore if increased de novo synthesis is
occurring, we examined various steroidogenic enzymes using RT-qPCR. Letrozole and
dutasteride, 3B-diol, and all thee treatments in combination had variable effects on the
expression of steroidogenic enzymes. In the mPOA, we found no significant difference
in expression levels of Stard1, Cyp11a1, Hsd3b1, or Hsd17b1 with letrozole treatment.
Yet, expression of these enzymes is decreased in the ovary of rats treated with
letrozole (Ortega et al., 2013). However, with the addition of dutasteride, we found
increased expression of Stard1, suggesting that de novo synthesis is upregulated
when steroid synthesis is blocked at the level of testosterone. Furthermore, we found a
tendency for letrozole + dutasteride to increase the expression of Hsd17b1, supporting
our earlier findings that letrozole in combination with dutasteride increased
neuroestrogen synthesis in the mPOA. 33-diol alone tended not to increase Stard1
expression, though expression showed a tendency to increase with letrozole and
dutasteride alone or in combination with 33-diol. This underscores the hypothesis that
de novo synthesis in the mPOA is upregulated when androgens cannot be metabolised
to oestrogenic compounds. It also suggests that at least some androgenic precursors

are made de novo, and do not originate from the periphery, in the female mouse.
4.4.2 Regional specificity of the 3B-diol pathway

The 3B-diol pathway demonstrated region-specific effects within the
hypothalamus. Although letrozole did not result in a significant alteration of 24 h E»
concentrations when compared to the baseline (0 h), the levels of E; in VMH-aCSF
were not significantly reduced with letrozole alone or in combination with 5a-reductase
inhibitors in comparison to treatment with vehicle control. Consistently, there was no
significant impact of 33-diol on E> concentrations in VMH-aCSF or aromatase
expression in the VMH. A possible explanation for this is the greater expression of ERa
(Mitra et al., 2003), along with a relative lack of ERB expression in the VMH compared
to the mPOA (Zuloaga et al., 2014). It has previously been noted that a number of
aromatase-positive cells in the male and female mouse mPOA coexpress ERp, but not
ERa (Stanic et al., 2014), which positions ERB perfectly to increase aromatase
expression upon activation by 33-diol. The amygdala, which expresses ERp in
abundance (Shughrue and Merchenthaler, 2001), is currently the only other
documented brain region exhibiting the 33-diol pathway (Cisternas et al., 2015,

Cisternas et al., 2017). Interestingly, we found that 33-diol treatment tended to increase
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the expression of ERa in the VMH; however, this tendency was dampened when 33-
diol was given in combination with letrozole and dutasteride. As an ER[3 agonist
(Kuiper et al., 1998), it is unclear why 3B-diol has this effect on ERa in the VMH, and to
our knowledge, this is the first report of such an observation. Notably, 33-diol had no

effect on ERB expression in the VMH.

Like the mPOA, treatments had a variable effect on steroidogenic enzyme expression
in the VMH. Interestingly, 33-diol decreased expression of Hsd17b1, supporting the
idea that the 3B-diol pathway does not increase neuroestrogen synthesis in the VMH.
Furthermore, treatments involving 3B-diol tended to decrease expression of Stard1,
Cyp11at, and Hsd3b1, suggesting that the VMH is not as active in neurosteroid
synthesis as other hypothalamic regions, such as the mPOA. Indeed, aromatase
expression is lower in the VMH than the mPOA (Stanic et al., 2014), suggesting a
limited ability of the VMH to produce neuroestrogen. Therefore, modulation of
steroidogenic enzymes by inhibition or activation of the 3p-diol pathway is nuclei-

specific.
4.4.3 Functional significance of 3B-diol in the mPOA

What is the functional significance of the 3B-diol pathway? 33-diol was initially
discovered in the prostate, where it was proposed to function as the predominant
ligand of ERs (Weihua et al., 2002). The aromatase gene contains both EREs and
androgen response elements (Harada et al., 1993), suggesting regulation though a
synergy of nuclear hormone receptors. In amygdala cultures, the effect of 33-diol on
aromatase expression is dependent upon the sex chomosome complement, only
taking place in female cultures (Cisternas et al., 2017, Cisternas et al., 2015).
Preliminary data from our lab supports the idea that this is a sexually dimorphic
pathway, as letrozole and dutasteride are ineffective at inhibiting neuroestrogen
production and Cyp79a1 expression in male hypothalamic slices (data not shown). Sex
dimorphisms may occur at the level of 33-diol degradation as well as 33-diol
production. 3p-diol production is irreversible, and the effects of 33-diol are terminated
by its conversion to inactive 6a- or 7a-triols by the Cyp7b1 enzyme (Sundin et al.,
1987).

Brain aromatase activity does not seem to vary across the oestrous cycle (Roselli et
al., 1984), so the 3p-diol pathway may be important for maintaining neuroestrogen
concentrations when peripheral levels fall. Stress is known to suppress the
hypothalamic-pituitary-ovarian axis (Whirledge and Cidlowski, 2013), yet acute stress

has been shown to enhance hypothalamic aromatase activity in quail (Dickens et al.,
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2013) and neuroestrogen concentrations in OVX rats (Liu et al., 2011). In the
paraventricular nucleus of the hypothalamus (PVN), 3p-diol increases oxytocin
expression via ERP (Hiroi et al., 2013), inhibiting the activity of the hypothalamic-
pituitary-adrenal axis (Neumann et al., 2000) and counteracting stress. It is known that
ERp decreases anxiety-like behaviour in rodents (Imwalle et al., 2005, Hughes et al.,
2008), and the mPOA, which expresses considerable amounts of ERB (Mitra et al.,
2003), has been implicated in anxiolytic behaviours (Zhang et al., 2021). Taken
together, the importance of 33-diol signalling in the mPOA is contextual and may be

important to alleviate stress.
4.4.4 Effect of ER modulators

Neurosteroid synthesis: To investigate the contribution of ERs a and 8 to

neuroestrogen synthesis and steroidogenic enzyme expression in the hypothalamus,
we incubated slices containing the mPOA or VMH with ER modulators. As with the 33-
diol experiments, the VMH proved less labile to regulation compared to the mPOA.
Still, in both the mPOA and VMH, we found no significant effect of the ERa agonist
PPT on neurosteroid concentration in aCSF or aromatase expression in tissue
punches. Despite 33-diol increasing aromatase expression presumably though ERp,
there was no effect of the ERB agonist DPN on neuroestrogen concentrations or
aromatase expression in neither the mPOA nor the VMH. This discrepancy may be due
to ligand-dependent effects on ER-mediated gene transcription and/or signalling
cascades. ERs are ligand-regulated transcription factors that form dimers upon ligand
binding (Tamrazi et al., 2002). Homo- and heterodimers can have differing kinetic
stability (Tamrazi et al., 2002), and can have different transcriptional and physiological
effects. For example, ERa/a homodimers promote, while ERB/B homodimers inhibit,
E>-dependent growth of mammary epithelial cells (Song et al., 2022), a process linked
to the induction of aromatase (Diaz-Cruz et al., 2011). It is possible for ERa/3
heterodimers to form with select compounds (Coriano et al., 2018), though the
functional effects of the heterodimer are not well understood. It is possible that E; or
DPN stimulates the formation of a particular type of dimer, whereas 3B-diol stimulates
the formation of another, giving rise to different transcriptional and functional effects on

aromatase.

The ER antagonist ICI given alone tended to decrease aromatase expression in the
mPOA, and when administered in combination with PPT, decreased neuroestrogen
concentration in mPOA-aCSF. There are two potential reasons for this: first, ERs may

be necessary for maintaining neuroestrogen synthesis, and their inhibition decreases
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it. Although ICl is an ER antagonist, it is an agonist of the membrane-limited ER, G
protein-coupled oestrogen receptor (GPER) 1 (Filardo et al., 2002). Thus, the second
potential reason is that GPER1 antagonises the effect of ER-mediated neuroestrogen
synthesis. One of the reasons neurosteroid synthesis is believed to occur is to allow
discrete regions of the brain to rapidly reach the higher concentrations of E; required
for membrane-initiated E> signalling (Prossnitz and Barton, 2014). Hence, this could be
negative feedback by membrane ERs such as GPER1 to dampen non-genomic
signalling by decreasing the amount of neuroestrogen produced. This may also be a
neuroprotective effect, since too much Ez has been shown to drive GABA-mediated

excitotoxicity and widespread cell death in the neonatal rat brain (Nufiez et al., 2003).

Effect on ER modulators on ER expression: Whilst PPT and DPN had no effect

on the expression of their respective target receptors in the hypothalamus, DPN
administered with ICI significantly increased ERa. expression solely in the mPOA. In
PC-3 prostate cancer cells, DPN was shown to increase ERa mRNA but not ERB
MRNA, suggesting a crosstalk between ERs to regulate expression of each other
(Pisolato et al., 2016). On the other hand, ICI has been shown to upregulate ERa
expression in the liver of teleost fish (Pinto et al., 2006). This action is surprising, since
ICl is a selective ER degrader, effectively removing ERa from the cell (Wardell et al.,
2011). This suggests that ERa protein levels may influence ERa mMRNA expression

and needs to be further explored.

Effect on ER modulators on steroidogenic enzyme expression: The effect of ER

modulators on steroidogenic enzyme expression was mixed. In the mPOA, PPT
increased the expression of Hsd3b17; this has been shown previously in the rat
hypothalamus (Soma et al., 2005). The ER-mediated expression in Hsd3b1 is
prevented by ICI (Nenadov et al., 2018). Similarly, we found a tendency for lower
expression in the mPOA with treatment paradigms involving ICI, which may account for
the tendency for decreased neuroestrogen synthesis with ICI treatment. However, ICI
was found to increase the expression of Srd5a1 in the mPOA, though the significance
of this is unknown. In the VMH, ICI combined with DPN was the only treatment that
induced changes in mMRNA of steroidogenic enzymes. ICl administered with DPN
increased Cyp771a1 expression and decreased Srd5a2 expression. Again, the VMH

was much less labile than the mPOA.
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4.4.5 Gonadal status does not affect neurosteroidogenesis in the female mouse

hypothalamus

Despite the documented expression of steroidogenic enzymes in the brain
(King et al., 2002, Kohchi et al., 1998, Stanic et al., 2014), and the ability of the brain to
synthesise neuroestrogen (Kretz et al., 2004a, Schlinger et al., 2014), the question of
why this is important in the female, where E; is readily available from the ovaries,
remains (Cornil, 2018). To answer this question, it is necessary to understand how

neurosteroidogenesis is regulated in the absence of the ovaries.

Effect on neuroestrogen synthesis and steroidogenic enzyme expression: In

punch dissections of the mPOA and VMH, we found no difference in neuroestrogen
concentrations between gonadally intact, short- or long-term OVX mice, or OVX mice
treated with EB 72 and 48 h prior to sacrifice. In a similar vein, hypothalamic
aromatase activity is not significantly different between OVX and cycling rats at any
stage of their oestrous cycle, although mRNA expression was not measured (Roselli et
al., 1984). Despite the lack of observed effect on neuroestrogen concentrations, EB
administration to OVX mice resulted in decreased Cyp19a1 expression. We also found
a decrease in Stard1 and Cyp11a1 expression in OVX mice supplemented with EB,
though it is not clear why we did not detect a corresponding decrease in neuroestrogen
concentration in hypothalamic tissue punches. Though it could be argued that EB was
stored in the brain prior to sacrifice, this is unlikely as steroid hormones cannot easily
be stored due to their lipophilic properties (Holst et al., 2004). This requires further

exploration.

Previous literature has indicated that peripheral E: is necessary for neuroestrogen
synthesis (Nelson et al., 2016, Prange-Kiel et al., 2013), yet in OVX rats treated with
EB, mPOA aromatase mRNA expression was not significantly different to OVX rats
treated with vehicle (Tabatadze et al., 2014b). This suggests that aromatase mRNA is

not the target for increased neuroestrogens in the presence of circulating Ex.

Though long-term OVX did not change neuroestrogen concentrations, it resulted in an
increase in neurotestosterone solely in the mPOA and increased hypothalamic Hsd3b1
expression. To our knowledge, alterations in androgen production in the female brain
as a result of OVX have not been reported. OVX leads to a gradual increase in
extragonadal E2 synthesis; the main contributing tissues being the liver and
subcutaneous white adipose tissue (Zhao et al., 2005). Whether this occurs in the

brain has not been properly investigated. However, our data suggests that the
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increased levels of Stard1, Cyp11a1, and Hsd3b1 in long-term OVX mice give the

brain the capacity to synthesise steroids de novo.

Effect on ER expression: Recently, it was found that residual ERE-dependent

transcription takes place in the hippocampus in the short-term following OVX, but not in
the long-term (Baumgartner et al., 2019). We found no decrease in neuroestrogen or
steroidogenic enzyme expression with long-term OVX, though we did find decreased
hypothalamic ER expression. In the hippocampus and prefrontal cortex of middle-aged
rats, ER expression declines after extended deprivation of ovarian hormones (Bohacek
and Daniel, 2009). Thus, the decrease in ERE-dependent transcription in OVX rodents
is likely caused by decreased receptor expression, as opposed to decreased

neuroestrogen synthesis.

At present, it is difficult to conclude whether ovarian E; is necessary for neuroestrogen
production, though our data shows E; can still be measured in the brain after OVX,
regardless of duration of OVX. Previous studies from our lab have demonstrated the
presence of E; in ex vivo brain slices (Chapter 3), which suggests that
neurosteroidogenesis in the hypothalamus is independent of gonadal status in the
female mouse. This is difficult to compare with other studies in the literature since there
appears to be regional differences in the dependence on gonadal hormones. In rats,
castration reduced aromatase activity in the POA but not in the amygdala (Roselli et
al., 1984), and it has since been suggested that brain aromatase is gonad-sensitive in
the hypothalamus but gonad-insensitive in the limbic system (Shay et al., 2018, Roselli
et al., 1985b).

We found no difference in ER expression or neuroestrogen or neurotestosteone
concentrations in the OVX group that was supplemented with EB in either the mPOA or
VMH. Differences in hormonal priming regimens may contribute to differing results.
High dosages of EB administered 72 and 48 h prior to sacrifice, as in the present study
and in Tabatadze et al., (2014) produce supraphysiological levels of E; shortly after
injection, which are metabolised to the physiological range within 24 h (Woolley and
McEwen, 1993). Other studies have prolonged exposure to ovarian hormones
following OVX using Ez implants, resulting in region-specific alterations in ER
expression that were reported in the hippocampus and prefrontal cortex (Bohacek and
Daniel, 2009). EB supplementation also produces a dose-dependent increase in brain
E» concentrations in OVX rats (Li and Gibbs, 2019), suggesting species level
differences. There are also no comparable studies that have investigated both

neurosteroid concentrations in conjunction with steroidogenic enzyme expression.
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4.5 Summary

We have illustrated the presence of a novel pathway regulating neuroestrogen
synthesis in the female mouse hypothalamus that is region-specific and possibly
context dependent. Further experimentation is required to establish the functional
significance of this pathway in the female mouse hypothalamus. We suspect that the
3B-diol pathway initiates ligand-specific effects via ERP since we did not observe
similar outcomes with the ERB-specific agonist DPN. It is possible that dosage lies at
the heart of the inability to effectively inhibit E> production in the current system, which
is restricted due to crossreactivity with letrozole. However, previous studies have
shown effective reductions in E> synthesis in hippocampal slice cultures incubated with
as little as 10°M letrozole (Kretz et al., 2004a). Neuroestrogen synthesis in the female
mouse hypothalamus may be further regulated by ERs and ovarian steroids, though
the intricacies of all these regulatory mechanisms demands further investigation. In
light of previous findings that 3p-diol exerts an anxiolytic effect in the male mouse
(Lund et al., 2004), it is interesting to speculate that inhibition of 33-diol production
produces an anxiogenic effect in the female. The behavioural significance of 3B-diol
pathway regulating neuroestrogen synthesis in the female mouse warrants further

investigation.
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4.6 Supplementary information

K
o
1

30 -
25+
20 1
154
10

*
—

5%

_-_l_

3_

2 4

14

0 [ T I

L L+D L+F

C

-y
wm
1
|
1

#

Relative expression of Cyp11at
2

O

-y 17F%
[ L L+D L+F

Treatment Treatm ent

50+

404

304
u

o

Relative expression of Stard1

g
o

F=00755
60 ]
50—
40
30—

20 N
2.0 %

1.5
1.0
0.5

0.0 ,
o L LD L+

c L L+D L+F
Treatment Treatment

Relative expression of Hsd3b7
]
Relative expression of Hsd17b1

Supplementary Figure S4.1. Effect of the inhibition of aromatase and 5a-
reductase on steroid enzyme expression in the adult female mouse medial
preoptic area. Slices were incubated for 24 h with vehicle control (C), 108 M letrozole
(L), with and without 10-® M dutasteride (L + D) or 108 M finasteride (L + F). Punch
dissections of the medial preoptic area (MPOA) from 4 animals were pooled into one,
such that n = 3 from a total of 12 animals, which were used to measure gene
expression. Expression levels, relative to the housekeeping gene (Actb) are shown for
Stard1 (A), Cyp11at (B), Hsd3b1 (C), and Hsd17b1 (D). For parametric datasets,
differences were established by a one-way ANOVA with Bonferroni’s multiple
comparisons post hoc; nonparametric datasets were compared by a Kruskal-Wallis test

with Dunn’s multiple comparisons post hoc. * P < 0.05.
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Supplementary Figure $4.2. Effect of the inhibition of aromatase and 5a-
reductase on steroid enzyme expression in the adult female mouse ventromedial
hypothalamus. Slices were incubated for 24 h with vehicle control (C), 108 M letrozole
(L), with and without 10-® M dutasteride (L + D) or 108 M finasteride (L + F). Punch
dissections of the ventromedial hypothalamus (VMH) from 4 animals were pooled into
one, such that n = 3 from a total of 12 animals, which were used to measure gene
expression. Expression levels, relative to the housekeeping gene (Actb) are shown for
Stard1 (A), Cyp11at (B), Hsd3b1 (C), and Hsd17b1 (D). For parametric datasets,
differences were established by a one-way ANOVA with Bonferroni’s multiple
comparisons post hoc; nonparametric datasets were compared by a Kruskal-Wallis test

with Dunn’s multiple comparisons post hoc.
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Supplementary Figure $4.3. The effect of 33-diol on steroid enzyme expression
in the adult female mouse mPOA. Slices were incubated for 24 h with vehicle control
(C), 108 M letrozole with 108 M dutasteride (L + D), 108 M 3B-diol (3B), or a
combination of all thee treatments (3 + L + D). Punch dissections of the mPOA from 4
animals were pooled into one, such that n = 3 from a total of 12 animals, which were
used to measure gene expression. Expression levels, relative to the housekeeping
gene (Actb) are shown for Stard1 (A), Cyp11at (B), Hsd3b1 (C), and Hsd17b1 (D). For
parametric datasets, differences were established by a one-way ANOVA with
Bonferroni’s multiple comparisons post hoc; nonparametric datasets were compared

by a Kruskal-Wallis test with Dunn’s multiple comparisons post hoc.

149



>
w

1.5 1.5_

1.0

1.0

0.5+ '|—
0.0 I_-r_l

0.5+ —|—
0.0 V/

1
L+D 3p 3p+L+D

Relative expression of Stard1

Relative expression of Cyp11a1

) =

I 1 I
c L+D 3p 3p+L+D
Treatment Treatment
P=10.0524
154 1594 —m——m——
10 1.0 4
54 0.5

0.10 %

[r— s el
\ 0.05 \
0.08- 0.04 -
0.06- 0.03 -
0.04- 0.02 T
0.02- |l| |—T—| 0.01
0.00- : . 0.00 . . I__I.__I

1
C L+D 3p 3p+rL+D C L+D 3 3p+L+D
Treatment Treatment

Relative expression ofHsd3b1 O
Relative expression ofHsd 1761 (w)

Supplementary Figure S4.4. The effect of 33-diol on steroid enzyme expression
in the adult female mouse VMH. Slices were incubated for 24 h with vehicle control
(C), 108 M letrozole with 108 M dutasteride (L + D), 108 M 3B-diol (3B), or a
combination of all thee treatments (3 + L + D). Punch dissections of the VMH from 4
animals were pooled into one, such that n = 3 from a total of 12 animals, which were
used to measure gene expression. Expression levels, relative to the housekeeping
gene (Actb) are shown for Stard1 (A), Cyp11a1 (B), Hsd3b1 (C), and Hsd17b1 (D). For
parametric datasets, differences were established by a one-way ANOVA with
Bonferroni’s multiple comparisons post hoc; nonparametric datasets were compared

by a Kruskal-Wallis test with Dunn’s multiple comparisons post hoc.
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Supplementary Figure $4.5. Effect of oestrogen receptor modulators on steroid
enzyme expression in the adult female mouse mPOA. Slices were incubated for 24
h with vehicle control (C), 108 M ICI 182,780 (ICl), 10°M PPT, 10°M DPN, or a
combination (ICI + PPT, ICI + DPN). Punch dissections of the mPOA from 4 animals
were pooled into one, such that n = 3 from a total of 12 animals, which were used to
measure gene expression. Expression levels, relative to the housekeeping gene (Actb)
are shown for Stard1 (A), Cyp11at1 (B), Hsd3b1 (C), Hsd17b1 (D), Srd5a1 (E), Srd5a2
(F), and Srd5a3 (G). For parametric datasets, differences were established by a one-
way ANOVA with Bonferroni’'s multiple comparisons post hoc; nonparametric datasets
were compared by a Kruskal-Wallis test with Dunn’s multiple comparisons post hoc. **
P <0.01, ™ P<0.001, vs C. $$$ P < 0.001, $$$$ P < 0.0001, vs ICI.
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Supplementary Figure $4.6. Effect of oestrogen receptor modulators on steroid

enzyme expression in the adult female mouse VMH. Slices were incubated for 24 h
with vehicle control (C), 108 M ICI 182,780 (ICl), 10°M PPT, 10°M DPN, or a
combination (ICI + PPT, ICI + DPN). Punch dissections of the VMH from 4 animals

were pooled into one, such that n = 3 from a total of 12 animals, which were used to

measure gene expression. Expression levels, relative to the housekeeping gene (Actb)
are shown for Stard1 (A), Cyp11at1 (B), Hsd3b1 (C), Hsd17b1 (D), Srd5a1 (E), Srd5a2

(F), and Srd5a3 (G). For parametric datasets, differences were established by a one-

way ANOVA with Bonferroni’'s multiple comparisons post hoc; nonparametric datasets

were compared by a Kruskal-Wallis test with Dunn’s multiple comparisons post hoc. *

P < 0.05.
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Supplementary Figure S4.7. Effect of ovariectomy on the expression of
steroidogenic enzymes related to the 3B-diol pathway in the adult female mouse
hypothalamus. Hypothalami were excised from hemispheres of mice that were intact
(INT), short-term ovariectomised (OVX), long-term ovariectomised (OVX-L), or short-
term ovariectomised and treated with oestradiol benzoate (OVX + EB) and used to
measure gene expression. Expression levels, relative to the housekeeping gene (Actb)
are shown for Srd5a1 (A), Srd5a2 (B), and Srd5a3 (C). For parametric datasets,
differences were established by a one-way ANOVA with Bonferroni’s multiple
comparisons post hoc; nonparametric datasets were compared by a Kruskal-Wallis test
with Dunn’s multiple comparisons post hoc. * P < 0.05, ** P < 0.01.
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Chapter 5

Behavioural and Neuroarchitectural
Relevance of Neuroestrogens and 3-diol in

the Adult Female Mouse
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5.1 Introduction

The social behaviour network (SBN) is a bidirectional and reciprocally
connected network consisting of six key brain nuclei: the medial amygdala (meA) and
bed nucleus of stria terminalis (BNST), lateral septum (LS), medial preoptic area
(mPOA), anterior hypothalamus (AH), and the ventromedial hypothalamus (VMH)
(Newman, 1999). Among these, four nodes are located in the hypothalamus (Goodson,
2005), a key region underlying innate social behaviours such as reproductive
behaviour (Pfaff and Sakuma, 1979, Micevych and Meisel, 2017) and parental
behaviour (Fang et al., 2018). The SBN is profoundly regulated by oestrogens,
specifically 17B3-oestradiol (Ez) (Newman, 1999, Wood and Newman, 1995). Emerging
evidence suggests that E, exerts profound effects on brain regions involved in
emotional regulation in both murine models and humans. A reduction in E> can
increase anxiety (Berent-Spillson et al., 2017, Krezel et al., 2001), an adaptive
response characterised by a state of apprehension associated with heightened arousal
and vigilance (Craske and Stein, 2016). Emotional regulation is controlled by the limbic
system, which consists of several nuclei in the cerebral cortex, the amygdala,
hippocampus, and hypothalamus (Rajagopalan et al., 2017). Recently, the mPOA has
been shown to be important in the induction of anxiety in rodents. Optogenetic
stimulation of glutamatergic neurones in the mPOA of female mice enhances anxious
behaviours by reducing time spent in the centre of the open field test (OFT) and
reducing time spent in the open arms of the elevated plus maze (EPM) (Zhang et al.,
2021). Conversely, optogenetic stimulation of GABAergic neurones in the mPOA of
female mice alleviated anxious behaviours (Zhang et al., 2021). Anxiety may also be
antagonistically mediated by oestrogen receptor (ER) subtypes. Subcutaneous
injection of the ER[ agonist diarylpropionitrile (DPN) significantly increased the number
of open arm entries and time spent in the open arms in the EPM (Lund et al., 2005).
The ERa-selective agonist propylpyrazoletriol (PPT) significantly increased defecations
and time spent grooming (Lund et al., 2005); under high stress, mice are more likely to
display short, rapid, and erratic bouts of grooming that do not follow a particular pattern
(Denmark et al., 2010). Female rats given an infusion in the mPOA with a small hairpin
RNA against ERa spend more time in the light compartment in the light-dark test
(Spiteri et al., 2012). Together, this implies ERa promotes anxiogenic behavioural

effects while ER3 promotes anxiolytic effects.

The contribution of neuroestrogens to anxiety remains poorly understood. In forebrain-
specific aromatase knockout (ArKO) mice (which includes loss of aromatase in the

hypothalamus), levels of anxiety in the OFT are similar to FLOX controls of the same
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sex and gonadal status (Lu et al., 2019). However, in fear conditioning tests, mice with
forebrain knockout of aromatase showed a significant decrease in contextual, but not
cued, fear memory compared to FLOX controls of the same sex and gonadal status
(Lu et al., 2019). This is believed to be dependent on the hippocampus, a key limbic
region, which showed reduced long-term potentiation (LTP) amplitude in forebrain-
specific ArKO mice (Lu et al., 2019). Reduced LTP amplitude is a reflection of impaired
synaptic plasticity, which is impaired in the hippocampus of mice that have experienced
early life stress (Wang et al., 2020) or anxiety caused by noise-induced hearing loss
(Pak et al., 2022). To our knowledge, the specific contribution of neuroestrogens in the

mPOA to anxiety remains unexplored.

We have previously shown the existence of a novel pathway of regulation of
neuroestrogen synthesis that occurs specifically in the mPOA (Chapter 4). We found
that neuroestrogen production by hypothalamic brain slices corresponding to the
mPOA was only suppressed by treatment with the 5a-reductase inhibitor dutasteride
and the aromatase inhibitor letrozole; not letrozole alone. We hypothesised that
letrozole treatment diverted testosterone metabolism to the non-aromatisable
androgen dihydrotestosterone (DHT), which was subsequently metabolised to the ER[
agonist 3B-diol. 33-diol acted on ERP to increase aromatase expression, relieving
competitive inhibition imposed by letrozole and restoring neuroestrogen synthesis in
the mPOA. This mechanism has been described only in primary amygdala cell cultures
where it shows sexual dimorphism, existing only in cultures from female rats (Cisternas
et al., 2017). Preliminary data from our lab suggests the mPOA also shows the sex
dimorphism (data not shown), but the physiological and functional significance of this
pathway in neuroestrogen regulation in the mPOA is yet to be elucidated. 33-diol is
thought to be an anxiolytic agent, though this has only been tested in male rats (Handa
et al., 2009). Bilateral cannulation of the paraventricular nucleus (PVN), a key
hypothalamic node controlling anxiety and arousal (Wu and Zetter, 2022), and delivery
of 3B-diol significantly reduces plasma corticosterone in response to restraint stress in
male rats (Lund et al., 2006). Similar results are also achieved with delivery of DHT
and DPN. Additionally, these compounds decrease c-fos MRNA expression in the PVN
following restraint stress, whilst delivery of PPT significantly increases restraint-

induced c-fos mMRNA expression (Lund et al., 2006)

The mechanisms which govern the response to stressful events include
neuromorphological changes, such as plasticity in dendrites and dendritic spines
(Gorman and Docherty, 2010). These events have been shown to be regulated by E»

(Woolley and McEwen, 1992, Frankfurt et al., 1990), implicating spine density as a
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mechanism by which E; controls anxiety-like behaviours. The hypothalamus is one of
the key sites for neural plasticity (Wei et al., 2021), yet few studies have investigated
the plastic changes associated with E» in the hypothalamus. In the arcuate nucleus of
the hypothalamus (ARC), a region necessary for the induction of lordosis behaviour in
female rodents, E; treatment increases spine density in 4 h (Christensen et al., 2011).
Subsequently, over time, spine density remains stable, while the existing spines
undergo maturation (Christensen et al., 2011). Initially, spines appear as long, thin
filapodia that are motile and transient. As they mature, they transition into stable
mushoom-shaped spines characterised by larger postsynaptic densities, more AMPA
receptor content, and a larger presynapse (Kasai et al., 2003). In the VMH, E>
treatment increases spine density (Frankfurt et al., 1990), but this effect is differential
across the VMH and across individual dendrites. For example, in the dorsal VMH, E>
has no effect on spine density, whilst in the ventrolateral VMH, E: increases spine
density on short, but not long, primary dendrites (Calizo and Flanagan-Cato, 2000), on
neurones that do not express ERa. To our knowledge, how E», or lack of, affects

neuroarchitecture in the mPOA has not been investigated.

In this study, we investigated the ability of androgenic metabolites to influence
behaviours that denote anxiety and exploration in female mice using subcutaneous
injection with inhibitors of this metabolite, 3p3-diol. We hypothesised that animals
treated with the aromatase inhibitor letrozole would not show anxious behaviour, as we
have previously shown that it is ineffective in reducing E: in ex vivo hypothalamic brain
slices. We also hypothesised that animals treated with dutasteride and letrozole would
show greater levels of anxiety due to blockade of neuroestrogen synthesis. Following
behavioural analyses, we used Golgi staining to investigate the neuroarchitectural

changes in the mPOA that may underlie anxiety in female mice.

5.2 Methods
5.2.1 Animals

Mice were randomly assigned to one of four treatment groups (letrozole +
dutasteride, L + D, n = 6; letrozole + vehicle, L, n = 8; 2x vehicle control + ovariectomy,
OVX, n = 6; 2x vehicle control + intact, C, n = 7) and group-housed accordingly as
described in section 2.1 for animals kept at the University of Tsukuba. Mice were OVX
as described in section 2.2.1. Animals were weighed before receiving intraperitoneal

(i.p.) injections (see section 2.2.3) to ensure appropriate dosages were delivered.
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Behavioural tests (open field test, OFT; elevated plus maze, EPM); light-dark transition
test, LDT,; social investigation test, SIT; see section 2.3) were carried out according to
the timeline shown in Fig. 5.1. The order of testing in behavioural tests was

counterbalanced between different treatment groups.

OFT EPM LDT SIT

oVX Sacrifice
(o] (o]

i.p. injections
| | | b |
I | | 1

7 days 6 days 10 days

Figure 5.1. Experimental timeline. Mice were sorted into treatment groups and
relevant mice were ovariectomised (OVX) 1 week before injections began.
Intraperitoneal (i.p.) injections were administered during the light phase at the same
time each day. Mice were weighed daily just before receiving their injection to ensure
correct dosing of vehicle, letrozole, and/or dutasteride. Mice received injections for 6
days before behavioural testing began. All tests were conducted 48 h apart, with the
exception of the light-dark test (LDT), which took place 72 h after the elevated plus
maze (EPM) due to a weekend. Mice from different treatment groups were
counterbalanced with respect to the order of testing in each of the behavioural tests.
Animals were sacrificed on the 17th day following the first injection and did not receive
an injection on this day. Animals were sacrificed at the same times as they previously

received injections. OFT, open field test. SIT, social investigation test.

5.2.2 Samples for Golgi staining and hormone measurements

Following sacrifice, mice were transcardially perfused (see section 2.4) using
the fixative provided in the sliceGolgi Kit (Bioenno Tech 003760). Trunk blood was
collected and plasma was prepared as described in section 2.6. Brains were cut into
hemispheres using a razor blade. One hemisphere was used for Golgi staining (see

section 2.13). The hypothalamus of the second hemisphere was excised and
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hormones extracted by solid phase extraction (see section 2.10). Hormones in brain

tissue and plasma were measured by ELISAs as described in section 2.11.
5.2.3 Statistical analysis

Statistical analysis and presentation of results is as described in section 2.15.

5.3 Results

5.3.1 Treatment can cross the blood brain barrier to alter hypothalamic E>

concentration

The concentrations and route of the inhibitors used have previously been
shown to cross the blood brain barrier (Litim et al., 2017, Chaiton et al., 2019). Though
treatments were administered by i.p. injection, there was no difference in plasma E-
concentration between groups (Fig. 5.2A). Animals administered letrozole or letrozole
and dutasteride had over double the amount of testosterone in plasma compared to
controls (L, 15.87 £ 6.11 pg/ml, L + D, 15.12 £ 8.93 pg/ml vs C, 7.17 £ 6.53 pg/ml),
though statistical analysis revealed no differences between groups (Fig 5.2C). In
excised hypothalami, for which hormones were extracted, letrozole-treated mice
tended towards having significantly greater E> concentrations than any other treatment
group (L vs C, P=0.05, vs OVX, P =0.05) (Fig. 5.2B). A non-parametric Mann-
Whitney U test between L and L + D revealed a significantly greater concentration of E»
in the hypothalamus of L-treated mice (P = 0.0286). This solidifies our previous
findings [from Chapter 4] that letrozole increases neuroestrogen concentration in the
mPOA, and strongly suggests that treatments were able to cross the blood brain
barrier. There were no significant differences in hypothalamic testosterone
concentrations between groups (Fig. 5.2D). A two-way ANOVA found a significant
effect of tissue on E, and testosterone concentrations, with all groups having
significantly more of each hormone in the hypothalamus than the plasma (E2, P <
0.0001, testosterone, P = 0.0247) (Supp. Fig. $5.1). Bonferroni’s multiple comparisons
revealed that the difference in E2 between the hypothalamus and plasma was evident
in all groups (Supp. Fig. $5.1A). There was also a significant effect of treatment (P =
0.0196) and the interaction between treatment and tissue (P = 0.0260) on the
concentration of E; (Supp. Fig. $5.1A), though the same was not observed for

testosterone (Supp Fig. $5.1B).
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Figure 5.2. Hormone concentrations in plasma and hypothalamic extractions
from adult female mice treated with steroidogenic enzyme inhibitors. Hormones
were measured in plasma (A, C) and excised hypothalami of one hemisphere (B, D)
for E2 (A-B) and testosterone (C-D) from a subset of intact (C), ovariectomised (OVX),
letrozole-treated (L), and letrozole + dutasteride-treated (L + D) mice following
behavioural testing and sacrifice. For Aand C, n =3 for C and L + D; n = 4 for OVX,
and n=5for L. For B and D, n = 4 for all treatment groups. All data are presented as
mean + SEM. Differences were established by a one-way ANOVA with Bonferroni’s
multiple comparisons test post hoc or Kruskal-Wallis test with Dunn’s multiple
comparisons test post hoc, or by a Mann-Whitney U test. * P < 0.05 compared to all

other treatment groups.
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5.3.2 Systemically blocking the 3B-diol pathway does not affect anxious behaviours in

the adult female mouse

Open field test: In the OFT, the total ambulatory distance, duration, and moving

speed were not significantly different between treatment groups, showing that
treatment did not affect locomotor activity (Fig. 5.3A-C). Mice treated with letrozole +
dutasteride spent significantly less time in the centre of the arena compared to mice
treated with vehicle control (P = 0.0334) and tended to spend less time in the centre
compared to mice treated with letrozole (P = 0.0504). There was no difference in the
time spent in the centre of the arena between mice treated with letrozole + dutasteride
and OVX mice (P = 0.1127) (Fig. 5.3D).
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Figure 5.3. Open field test. Mice were assessed for the following behaviours:
distance travelled (A), duration of movement (B), moving speed (C), and the duration
of time spent in the centre of the open field arena (D). For intact mice (C), n = 8;
ovariectomised mice (OVX), n = 6; letrozole-treated mice (L) n = 8; letrozole +
dutasteride-treated mice (L + D), n = 7. All data are presented as mean + SEM.
Parametric datasets (C, D) were analysed by a one-way ANOVA with Bonferroni’s
multiple comparisons post hoc. Nonparametric datasets (A, B) were analysed by a
Kruskal-Wallis test with Dunn’s multiple comparisons post hoc. Statistical differences in

panel D were established by a student’s unpaired t-test between groups.

Elevated plus maze: Treatment did not affect total ambulatory distance or

movement duration in the EPM (Fig. 5.4A-B). Time spent in the open arms was
variable between treatment groups (Fig. 5.4C), but mice treated with letrozole +
dutasteride showed a tendency to spend more time in the closed arms compared to

letrozole-treated mice (P = 0.0893) (Fig. 5.4D). Letrozole-treated mice showed
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significantly more open arm entries than OVX mice (P = 0.0468), but there were no
further differences between groups (Fig. 5.5A). Numerically, letrozole-treated mice
showed a shorter latency to enter the open arms (84.38 + 51.18 sec, vs C, 262.50 +
100.80 sec; OVX, 224.50 £ 119.60 sec; L + D, 286.60 + 112.20 sec) compared to other
groups, though this did not reach statistical significance (Fig. 5.5B). Time spent in the
centre square, the cross-section between all four arms, was not different between
treatment groups, though letrozole + dutasteride mice to spent numerically less time in
this portion of the maze (71.43 £ 27.05 sec vs C, 99.25 + 33.04 sec; OVX, 184.10
75.42 sec; L, 169.8 + 49.11 sec), presumably due to a greater amount of time in the
closed arms (Fig. 5.5C). The amount of time spent immobile was not different between

treatment groups (Fig. 5.5D).
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Figure 5.4. Elevated plus maze (i). Mice were assessed for the following behaviours:
distance travelled (A), duration of movement (B), time spent in the open arms (C), time
spent in the closed arms (D). For intact mice (C), n = 8; ovariectomised mice (OVX), n
= 6; letrozole-treated mice (L), n = 8; letrozole + dutasteride-treated mice (L + D), n =
7. All data are presented as mean + SEM. Parametric datasets (A, B) were analysed
by a one-way ANOVA with Bonferroni’s multiple comparisons post hoc. Nonparametric
datasets (C, D) were analysed by a Kruskal-Wallis test with Dunn’s multiple

comparisons post hoc.
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Figure 5.5. Elevated plus maze (ii). Mice were assessed for the following behaviours:

the number of entries to the open arms (A), the latency to enter the open arms (B),

time spent in the centre square (C), and time spent immobile (D). For intact mice (C), n

= 8; ovariectomised mice (OVX), n = 6; letrozole-treated mice (L), n = 8; letrozole +

dutasteride-treated mice (L + D), n = 7. All data are presented as mean + SEM.

Parametric datasets (A, C, D) were analysed by a one-way ANOVA with Bonferroni’s

multiple comparisons post hoc. Nonparametric datasets (B) were analysed by a

Kruskal-Wallis test with Dunn’s multiple comparisons post hoc. * P < 0.05.

Light-dark test: Letrozole-treated mice travelled a greater distance in the light (P
= 0.0236) and spent more time in the light (P = 0.0423) compared to OVX mice (Fig.

5.6A-B). Letrozole-treated mice tended to travel a greater distance in the light than
mice treated with letrozole + dutasteride (P = 0.0709) (Fig. 5.6A) and spent
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significantly more time in the light (P = 0.0202) (Fig. 5.6B). There was no effect of
treatment on distance travelled or time spent in the dark compartment (Fig. 5.6C-D).
Letrozole-treated mice showed numerically more transitions into the light compartment
compared to mice that were OVX or treated with letrozole + dutasteride (median value
26 vs OVX, 15; L + D, 11) (Fig. 5.6E); the comparison between letrozole-treated mice
and mice treated with letrozole + dutasteride was statistically significant (P = 0.0462).
There was no statistical difference between groups in latency to enter the light (Fig.
5.6F).
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Figure 5.6. Light-dark test. Mice were assessed for the following behaviours:
distance travelled in the light compartment (A), time spent in the light compartment (B),
distance travelled in the dark compartment (C), time spent in the dark compartment
(D), the number of transitions from the dark compartment into the light (E), and the
latency to enter the light compartment (F). For intact mice (C), n = 7; ovariectomised
mice (OVX), n = 6; letrozole-treated mice (L), n = 8; letrozole + dutasteride-treated
mice (L + D), n = 6. All data are presented as mean + SEM. Parametric datasets (A, B,
C, D) were analysed by a one-way ANOVA with Bonferroni’s multiple comparisons post
hoc. Nonparametric datasets (E, F) were analysed by a Kruskal-Wallis test with Dunn’s
multiple comparisons post hoc. Statistical significance in panels A, B, and E was

obtained by student’s unpaired t test between groups. * P < 0.05.
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Social investigation test: Total ambulatory distance, average speed across the

whole arena, and total time spent immobile were not significantly different between the
treatment groups (Fig. 5.7A-C). Treatment also did not affect the counts of contact with
the Sl cone (Fig. 5.7D). OVX mice spent a greater amount of time in contact with SI
cone, indicative of more social investigation (Fig 5.7E). This was significantly greater

than the time observed for all other groups (OVX vs C, P =0.0336, vs L, P =0.0454,
vsL+ D, P=0.0512).
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Figure 5.7. Social investigation test. Mice were assessed for the following
behaviours: distance travelled (A), average movement speed (B), time spent immobile
(C), counts of contact with the Sl cone, inferred as the number of social interactions
(D), and the total duration of contact with the Sl cone, inferred as the total duration of
social interactions (E). For intact mice (C), n = 7; ovariectomised mice (OVX), n = 6;
letrozole-treated mice (L), n = 8; letrozole + dutasteride-treated mice (L + D), n = 6. All
data are presented as mean + SEM. Data were analysed by a one-way ANOVA with

Bonferroni’s multiple comparisons post hoc. * P < 0.05.
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To ensure that behaviours were not a result of environmental novelty, the 5 min
preceding the SIT with the empty cone were analysed against the first 5 min of the test
with the stimulus mouse (Supp. Fig. $5.2). Two-way ANOVAs revealed that the
presence of the stimulus mouse had a significant effect on total ambulatory distance (P
< 0.0001, Supp. Fig. S5.2A), average speed across the whole arena (P < 0.0001,
Supp. Fig. S$5.2B), and time spent immobile (P < 0.0001, Supp. Fig. $5.2C), and
Bonferroni’s multiple comparisons post hoc revealed that this was evident in all
treatment groups. The counts of interaction with the S| cone were not significantly
affected by the presence of the stimulus mouse (Supp. Fig. $5.2D), though the
duration of contact with the S| cone was significantly affected (P = 0.0007, Supp. Fig.
$5.2E). Bonferroni’s multiple comparisons revealed that this difference was only in the
OVX group, where duration of contact with the Sl cone was significantly increased with

the presence of the stimulus mouse (P = 0.0011).

5.3.3 Systemically blocking the 3B-diol pathway causes significant changes in

neuroarchitecture

On the day following behavioural testing, mice were sacrificed, and brains were
used for Golgi staining. There were no differences in soma size between treatment
groups (Fig. 5.8A), nor the average number of primary dendrites per neurone (Fig.
5.8B). However, we observed that letrozole + dutasteride-treated mice had significantly
fewer secondary dendrites and tertiary dendrites compared to intact mice treated with
vehicle control or letrozole (secondary dendrites, L + D vs C, P <0.0001, vsL, P=
0.0003; tertiary dendrites, L + D vs C, P < 0.0001, vs L, P <0.0001) (Fig. 5.8B). OVX
mice had fewer secondary dendrites compared to letrozole-treated mice (P = 0.0348)
and more tertiary dendrites than letrozole + dutasteride-treated mice (P < 0.0001) (Fig.
5.8B). There was no effect of treatment on the average number of quarternary
dendrites per neurone. Treatment showed a significant effect on average dendrite
lengths, specifically the lengths of secondary, tertiary, and quaternary dendrites (Fig.
5.9A). The length of secondary dendrites in OVX mice was significantly less than that
of intact mice (P = 0.0064) and mice treated with letrozole (P = 0.0397). In mice treated
with letrozole + dutasteride, the lengths of secondary dendrites were significantly less
than intact vehicle control (P = 0.0036) and mice treated with letrozole (P = 0.0247).
Tertiary dendrites in letrozole + dutasteride-treated mice were significantly shorter than
in intact controls and mice treated with letrozole (L + D vs C, P=0.0002, vs L, P <
0.0001), as were higher order dendrites (L+ D vs L, P =0.0120, vs OVX, P =0.0146).
Dendritic arbourisation was significantly affected by treatment (Fig. 5.9B). The average

total number of branch points per neurone was significantly less in the letrozole +
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dutasteride treatment group (P < 0.0001 for all comparisons). When we investigated
the average number of branch points for individual order of dendrites, we found that
branch points on secondary dendrites were significantly decreased in letrozole +
dutasteride-treated mice compared to all other treatment groups (L+ D vs C, P =
0.0032, vs OVX, P=0.0151, vs L, P =0.0007), with no differences between remaining
treatment groups (Fig. 5.9B). Letrozole + dutasteride-treated mice also had fewer
primary dendrites than vehicle control-treated mice (P = 0.0177, Fig. 5.9B).

Representative images of neuroarchitecture are shown in Supp. Fig. $5.3.
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Figure 5.8. Neuroarchitectural analysis (i). Neurones were imaged at 20X
maghnification for neuroarchitectural analysis, in which soma size (A) and average
number of dendrites per neurone (B) were measured. For panel B, dendrites were
separated into primary (originating from the neurone), secondary (originating from a
primary dendrite), tertiary (originating from a secondary dendrite), and quaternary (also
referred to as higher order, originating from a tertiary dendrite) dendrites. n = 60
neurones per treatment group except OVX, where n = 61. In C, not all neurones had
secondary, tertiary, or quaternary dendrites; the number of neurones harbouring each
class of dendrite is shown above each bar. All data are presented as mean + SEM.
Data were analysed by a Kruskal-Wallis test with Dunn’s multiple comparisons post
hoc (A) or by a two-way ANOVA with Bonferroni’'s multiple comparisons post hoc (B). *
P <0.05, ** P<0.01, "™ P<0.001, **** P <0.0001.
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Figure 5.9. Neuroarchitectural analysis (ii). Neurones were imaged at 20X
magnification for neuroarchitectural analysis, in which average dendrite length (A), and
average number of branch points per neurone (dendritic arbourisation, B) were
measured. Dendrites were separated into primary (originating from the neurone),
secondary (originating from a primary dendrite), tertiary (originating from a secondary
dendrite), and quaternary (also referred to as higher order, originating from a tertiary
dendrite) dendrites. n = 60 neurones per treatment group except OVX, where n = 61.
In C, not all neurones had secondary, tertiary, or quaternary dendrites; the number of
neurones harbouring each class of dendrite is shown above each bar. All data are
presented as mean + SEM. Data were analysed by a Kruskal-Wallis test with Dunn’s
multiple comparisons post hoc (A) or by a two-way ANOVA with Bonferroni’s multiple
comparisons post hoc (B-D). * P < 0.05, ** P < 0.01, ™ P < 0.001, *™** P < 0.0001.
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Spine density, measured as the number of protrusions per um, was significantly
affected by all treatments compared to intact mice treated with vehicle control (C vs
OVX, P<0.0001, vsL, P=0.0119, vs L + D, P=0.0021) (Fig. 5.10A). OVX mice had
the lowest spine density of all treatment groups, showing significantly less spines than
letrozole- and letrozole + dutasteride-treated mice (P = 0.0013 and P = 0.0076,
respectively) (Fig. 5.10A). Representative images of spine density are shown in Supp.
Figs. $5.4-7. Spine maturation was variable between spine type and treatment group.
The most immature spine types, filopodial and long thin, and the most mature spine
type, branched, were not affected by treatment (Fig. 5.10B). OVX mice had fewer thin,
stubby, and mushoom spines compared to mice treated with vehicle control (P <
0.0001, P <0.0001, and P = 0.0018, respectively). For thin spines, we observed that
mice treated with letrozole + dutasteride had significantly more spines than OVX mice
(P =0.0003), but letrozole + dutasteride-treated mice were no different to mice treated
with vehicle control. Letrozole-treated mice had fewer thin spines than mice in the
vehicle control group (P = 0.006), but there was no difference between letrozole-
treated mice and OVX or letrozole + dutasteride-treated mice (Fig. 5.10B). For stubby
spines, we found significantly less in letrozole- and letrozole + dutasteride-treated mice
compared to intact mice treated with vehicle control (P = 0.0127 and P = 0.0043,
respectively); mice treated with letrozole or letrozole + dutasteride were no different to
each other (Fig. 5.10B). Letrozole-treated mice had significantly more mushoom
spines than OVX mice (P = 0.0227) (Fig. 5.10B). There were no further differences in

mushoom spines between groups aside from those already mentioned.
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Figure 5.10. Dendritic spine analysis. Neurones were imaged at 100X magnification
for dendritic spine analysis. Spine density (A) was measured along primary dendrites.
Spines were further categorised into their morphology (B), defined by Risher et al.
(2014). Filopodial spines are defined by a length of >2 um, long thin spines defined by
a length of <2 ym, and thin spines are defined by a length of <1 ym. Stubby spines
have a length:width ratio <1. Mushoom spines have a width >0.6 ym. Branched spines
are those with two heads. n =40 dendrites per treatment group. All data are presented
as mean + SEM. Data were analysed by a Kruskal-Wallis test with Dunn’s multiple
comparisons post hoc (A) or by a two-way ANOVA with Bonferroni’s multiple
comparisons post hoc (B). * P < 0.05, ** P<0.01, *** P < 0.001, **** P < 0.0001.
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5.4 Discussion

In our previous studies, we uncovered a novel mechanism where 33-diol
regulates neuroestrogen synthesis in the mPOA of the female mouse. Our primary aim
was to explore the functional significance of this mechanism in both behaviour and the
underlying neural circuitry of the mPOA. Hence, we investigated the
neuromorphological and behavioural consequences of inhibiting 3p-diol synthesis in
the female mouse. To assess behaviour, we employed tests based on the animals’
innate aversion to non-social cues i.e., open, and brightly lit areas and novel male
conspecifics. Despite administering i.p. injections that were designed to decrease E>
synthesis, we observed no significant differences in plasma E: levels between groups.
However, intact controls and mice treated with letrozole exhibited a tendency toward
higher plasma E> concentrations compared to mice that were OVX or treated with
letrozole + dutasteride. Notably, the hypothalamic concentration of E, was significantly
greater in mice treated with letrozole than in any other group. We believe this is the
first report of such a finding. Whilst other studies have observed behavioural effects
with comparable concentrations of letrozole (Renczes et al., 2020, Chaiton et al.,
2019), they did not report on the plasma or brain concentrations of E;. However, it was
reported that i.p. administration of letrozole at 1 mg/kg significantly increased plasma
testosterone (Renczes et al., 2020). Though our results showed that mice treated with
letrozole had over double the amount of testosterone in plasma compared to controls,
this was not significantly different due to the variability between animals. Nevertheless,
our findings reinforce our previous observations [Chapter 4] that neuroestrogen
production persists even in the presence of an aromatase inhibitor, likely attributable to

the production of 3B-diol.
5.4.1 The influence of ovarian hormones on behaviours that denote anxiety

Ovarian hormones are important in regulating anxious and depressive
behaviours (Ramos-Ortolaza et al., 2017, Hiroi and Neumaier, 2006, Krezel et al.,
2001). However, studies have shown variable results of loss of oestrogen by OVX in
behavioural tests used to measure anxiety (Rodriguez-Landa, 2022). The hormonal
consequences of OVX are believed to be anxiogenic, yet we found no effect of OVX on
anxious behaviours in the OFT. This is consistent with other studies that have found no
effect of OVX on anxiety-denoting behaviours in the OFT when compared to sham-
operated intact (de Chaves et al., 2009, Bronstein and Hirsch, 1974) or hormonally-

primed OVX controls (Hiroi and Neumaier, 2006).
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We observed a small effect of OVX on anxious behaviours in the EPM, specifically in
the number of entries to the open arms. A similar study that used intact and OVX rats
found that time spent in the open arms and the number of open arm entries was
significantly less in OVX rats (Puga-Olguin et al., 2019). Contrasting studies have
found that time spent in the opens arms and the number of open arm entries were no
different between OVX mice treated with sesame oil and OVX mice primed with E»
benzoate (EB) (Galeeva and Tuohimaa, 2001), though it is arguable that administration
with EB alone does not supplement the hormonal milieu that is lost with OVX (Wise
and Ratner, 1980). However, the results from Galeeva and Tuohimaa (2001) are
consistent with our own, suggesting that factors besides E; exposure could influence
anxiety of OVX mice in the EPM. In the LDT, we observed a tendency for OVX mice to
travel less distance in the light. This is not due to decreased locomotor activity, since
dark distances were no different between treatment groups and we saw no differences
in total ambulatory distance in any of the other behavioural tests between treatment

groups.

It has recently been suggested that the age at which OVX is performed can alter
behavioural phenotypes (Woodward et al., 2023). Prepubertal OVX increases time
spent in the light compartment of the LDT in Siberian hamsters (Kyne et al., 2019).
OVX aged rats (18 months old) spent less time in the open arms of the EPM with fewer
open arm entries compared to sham-operated controls, whereas there was no
difference in these same parameters in adult (6 months old) sham and OVX rats (de
Chaves et al., 2009). Since the mice in the current study were OVX in early adulthood
(12 weeks old), this may explain why we observed little difference in anxiety between

treatment groups.

The SIT was developed to examine the social investigative behaviours of mice in their
home territory toward unfamiliar stimulus mice as a measure of social anxiety
(Tomihara et al., 2009). The SIT exposes mice to visual, auditory, and olfactory cues
but prevents direct physical contact, thereby allowing the investigator to assess social
behaviours without the influence of stress caused by physical conflict with an intruder
mouse (Tsuda and Ogawa, 2012). All groups showed decreased ambulation and
increased immobile time upon the introduction of the stimulus mouse, suggesting the
behaviours were not due to the effects of a novel environment. The moving distance in
the SIT is believed to be a measure of the animals’ anxiety level in social situations,
such that a greater distance corresponds to less anxiety (Tomihara et al., 2009),
though we observed no difference between treatment groups in this metric.

Interestingly, the cumulative duration of social interaction was increased in OVX mice,
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indicating less social anxiety. To our knowledge, this is the first time that this has been
reported despite the OVX mice in our study exhibiting similar social investigation times

to OVX mice in a previous comparable study (Tsuda and Ogawa, 2012).

It has been reported that anxious behaviours become more apparent over time post-
OVX (Rodriguez-Landa, 2022). In macaques, social behaviours (which included
physical contact by way of grooming, social play, and touch) were decreased with long-
term OVX, though the effects of short-term OVX were not investigated (Coleman et al.,
2011). Behaviours that denote anxiety and the response to anxiolytic agents are
increased in rats that were OVX 12 weeks prior to testing as opposed to rats OVX 3
weeks prior to testing (Picazo et al., 2006). The mice in the current study had been
OVX only for a total of 3 weeks at the end of behavioural testing, which may offer a
reason for less anxiety in the OFT, EPM, and LDT, though it does not account for the
decrease anxiety in the SIT. This may be explained by the fact that the regulation of

anxiety is context-dependent (Haller et al., 2004, Diab et al., 2020).
5.4.2 3(B-diol and anxiety

The properties of E, in anxiety are mediated by ERa and ERf, which
respectively produce predominantly anxiogenic and anxiolytic behavioural responses
(Lund et al., 2005). Mice deficient in ERB show increased anxiety (Krezel et al., 2001,
Tomihara et al., 2009) and agonism of the receptor with subcutaneous injections of
WAY-200070 in intact mice produces an anxiolytic and antidepressant effect in the
four-plate test for anxiety and tail suspension test (Hughes et al., 2008). The androgen
metabolite 33-diol, which has a strong affinity for ERB, is also anxiolytic and
significantly reduces plasma corticosterone during restraint stress when delivered
bilaterally in the PVN (Lund et al., 2006). Due to the unavailability of 33-diol at the time
of this study (COVID and Brexit restrictions), we inhibited the synthesis of 33-diol and
E2 using letrozole and dutasteride, a 5a-reductase inhibitor, which we have shown to
be effective previously in Chapter 4. We also treated mice with letrozole alone, since
we have previously shown that neuroestrogen production in the mPOA continues with
the addition of an aromatase inhibitor (Chapter 4). We observed increased
hypothalamic concentrations of E, with letrozole treatment, and behavioural data
suggested anxiolytic response to letrozole in the EPM as mice tended to spend less
time in the closed arms and exhibited significantly more entries to the open arms.
Together, this suggests that letrozole at a concentration of 1 mg/kg is ineffective at
blocking E2 synthesis in the hypothalamus in vivo, and this could cause less anxiety in

behavioural tests. In line with this, it was found that 1 mg/kg letrozole treatment in
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intact, sham-operated rats had no effect on anxious behaviours in the OFT or EPM
(Renczes et al., 2020). Furthermore, consistent with our data, other studies have
described only a mild effect of letrozole in increasing the latency to enter the centre of
the OFT compared to vehicle-treated mice, and no differences in anxiety were
observed in the LDT or in depressive behaviour in the forced swim test (Meng et al.,
2011).

Administration of letrozole pushes the conversion of testosterone to DHT and
subsequently 3B-diol which could maintain state anxiety. Therefore, we hypothesised
that blocking this conversion using dutasteride in addition to letrozole would be
anxiogenic. This hypothesis was supported by the observation of decreased time spent
in the centre of the OFT, a tendency to spend more time in the closed arms of the
EPM, decreased time spent and distance travelled in the light compartment of the LDT
and fewer transitions in the LDT in mice that were treated with letrozole and
dutasteride. Interestingly we observed no anxiogenic effect of this treatment in the SIT.
It was previously shown that subcutaneous injections of 1 mg/kg 3B-diol increased the
amount of time spent in the centre of the OFT, time spent in the open arms in the EPM,
and time spent in the light compartment of the LDT in male wildtype mice, but not in
ERPB knockout male mice (Frye et al., 2008). To our knowledge, the physiological levels
of 3B-diol have not been measured in the mouse, but in humans, men have greater
circulating levels of 33-diol which are associated with lower scores of depression than
in women (Tanabe et al., 2021). The lack of significant behavioural findings in the
current study compared to previous studies (Pak et al., 2005, Frye et al., 2008, Lund et
al., 2006) could be due to the intrinsically lower levels of 33-diol in the female.
Alternatively, the treatments used in the current study may not have completely
inhibited the production of 33-diol, though this cannot be confirmed without an assay to
measure this metabolite. Furthermore, previous studies using male rodents may have
used supraphysiological levels of 33-diol, leading to an exaggerated anxiolytic

response.
5.4.3 The mPOA is implicated in behaviours that denote anxiety

Anxiety-related neuronal inputs are integrated at the level of the paraventricular
nucleus of the hypothalamus (PVN) (Wu and Zetter, 2022, Liu et al., 2022). The PVN
contains exclusively ERB (Suzuki and Handa, 2005) which, upon activation, increases
oxytocin synthesis and directly modulates the hypothalamic-pituitary-adrenal axis to
decrease anxiety (Acevedo-Rodriguez et al., 2015). Recently, the mPOA was found to

reduce anxiety via neurones that provide GABAergic input to the PVN (Zhang et al.,
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2021). This is likely mediated by ER since it colocalises with parvalbumin, the
GABAergic-associated calcium-binding protein (Blurton-Jones and Tuszynski, 2002). In
studies demonstrating the anxiolytic properties of 33-diol, it is feasible that some of the
molecular effects occur within the mPOA, where binding ERp leads to increased

GABAergic input to the PVN. This hypothesis requires further investigation.

Considering the mPOA’s involvement in anxiety and our discovery of the 33-diol
pathway regulating neuroestrogen synthesis in this region, we investigated how

treatment influenced dendritic and synaptic plasticity in the mPOA.
5.4.4 Neuroarchitectural changes associated with blockade of steroid hormones

Ez-regulated spinogenesis has been well documented in multiple brain areas
(Kato et al., 2013, Mukai et al., 2007, Sheppard et al., 2019). Furthermore, these
neuroarchitectural changes underlie changes in learning, memory, and behaviour (Lu
et al., 2019, Phan et al., 2015, Christensen et al., 2011). CA1 pyramidal neurones in
the hippocampus display rapid and reversible plastic changes in spine and synapse
densities across the oestrous cycle (Woolley and McEwen, 1992, Woolley and
McEwen, 1993). Similarly, spine density in the rat ventromedial hypothalamus (VMH)
varies across the oestrous cycle, peaking in proestrous (Frankfurt et al., 1990). In the
arcuate nucleus of the hypothalamus (ARC), E» rapidly increases spine density, a

change required for sexual receptivity in the female rat (Christensen et al., 2011).

The mPOA is critically involved in female sexual behaviour, maternal behaviour, and
anxiety, all of which are modulated by E, (Sano et al., 2013, Bridges, 2015, Zhang et
al., 2021). Given the plastic nature of the neural correlates for these behaviours, we
investigated the effects of OVX and the inhibition of 33-diol on neuronal morphology in
the mPOA. We observed a reduction in the number of dendrites per neurone, dendritic
abourisation, and spine density following OVX. Previous research has yielded mixed
insights into the effects of OVX on neuronal morphology. While studies have shown
that OVX has no effect on dendritic arbourisation in the nucleus accumbens (Quifiones
et al., 2009) or the CA3 layer of the hippocampus (Mendell et al., 2017), other
investigations align with our findings, reporting that OVX leads to a reduction in spine
density, though this was measured in the hippocampus (Wallace et al., 2006, Gould et
al., 1990). A loss of roughly 25% of spine and synapse density in the apical dendrites
of CA1 neurones and diminished social recognition memory is associated with OVX
(Woolley and McEwen, 1993, Wallace et al., 2006), which is reversed by treatment with
E> (Woolley and McEwen, 1993). We observed a similar outcome for mice treated with

letrozole + dutasteride, a treatment regime which we have previously shown decreases
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neuroestrogen in ex vivo hypothalamic slices containing the mPOA (Chapter 4).
Interestingly, we observed no difference between intact control mice and mice treated
with letrozole in the length, number, or arbourisation of dendrites. This may be
attributed to the high concentrations of hypothalamic E,, though spine density is
decreased. This could be due to consistently lower concentrations of neuroestrogen in
the mPOA in the letrozole treated group as compared to control (Chapter 4). We found
that mice that were OVX or treated with letrozole + dutasteride had significantly less
thin, stubby, and mushoom spines compared to intact controls, and tended to have
more immature long thin spines. This supports previous studies in the ARC, where
maturation of spines depends on E: and is associated with the phosphorylation and
deactivation of cofilin, an actin depolymerising factor (Christensen et al., 2011). We
also observed that letrozole-treated mice had less thin and stubby spines compared to

intact controls.

The physiological significance of the disparity in dendritic arbourisation and spine
density in letrozole-treated mice remains unclear. The discrepancy may stem from the
distinct functional roles of dendritic vs spine plasticity in neuronal communication and
information processing. Dendritic length and arbourisation primarily determines the
complexity of a neurone’s receptive field and its ability to integrate incoming signals
from multiple sources, which allow it to perform intricate computational tasks (Bird and
Cuntz, 2019). On the other hand, dendritic spine density reflects the potential for
synaptic connectivity and excitatory/inhibitory signal transmission, affecting the overall
strength and efficacy of neuronal communication (Risher et al., 2014). It is also unclear
why we observed such profound differences in dendrite and spine morphology with a
relative lack of behavioural differences between treatment groups. Neurological
changes occur 1-2 weeks post-OVX (Velazquez-Zamora et al., 2012) whereas
behavioural changes may not occur until 3 weeks post-OVX (Picazo et al., 2006). It is
possible that, with an extended period of treatment, the mice in the current study may

have exhibited phenotypes in the tests that denote anxiety.

Our combined data suggest that a complete gonadal hormonal milieu is crucial for the
maintenance of a complex neuronal network and inhibiting both E> and 33-diol
synthesis using letrozole + dutasteride mimics the effects of OVX in the mouse mPOA.
Notably, the impact of OVX and letrozole + dutasteride on dendrite length, number, and
branching seems to vary across different orders of dendrites. This spatial specificity is
not uncommon; in the ventrolateral VMH, E: influences spine density specifically on
long dendrites (Calizo and Flanagan-Cato, 2000). Clearly, there is an intricate and

complex nature of E; signalling that shapes neural circuitry, which may relate to an
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anxiolytic effect (Gorman and Docherty, 2010). One theory for the aetiology of mood
disorders such as anxiety involves a decrease in neurotrophic factors and a
consequent reduction in hippocampal neurogenesis (Kempermann et al., 2008).
However, these disorders are dependent on multiple areas of the brain that are not
believed to exhibit neurogenesis in adulthood (Gorman and Docherty, 2010, Ming and
Song, 2011). It has been proposed that remodelling of dendritc arbours and spines in
anxiety is a neuroprotective mechanism that prevents the excessive stimulation and
subsequent apoptosis of neurones (Gorman and Docherty, 2010), and this may take

place in the mPOA.

5.5 Summary

3B-diol is implicated in anxiolysis, and our recent findings have revealed its
synthesis and activity in the female mouse mPOA. We observed significant
neuroarchitectural changes in the mPOA following OVX, and this effect was replicated
in mice that were treated with an aromatase inhibitor and unable to produce 3B-diol.
The literature offers varying perspectives regarding the specific ER responsible for
modulating dendritic and spine plasticity. For instance, in hippocampal glutamatergic
neurones, the ERa agonist PPT led to an increase in spine density, while the ERf3
agonist DPN had no such effect, implicating ERa as the primary ER in hippocampal
spinogenesis (Mukai et al., 2007). Conversely, in cortical neurones, the ERB-specific
agonist WAY-200070 resulted in increased spine density and an accumulation of
postsynaptic density protein (PSD)-95 in membrane regions (Srivastava et al., 2010).
In the mPOA, 3pdiol and E> could maintain spine density and remodeling via ER and
ERa though this remains to be investigated. For a more comprehensive understanding
of the functions of 33-diol, future studies should explore its direct administration to
specific brain regions of interest. Our study is the first to show an effect of 33-diol on

morphology in an important nucleus of the social behaviour network in females.
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5.6 Supplementary information
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Supplementary Figure $5.1. Hormone concentrations in plasma vs hypothalamic
extractions. E»> (A) and testosterone (B) were measured in plasma (grey horizontally
lined bars) and excised hypothalami from one hemisphere (white hashed bars) from a
subset of of intact (C), ovariectomised (OVX), letrozole-treated (L), and letrozole +
dutasteride-treated (L+D) mice following behavioural testing and sacrifice. For plasma,
n=3forCandL+ D; n=4for OVX, and n =5 for L. For excised hypothalami, n = 4
for all groups. All data are presented as mean + SEM. Differences were established by
a two-way ANOVA with Bonferroni’s multiple comparisons test post hoc, or by a Mann-
Whitney U test. ** P < 0.01, **** P < 0.0001.
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Supplementary Figure $5.2. Social investigation test empty cone data. During the
5 min with the empty cone before the test began and during the first 5 min of the test,
mice were assessed for the following behaviours: distance travelled (A), average
movement speed (B), time spent immobile (C), counts of contact with the Sl cone,
inferred as the number of social interactions (D), and the total duration of contact with
the Sl cone, inferred as the total duration of social interactions (E). For intact mice (C),
n = 7; ovariectomised mice (OVX), n = 6; letrozole-treated mice (L), n = 8; letrozole +
dutasteride-treated mice (L + D), n = 6. All data are presented as mean + SEM. Data
were analysed by a two-way ANOVA with Bonferroni’s multiple comparisons post hoc.
** P <0.01, ™ P<0.001.
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Supplementary Figure S5.3. Representative 20X images of neuroarchitecture in
the medial preoptic area of adult female mice treated with steroidogenic enzyme
inhibitors. Representative images of neuroarchitecture in intact female mice treated
with vehicle control (A), OVX mice treated with vehicle control (B), intact mice treated
with letrozole (C), and intact mice treated with letrozole and dutasteride (D).
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Supplementary Figure S5.4. Representative 100X image of spine density of a
neurone in the medial preoptic area in vehicle-treated intact female mice. A
representative 100X image of spine density (A). The red square shows a region that is
maghnified in (B) to show spines. Thin spines (length <1 um) are indicated by yellow
arrows, a stubby spine (length:width ratio <1) is indicated by the green arrow, and a

mushoom spine (width >0.6 uym) is indicated by the blue arrow.

184



Supplementary Figure S$5.5. Representative 100X image of spine density of a
neurone in the medial preoptic area in vehicle-treated ovariectomised mice. A
representative 100X image of spine density (A). The red square shows a region that is
zoomed in in (B) to show spines. A stubby spine (length:width ratio <1) is indicated by
the green arrow, a mushoom spine (width >0.6 um) is indicated by the blue arrow, and

a branched spine (two heads) is indicated by the purple arrow.
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Supplementary Figure S$5.6. Representative 100X image of spine density of a
neurone in the medial preoptic area in letrozole-treated intact female mice. A
representative 100X image of spine density (A). The red square shows a region that is
zoomed in in (B) to show spines. A thin spine(length <1 pym) is indicated by a yellow
arrow, a stubby spine (length:width ratio <1) is indicated by the green arrow, and

mushoom spines (width >0.6 um) are indicated by the blue arrow.
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Supplementary Figure S5.7. Representative 100X image of spine density of a
neurone in the medial preoptic area in letrozole- and dutasteride-treated intact
female mice. A representative 100X image of spine density (A). The red square shows
a region that is zoomed in in (B) to show spines. A long thin spine (length <2 um) is
indicated by the orange arrow, a thin spine (length <1 pm) is indicated by a yellow
arrow, a stubby spine (length:width ratio <1) is indicated by the green arrow, and a

mushoom spine (width >0.6 uym) is indicated by the blue arrow.
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Chapter 6

Behavioural Significance of Neuroestrogens
Originating from the
Hypothalamus: Observations from A Novel
Conditional and Site-Specific Aromatase

Knockout Mouse (Aro™")
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6.1 Introduction

The neurobehavioural effects of steroid hormones, particularly the
physiologically relevant oestrogen 17p-oestradiol (E2), have garnered significant
attention in recent years (Micevych and Christensen, 2012, Renczes et al., 2020,
Remage-Healey et al., 2008, Serendynski et al., 2013, Cornil et al., 2013). At the core
of E; synthesis lies the aromatase enzyme, encoded by the Cyp719a71 gene, which is
responsible for the conversion of C-19 androgens to C-18 oestrogens (Brueggemeier
et al., 2001). Enzymatic activity is present mainly in the gonads, but also in extra-
gonadal locations including the brain, adipose tissue, and bone (Nelson and Bulun,
2001). In the brain, aromatase is highest in the amygdala, hippocampus,
hypothalamus, and cortex (Stanic et al., 2014). Neurones in these regions
constitutively express aromatase (Lu et al., 2019, Duncan and Saldanha, 2020) and
can produce neuroestrogen (i.e., E> derived from neuronal sources) in synergy with
other cell types that produce the essential precursors required for the synthesis of E,
(Zwain and Yen, 1999). This aids neurotransmission, synaptic plasticity, cognitive
function, neuroinflammation, and neuroprotection (Brann et al., 2022). Aromatase
expression is also induced in astrocytes in response to cerebral ischemia, implicating
E, as a protective factor against hypoxia-related stress (Wang et al., 2023). Thus,
aromatase and E; are essential for the proper development, regulation, and function of

neural processes.

The social behaviour network (SBN) is a connective neural construct consisting of six
bidirectional nodes spanning the hypothalamus, amygdala, and hippocampus
(Newman, 1999, Goodson, 2005). Collectively, these nodes facilitate sex-typical
behaviours (Newman, 1999). The role of each node was initially elucidated by lesions
that resulted in deficits in social behaviours (Goodson, 2005). Further neuroendocrine
studies have shown that these regions possess oestrogen receptors (ERs) and
express aromatase (Goodson, 2005, Stanic et al., 2014). Both male and female mice
have been shown to coexpress ERs with aromatase in cells of the bed nucleus of stria
terminalis (BNST), medial amygdala (meA), and medial preoptic area (mPOA) (Stanic
et al., 2014, Tsuruo et al., 1995), which underpins the importance of steroid hormones,
particularly E2, in the choreography of neuroendocrine responses that lend themselves

to a myriad of behaviours.

Previous research has utilised genetic and pharmaceutical approaches to disentangle
the complex hormonal mechanisms driving neurobehavioural responses to aromatase

activity and E> deficiency. Pharmaceutical approaches have included the use of
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specific ER agonists (Seredynski et al., 2015, Mazzucco et al., 2008) and antagonists
(Gardener and Clark, 2001), and aromatase inhibitors (Olvera-Hernandez et al., 2015,
Bonsall et al., 1992). However, these methods are typically not as robust as they can
result in incomplete suppression of enzyme or receptor activity, off-target effects
(Catalano et al., 2014), or interactions with other biological processes that render the
inhibition ineffective, as we have highlighted with letrozole and the induction of the 3p-
diol pathway (Chapters 4 & 5). Whole-body aromatase knockout (ArKO) mice have
been generated which provide a more comprehensive assessment of the role of E in
brain development (Bakker et al., 2002) and male reproductive function (Honda et al.,
1998). Whole-body ArKO mice show severe impairments in sexually dimorphic
behaviours, particularly sexual behaviour (Honda et al., 1998) (Bakker et al., 2002) and
aggressive behaviour (Toda et al., 2001). These mice also show an obese phenotype
(Jones et al., 2000) and impaired olfaction (Bakker et al., 2002). Whole-body ArKO
models, however, prevent E> production in both gonadal and extragonadal tissues and
its secretion into the circulation, forbidding the investigation of tissue-specific effects of
aromatase. A brain-specific aromatase knockout model was generated recently, which
demonstrated the requirement of brain aromatase in normal male sexual behaviour
and the regulation of serum testosterone concentrations (Brooks et al., 2020b). Brain-
ArkKO mice showed a sexual behaviour profile between that of wildtype (WT) controls
and whole-body ArKO mice, suggesting neurosteroids contribute to the normal
expression of sexual behaviour in the male mouse (Brooks et al., 2020b). However, a
whole-brain KO does not facilitate the differentiation of aromatase significance in
specific brain regions. A forebrain-specific ArKO (fbn-ArKO) model was generated by
Lu et al., (2019), which demonstrated a critical role for neuroestrogen in regulating
synaptic plasticity and cognitive function in both the male and female forebrain. A
resounding caveat to all of these ArKO models is the ambiguity in whether the
observed phenotype is due to the organisational or the activational effects of E>
(McCarthy et al., 2009), and/or whether the phenotype is due to lack of aromatase

function in a specific area.

We have utilised a unique aromatase-flox (Aro””) mouse model to knockout aromatase
expression in male mice using an AAV targeted at the mPOA. The mPOA is intricately
intertwined with the regulation of sex-typical behaviours, encompassing aggression
(Albert et al., 1986), parenting (Tsuneoka et al., 2013), sexual behaviour (Dominguez
and Hull, 2005), and anxiety (Zhang et al., 2021). Its central position within the neural
circuitry of the SBN and rest of the brain enables it to integrate hormonal signals with

environmental cues, thereby facilitating a coordinated orchestration of behaviours. In
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using this model, we have been able to demonstrate for the first time the activational
importance of aromatase and E; in the hypothalamus, as brain development

proceeded in the presence of functional aromatase and archetypal E> production.

Though our primary interest was to use female mice in this thesis, only male mice were
available at the time of experimentation. Notably, this discrepancy is not due to any
genetic or fertility anomalies. Originally, the experiments in this chapter were meant to
be undertaken by a different researcher; however, persistent travel restrictions during
the COVID-19 pandemic prevent their execution. In an conscientious effort to avoid
wastage of animal life and adhere to the principles of the 3Rs, the mice were housed
until JD could travel to Japan, and the experiments were conducted as supplementary
to those originally proposed for the thesis. Due to the interim period between breeding
and experimentation, the mice utilised by JD were significantly aged. In a second run
of the experiment (see section 6.2 below), younger male Aro™ mice were used. Data
from each run were analysed both separately and collectively by JD to confirm that
there was no effect of age on the observed behaviours. We would like to emphasise
that, since the phenotype of Aro™" mice with knockdown specifically in hypothalamic
areas is unknown, the use of male mice in this thesis does not diminish the originality

or significance of the findings.

6.2 Methods

Experiments in this chapter were designed by JD and conducted in two
separate runs by JD and Kongkidakorn Thaweepanyaporn (KT) at the University of
Tsukuba, Japan. In run one, JD performed stereotaxic surgeries and behavioural tests
on 13 mice (control group, n = 3; knockdown group, n = 10). In run two, KT performed
stereotaxic surgeries and behavioural tests on 15 mice (control group, n = 4;
knockdown group, n = 10). All data were pooled and analysed by JD at the University
of Reading, UK.

6.2.1 Animals and behavioural tests

Aro™ mice were generated and genotyped as described in section 2.1.1; animals were
housed at the University of Tsukuba as described in section 2.1. Aromatase knockout
by stereotaxic injection was performed as described in section 2.2.4 and mice
recovered in running wheel cages (see section 2.3.5). The behavioural testing timeline
is shown in Fig. 6.1. Sexual behaviour testing was carried out as described in section

2.3.6; aggressive behaviour experiments were carried out as described in section

191



2.3.7; the light-dark transition test (LDT) was carried out as described in section 2.3.3.
For sexual behaviour tests, stimulus ICR/Jcl female mice were ovariectomised (OVX)
and hormonally primed as described in sections 2.2.1 and 2.2.2. For experiments
measuring aggressive behaviour, stimulus ICR/Jcl male mice underwent olfactory

bulbectomy (OBX) as described in section 2.2.5.

Day 20:
Day 0: Agg 1-3 Day 29:
AAV Day 15: Day 18: Day 22: Day 26: LDT &
injection Sex 1 Agg 1-1 Sex 2 Agg 2-2 sac
RW I
I 1 1
Day 3: Data Day 19: Day 25:
collection Agg 1-2 Agg 2-1
starts
Day 27:
Agg 2-3

Figure 6.1. Experimental timeline. Following stereotaxic injections, mice were
individually housed in running wheel cages (RW). Data collection started on day 3 to
allow mice to recover from surgery and acclimate to their new home cage. On day 15,
mice remained individually housed but the running wheel was removed. On this day,
the first sexual behaviour test took place (Sex 1). Aggressive behaviour tests were
carried out over thee consecutive days following sexual behaviour tests (Agg 1-1 — 1-
3). 48 h later, the second sexual behaviour test took place (Sex 2), followed by a
second round of thee consecutive aggressive behaviour tests (Agg 2-1 — 2-3). On the
29t day, mice were tested in the light-dark test (LDT) before being sacrificed by

perfusion-fixation.
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After the completion of all behavioural tests, mice were killed by perfusion fixation and
the injection site was confirmed by immunocytochemistry (see section 2.4). The
collection of brains and storage in sucrose was completed by JD at the University of
Tsukuba. Due to time constraints, immunocytochemistry was carried out by
collaborators at the University of Tsukuba after JD’s departure. Stained sections were
shipped to the UK and JD analysed the site of injection at the University of Reading.
Trunk blood was collected at time of death and plasma was prepared as described in

section 2.6.
6.2.2 Hormone measurements

Steroids in plasma were concentrated by solid phase extraction (section 2.10)

and measured using a competitive ELISA for 173-oestradiol (section 2.11.1).
6.2.3 Statistical analysis

Statistical analysis and data presentation as described in section 2.15.

6.3 Results
6.3.1 Confirmation of injection site

The injection site was confirmed by immunocytochemistry for GFP. Whilst all
mice had received Cre or GFP injections in the mPOA (with some overspill into the
BNST), a subset of mice had been injected in both the mPOA and surrounding
hypothalamo-limbic regions, particularly the paraventricular nucleus (PVN) but also in
the hippocampus (Table 6.1). One animal (H0563) was most likely injected in the third
ventricle, resulting in GFP detection in the mPOA, BNST, VMH, hippocampus, and
meA. At the time of experimentation, the site of injection was unknown, but this subset
of mice (including H0563) displayed a profound difference in their physiological
phenotype. Upon confirmation of the site of injection, mice that received Cre injection
in the mPOA/BNST (hypo-ArKO) were analysed separately to the subset that received
Cre injection in the mPOA and surrounding hypothalamo-limbic regions (hypo-lim-
ArkKO).
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Table 6.1. Location of Cre injection sites. The cre-GFP vector was detected by

immunocytochemistry as detailed in Methods. DAB-positive cells were visualised at 5X

(Zeiss Axioskop) across coronal sections of animals perfused in experiment run 1 (JD).

Animals injected with the cre vector were separated on the basis of body weight gain

during the experiment. mMPOA: medial preoptic area; BNST: bed nucleus of stria

terminalis; LS: lateral septum; hip: hippocampus; PVN: paraventricular nucleus; VMH:

ventromedial hypothalamus; meA: medial amygdala; 3V: third ventricle.

Animal ID Phenotype Genotype Location of DAB-
positive cells

HO573 Normal BW C mPOA: +++; BNST:
++; possible 3V

H0585 Normal BW hypo-ArKO mMPOA: ++++;
BNST: ++; meA: +

H0590 Normal BW hypo-ArKO mMmPOA: ++++;
BNST: ++

H0565 Normal BW hypo-ArKO MmPOA: ++++;
BNST: ++

H0598 Normal BW hypo-ArKO mPOA: ++++;
BNST: +

HO0572 Normal BW hypo-ArKO mPOA: +++; BNST:
+++; hip: +

H0584 Obese hypo-lim-ArKO mPOA: +++; BNST:
+++; hip: +; PVN: +

H0564 Obese hypo-lim-ArKO mPOA: +++; BNST:
+++; hip: +++; PVN:
++

H0563 Obese hypo-lim-ArKO mPOA: +++; BNST:
+++; VMH: ++; hip:
+; PVN: +; meA: +

6.3.2 Site-specific ArKO does not affect plasma E» concentrations

Plasma E; was measured in mice at the time of death. All groups of mice showed a

comparable concentration of plasma E; (Fig 6.2).
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Figure 6.2. Plasma E: concentrations. Plasma E> concentrations are shown for a
subset of control (C, n = 3), hypo-ArKO (mPOA, n = 5), and hypo-lim-ArKO (mPOA-
lim-ArKO n = 4) mice. All data are presented as mean + SEM. Comparisons were

made a one-way ANOVA with Bonferroni’'s multiple comparsions post hoc.

6.3.3 Running wheel activity is significantly decreased by site-specific ArKO without

affecting bodyweight in hypo-ArKO

In the running wheel, both hypo-ArKO and hypo-lim-ArKO mice showed
significantly fewer mean daily revolutions compared to controls (C vs hypo-ArKO, P =
0.0107; vs hypo-lim-ArKO, P = 0.0030) (Fig. 6.4A). Mean hourly revolutions revealed
that this was due to differences in activity during the dark phase (Fig. 6.4B). Despite
this, only hypo-lim-ArKO mice gained a significant amount of weight during the study.
Notably, the increase in weight exceeded not only the weight gain observed in control
mice (P < 0.0001) but also that of hypo-ArKO mice (P < 0.0001) (Fig. 6.4C). The

divergence in weight gain was observed from the second week of study (Fig. 6.4D).
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Figure 6.3. Running wheel activity. Mean daily revolutions (A), presented as mean +
SEM, and mean hourly revolutions (B), presented as mean + SEM, for control (C, n =
7), hypo-ArKO (hypo, n = 14), and hypo-lim-ArKO (hypo-lim, n = 10) mice housed in
running wheel cages. For A, differences were established by means of a one-way
ANOVA with Bonferroni’s multiple comparisons post hoc. For B, differences were
established by a two-way ANOVA with Bonferroni’s multiple comparisons test post hoc.
* denotes a difference between hypo-lim-ArKO and control and $ denotes a difference
between hypo-ArKO and control. * P < 0.05, ** P < 0.01.
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Figure 6.4. Body weight. Total bodyweight change (A) and cumulative bodyweight
change (B) for control (C, n = 7), hypo-ArKO (hypo, n = 14), and hypo-lim-ArKO (hypo-
lim, n = 10) mice housed in running wheel cages. For A, the average total bodyweight
change was calculated by subtracting the final body weight from the initial body weight
for each animal in the group. Data are presented as mean + SEM. For B, bodyweight
was measured every week over the course of the study for each mouse to obtain the
average cumulative change in bodyweight. Data are presented as mean + SEM. For A,
differences were established by means of a one-way ANOVA with Bonferroni’s multiple
comparisons post hoc. For B, differences were established by a two-way ANOVA with
Bonferroni’s multiple comparisons test post hoc. * denotes a difference between hypo-
lim-ArKO and control and # denotes a difference between hypo-lim-ArKO and hypo-
ArKO. * or #, P < 0.05; ** or ##, P < 0.01; ** or ###, P < 0.001; **** P < 0.0001.
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6.3.4 Site-specific ArKO in the mPOA/BNST alone or in conjunction with adjacent

limbic regions does not affect sex or aggressive behaviour

hypo-ArKO and hypo-lim-ArKO mice showed equivalent levels of sexual
behaviour as the control group (Fig. 6.5). There were no statistical differences between
control, hypo-ArKO, or hypo-lim-ArKO groups in the number of attempted mounts (Fig.
6.5A), the latency to the first mount attempt (Fig. 6.5B), or the cumulative duration of
following the female (Fig. 6.5C). In test 1 and test 2 respectively, only 3 and 2 male
mice successfully mounted a female, 0 and 2 male mice showed any intromissions
(Supp. Fig. S$6.1) and no male mouse ejaculated (data not shown). During sexual
behaviour, some ArKO mice were observed actively avoiding the female, who was
hormonally primed to be sexually proceptive. Therefore, in addition to traditional
measurements of sexual behaviour, we also analysed when the male rejected the
female’s advances and/or actively avoided the female. We observed significantly more
of this avoidance behaviour in hypo-lim-ArKO mice compared to controls (P = 0.0466)
(Fig. 6.5D).
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Figure 6.5. Sexual behaviour. The number of attempted mounts (A), latency to first
mount, whether successful or unsuccessful (B), and the cumulative duration of time
spent following the female (C) were analysed in control (C, n = 7), hypo-ArKO (hypo, n
= 14), and hypo-lim-ArKO (hypo-lim, n = 10) mice. Some mice were observed actively
avoiding the sexually proceptive female. The cumulative time of this behaviour is
shown in D. All data are presented as mean + SEM. Data were analysed by means of

a two-way ANOVA with Bonferroni’s multiple comparisons post hoc. * P < 0.05.

Similar aggression levels were shown between groups in the resident-intruder test
(Fig. 6.6-6.7). A two-way ANOVA revealed no differences between groups, tests or the
interaction between groups and tests in the number of aggressive bouts (Fig. 6.6A),
cumulative duration of aggressive bouts (Fig. 6.6B), latency to aggressive behaviour
(Fig. 6.7A), or the number of instances of tail rattling (Fig. 6.7C). When mice
encounter and approach a conspecific, they engage in sniffing as an investigative
behaviour (Arakawa et al., 2011). We observed no difference in sniffing behaviour
between groups in the first week of tests (Fig. 6.7B). In test 3 of the second week,

hypo-lim-ArKO mice sniffed significantly less than controls (P = 0.0190) (Fig. 6.7B).
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During this same test, we also observed a tendency for hypo-ArKO mice to sniff less
than controls (P = 0.0630) (Fig. 6.7B).
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Figure 6.6. Aggressive bouts. The number of aggressive bouts (A) and cumulative
duration of aggressive bouts (B), latency to aggression (C), duration of sniffing the
intruder (D), and number of tail rattling bouts (E) were analysed in control (C, n = 7),
hypo-ArKO (hypo, n = 14), and hypo-lim-ArKO (hypo-lim, n = 10) mice. All data are
presented as mean + SEM. Data were analysed by means of a two-way ANOVA with

Bonferroni’s multiple comparisons post hoc. * P < 0.05.
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Figure 6.7. Aggressive behaviours. The latency to aggression (A), duration of
sniffing the intruder (B), and number of tail rattling bouts (C) were analysed in control
(C, n=17), hypo-ArKO (hypo, n = 14), and hypo-lim-ArKO (hypo-lim, n = 10) mice. All
data are presented as mean + SEM. Data were analysed by means of a two-way

ANOVA with Bonferroni’s multiple comparisons post hoc. * P < 0.05.

6.3.5 hypo-lim-ArKO increases anxiety in the light-dark test

In the LDT, there was no difference between groups in the distance travelled in
the light (Fig. 6.8A) or dark compartments (Fig. 6.8C). However, compared to controls,
hypo-lim-ArKO mice spent significantly less time in the light (P = 0.0256) (Fig. 6.8B)
and significantly more time in the dark (P = 0.0447) (Fig. 6.8D). On average, hypo-lim-
ArkKO mice transitioned between the light and dark portions of the box 10 times,
compared to 19 times in both control and hypo-ArKO groups. Yet, there was no
statistical difference between the groups in the number of transitions (Fig. 6.9A). There
was also no difference between groups in the latency to enter the light compartment
(Fig. 6.9B) or the number of defecations and urinations in either the light or dark

compartments (Fig. 6.9C-D).
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Figure 6.8. Light-dark test (i). The distance travelled in the light (A) and dark (C) and
the time spent in the light (B) and dark (D) were analysed in control (C, n = 7), hypo-

ArKO (hypo, n = 14), and hypo-lim-ArKO (hypo-lim, n = 10) mice. All data are

presented as mean + SEM. Parametric datasets were analysed by a one-way ANOVA

with Bonferroni’s multiple comparisons test post hoc; nonparametric datasets were

analysed by a Kruskal-Wallis test with Dunn’s multiple comparisons test post hoc. * P <

0.05.
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Figure 6.9. Light-dark test (ii). The number of transitions between the light and dark
(A), and the latency to enter the light (B), the number of defecations (C), and the
number of urinations (D) were analysed in control (C, n = 7), hypo-ArKO (hypo, n =
14), and hypo-lim-ArKO (hypo-lim, n = 10) mice. All data are presented as mean +
SEM. Parametric datasets were analysed by a one-way ANOVA with Bonferroni’s
multiple comparisons test post hoc; nonparametric datasets were analysed by a

Kruskal-Wallis test with Dunn’s multiple comparisons test post hoc.

6.4 Discussion

In the present study, we utilised a unique ArKO mouse model to understand the
importance of neuroestrogen synthesis in the regulation of social behaviours in the
mouse. Due to the unavailability of female Aro™" mice at the time of study, the
behavioural phenotype was characterised in the male mouse. We set out to knockout
aromatase in the mPOA of experimental mice, given its central role in sexual
(Dominguez and Hull, 2005), aggressive (Nelson and Trainor, 2007), and recently

documented anxious behaviours (Zhang et al., 2021). We had also previously
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identified this node as one of the predominant neurosteroidogenic sites of the SBN
(Chapters 3 & 4). However, due to the intricate anatomical structure of the brain and
limitations in precision during the AAV injection procedure, it was determined that the
injection overspilled slightly into the BNST, and some mice were injected in both the
mPOA and adjacent limbic regions, including the PVN and hippocampus. Although this
deviated from our initial intent, we wish to emphasise that this unanticipated outcome

does not diminish the value of the data we have collected.

It is essential to note that, currently, there are no available conditional and region-
specific aromatase knockout mouse models. To date, the ArKO mouse most valuable
for understanding the activational roles of neuroestrogens is the forebrain-specific
conditional ArKO mouse (fbn-ArKO) (Lu et al., 2019). In a Cre/loxP recombination
system, mice express Cre under the control of the CaMKlla. promoter, which is
expressed in excitatory neurones of the forebrain by postnatal days 18-23 (Tsien et al.,
1996). Male and female mice of this genotype showed deficits in forebrain spine and
synaptic density, impaired hippocampal-dependent spatial reference memory,
recognition memory, and contextual fear memory, but had normal locomotor function
and anxiety levels (sex and aggressive behaviours were not explored) (Lu et al., 2019).
As the largest region of the brain, the forebrain contains the entire cerebrum and
several structures contained within it, including the hypothalamus and the limbic
system (Ackerman, 1992). Thus, the spatial specificity of the fon-ArkKO mouse is
somewhat poor. Aromatase is not only expressed in cell bodies but also in fibres that
connect several regions of the brain (Stanic et al., 2014), suggesting that
neuroestrogens are synthesised and passed between areas as part of a steroidogenic
circuit. Furthermore, the induction of Cre expression and aromatase knockout during
the pubertal period could have overlapping organisational consequences on brain
development and behaviours. Puberty is a major developmental window, as pubertal
hormones acting in the hippocampus increase expression of GABAa receptors
(Keating et al., 2019), modulate synaptic plasticity (Meyer et al., 1978), and regulate
cell survival and differentiation (Schulz and Sisk, 2016). Targeted knockdown of ERa in
the meA of pubertal male mice reduces neurone numbers (Sano et al., 2013) and
prepubertal gonadectomy in males reduces aromatase activity in adulthood (Roselli
and Klosterman, 1998b). Our model, which permits the specific knockout of aromatase
in designated brain regions, offers the advantage of selective aromatase knockout in
adulthood whilst preserving the organisational effects of both neuroestrogens and

gonadal Ea.
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6.4.1 Physiological characteristics and voluntary running wheel activity

The mice used in this study were gonadally intact and showed similar levels of
E in blood plasma, showing that knockout of aromatase in the mPOA/BNST (hypo-
ArKO) or hypothalamo-limbic regions (hypo-lim-ArKO) does not impact peripheral E;

production.

We found that both groups of ArKO mice showed significantly decreased running
wheel activity compared to controls. The modulation of running wheel activity by E; has
been well established though the use of gonadectomised male and female rats, which
show decreased running activity that is increased by E» treatment (Roy and Wade,
1975, Gentry and Wade, 1976, Ahdieh and Wade, 1982). Lesion (King, 1979) and
preoptic E; implant studies (Fahrbach et al., 1985) have demonstrated that the mPOA
is the primary brain site responsible for this behavioural effect, and ERKO studies have
shown that ERa is the primary ER mediating running wheel activity (Ogawa et al.,
2003). In whole-body ArKO mice, running wheel activity is significantly decreased
compared to WT controls (Watai et al., 2007). However, this model does not allow for
the distinction between central and peripheral aromatase. Ours is the first study to
demonstrate that neuroestrogens from the mPOA/BNST are critical mediators of
running wheel activity in the male mouse. Knocking out aromatase either in the
mPOA/BNST or hypothalamo-limbic areas led to a significant decrease in average
daily revolutions, seen especially during the dark phase. These effects were observed
despite intact gonads and plasma E; levels equivalent to those observed in control

mice.

Despite both ArKO groups showing significantly reduced running wheel activity, only
the hypo-lim-ArKO mice showed a significant gain in body weight. Similarly, whole-
body ArKO mice display increased adiposity (Jones et al., 2000), though it has not
been clear if or how brain aromatase may contribute. The obese phenotype of hypo-
lim-ArKO mice in our study suggests that aromatase within limbic areas exerts a
regulatory control over body weight. The role of the hippocampus in regulating food
intake and body weight has been explored previously (Davidson et al., 2007).
Hippocampal lesion studies have been shown to interfere with controls of food intake
regulation, such as interoceptive energy state signals, appetitive behaviours that lead
to food, and feeding duration (Davidson et al., 2005). How hippocampal E; contributes
to the regulation of feeding and body weight has not been investigated, though in male
rats fed a high-fat diet there is an acute increase in hippocampal ERa mRNA

expression (Scudiero and Verdarame, 2017), suggesting a link between E;, the
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hippocampus, and food intake exists. The PVN is a critical hypothalamo-limbic region
at the centre of the neurocircuitry regulating food intake (Yousefvand and Hamidi,
2020), and the contribution of E> to this has been well-researched. Within the PVN,
oxytocinergic neurones signal to decrease food intake (Liu et al., 2021), and E;
administration to OVX female rats further enhances the anorexigenic effects of
oxytocin (Liu et al., 2020). E; exerts a strong homeostatic influence over feeding
behaviours, producing anorectic effects by decreasing either meal size or meal
frequency (Rivera and Stincic, 2018). The anorectic effects of E» are believed to be
due to action in the PVN which decreases the release of neuropeptide-Y, a potent
orexigenic signal (Bonavera et al., 1994). Since we did not measure food intake in our
study, it is not possible to conclude whether increased body weight was caused by
increased feeding related to a lack of functional aromatase within the limbic region. It is
unlikely that the increased body weight in hypo-lim-ArKO mice was due to reduced
activity, as running wheel activity was significantly reduced in both knockout groups
and the bodyweight of hypo-ArKO mice did not significantly change. Other studies
have found that subcutaneous letrozole implants in female rats led to increased body
weight although food intake and total energy expenditure remained unchanged (Skarra
et al., 2017). Thus, food intake, activity, and body weight are not always mutually
exclusive. This finding illustrates the potential for a new avenue of research
investigating neuroestrogens within hypothalamo-limbic regions and their role in

regulating body weight and feeding behaviours.
6.4.2 Sexual behaviour

Sex and aggression are modulated by E», and the mPOA has been identified as
a key node in the modulation of both behaviours (Dominguez and Hull, 2005, Nelson
and Trainor, 2007), though the contribution of neuroestrogens remains unclear. We
hypothesised that a lack of functional aromatase in the mPOA would diminish sexual
behaviour rather than abolish it completely, given the availability of gonadal hormones.
Indeed, androgens are capable of mediating at least some behavioural effects,
demonstrated by the partial restoration of sexual behaviour in castrated brain ArKO

mice treated with testosterone (Brooks et al., 2020b).

In fact, we observed no alteration in sexual behaviour with ArKO in either the
mPOA/BNST or hypothalamo-limbic regions. E; signalling is critical for the display of
sexual behaviours in the male rodent and previous research has demonstrated that
ERKOop completely abolishes sexual behaviour in the male mouse (Ogawa et al.,
2000). ERKOB has no effect on male sexual behaviour (Ogawa et al., 1999),

206



implicating ERa as the predominant ER contributing to male sexual behaviours.
Region-specific knockout of ERa in the mPOA or VMH of gonadally intact male mice
results in impaired mounting and intromission in compared to WT controls (Sano et al.,
2013). Considering this evidence together with our own, it appears that, whilst E>
signalling within the mPOA in particular is critical for male sexual behaviour,
neuroestrogen synthesis within the mPOA or hypothalamo-limbic regions is not

required for sexual behaviour in the male mouse.

In the present study, no mice exhibited ejaculation in any sexual behaviour test. Thus,
we could not determine whether hypothalamo-limbic neuroestrogens contribute to
erectile function. Nevertheless, our data does suggest that neuroestrogens from either
the mPOA/BNST or hypothalamo-limbic regions are not required for the consummatory
aspects of male sexual behaviour such as mounting or appetitive behaviours such as
genital sniffing or following of the female. To fully understand neuroestrogen-mediated
regulation of male sexual behaviour, it is necessary to examine appetitive aspects such
as odour preference for oestrous females, which is known to be impaired in ERKOa

mice (Wersinger and Rissman, 2001).

During sexual behaviour tests, we observed that some ArKO mice spent a notable
amount of time actively avoiding the receptive female. When we quantified this during
behavioural analysis, we found that avoidance behaviour (characterised by the male
moving away from the female and/or rejecting her advances) was increased in mPOA-
lim-ArKO mice. To our knowledge, avoidance behaviour is not commonly reported in
male rodent sexual behaviour testing. The limbic system integrates and relays theat-
and stress-related signals to modulate defensive behaviours, which could include
freezing, moving away, or hiding from the perceived theat (Kirouac, 2021b). As far as
we know, a role for E, in the modulation of these behaviours has not been described,
although it has formerly been noted that freezing behaviour is increased in OVX rats
compared to sham-operated female rats (Gupta et al., 2001). Since we did not observe
a significant level of avoidance in mice with ArKO in the mPOA/BNST, it is likely that
neuroestrogens synthesised within the limbic system modulate avoidance behaviour,
which may be linked to the increased levels of anxiety observed in hypo-lim-ArKO

mice, as described below.
6.4.3 Aggressive behaviour

There were no alterations in aggressive behaviour with ArKO in the
mPOA/BNST or in hypothalamo-limbic regions. E2 has a well-established role in the

organisation and activation of aggressive behaviour, with several studies showing that
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neonatal castration (Peters et al., 1972), ERKOa (Ogawa et al., 1997), and ArKO
(Matsumoto et al., 2003) leads to impaired intermale aggression in rodents, although
ERKOR mice are more aggressive than WT mice in resident intruder tests (Ogawa et
al., 1999). There is limited evidence for the involvement of the mPOA in the regulation
of male aggressive behaviour in rodents. It has been reported that the number of ERa-
positive cells in the mPOA is not correlated with aggression levels in male mice
(Trainor et al., 2006). In line with this, ERKOa in the mPOA had no effect on aggressive
behaviours in male mice (Sano et al., 2013). However, ERa-positive cells from the
mPOA project to other aggression loci, such as the ventrolateral part of the VMH
(VMHUvI), and increase fighting in male mice upon their activation (Wei et al., 2023).
Although one mouse in the hypo-lim-ArKO group was hit in the VMH, all measured
parameters were comparable to other mice in the hypo-lim-ArKO group. Knockout of
ERa within the VMH was shown to reduce intermale aggression in the mouse (Sano et
al., 2013) which suggests that ERa signalling in the VMH is important for aggressive

behaviour in the mouse, but neuroestrogen synthesis in the VMH may not be.

The BNST has been suggested to interact with the mPOA to process sex-specific
odour cues (Been and Petrulis, 2011) which could regulate sex and aggressive
behaviour. A positive correlation between ERa immunopositive cells in the
anteroventral BNST and aggression level has been reported in male mice (Trainor et
al., 2006), although aromatase activity in the BNST has been shown to be negatively
correlated with aggression (Trainor et al., 2004). Our data suggests that
neuroestrogens originating from the mPOA/BNST do not contribute to aggression, and
regulation by these areas may depend more heavily on other hormones such as

vasopressin (Bester-Meredith and Marler, 2001, Irvin et al., 1990).

In male Japanese quail, neuroestrogen within the POA has a bimodal effect on bird
aggression, such that low concentrations increase aggression compared to vehicle, but
high concentrations inhibit the frequency of aggressive behaviours (Ubuka et al.,
2014). Aromatase activity in the POA is increased by gonadotropin inhibitory hormone
(GnlIH), a hypothalamic peptide secreted by the PVN, which activates aromatase
though dephosphorylation (Ubuka et al., 2014). Suppression of GnlH, achieved by the
consumption of a large amount of soya bean, has been shown to reduce aromatase
activity and increase aggression in male mice (Abdel-Aleem et al., 2019). Given the
dependence of aggressive behaviours on POA-derived neuroestrogen in the qualil, it is
not clear why ArKO in areas that included the mPOA had no effect on aggressive
behaviour in our study, though it could be due to species differences. Other potential

reasons include the possibility that aggression is dependent upon neuroestrogen
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synthesis in other brain areas. One neurosteroidogenic aggression locus is the meA,
where genetic ablation of aromatase-positive cells did not affect the attack frequency
but resulted in a greater latency to initiate aggression (Unger et al., 2015). Additionally,
it is not clear whether aggressive behaviour was maintained by the presence of
testicular hormones, since all mice in our study were gonadally intact. Indeed, the
study by Unger et al. (2015), in which mice were tested intact, would suggest that at
least some level of aggression was maintained by steroids synthesised from the
periphery or from other regions of the brain, suggesting that neuroestrogens play only
a small part in male aggressive behaviours. Finally - though perhaps the least likely
with no available evidence — the brain may have compensatory mechanisms to offset
the lack of aromatase activity within the mPOA and limbic regions to maintain normal
aggressive behaviour. We have previously shown an androgen-driven mechanism by
which the female brain can continue to synthesise neuroestrogens even in the
presence of letrozole (Chapter 4). Whether such mechanisms exist elsewhere in the
male brain, and whether they can be induced by region-specific ArKO to maintain

wildtype levels of aggression, requires further investigation.

The limbic system has been implicated in mediating reactive aggression, which is
evoked by theat, provocation, or frustration (Chang and Gean, 2019). In using OBX
stimulus mice, we were able to investigate aggressive behaviours in mice that were not
influenced by defeat or provocation (Ogawa et al., 2000, Sano et al., 2013). Though
hypo-lim-ArKO mice did not show any change in aggression compared to controls, our
experimental setup did not allow us to investigate reactive aggression. This may be
addressed in future studies by exposing experimental mice to acute stress before the

resident-intruder paradigm with an OBX intruder mouse.

A potential reason underlying the lack of differences in sex and aggressive behaviours
in hypo-ArKO and hypo-lim-ArKO mice could be the age at which the mice were
tested. The mice used in this study ranged from 10-37 weeks old and may have been

too aged to display normal sociosexual behaviours.
6.4.4 Anxiety

The mPOA is typically investigated in the context of reproductive and
aggressive behaviours and has only recently been considered as part of the anxiety
circuit. The role of the mPOA in anxiety is complex as it has been found to have
antagonistic effects via GABAergic neurones, which mediate anxiolytic effects, and
glutamatergic neurones, which mediate anxiogenic effects (Zhang et al., 2021). E»

signalling via ERa in the mPOA is believed to be anxiogenic, since female mice treated
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with a shNA against ERa in the mPOA spent more time in the light compartment of the
LDT and more time in the centre of the open field test (OFT), indicative of less anxiety
(Spiteri et al., 2012). Yet, we found that hypo-ArKO mice did not show any significant

alterations in anxiety levels compared to controls.

E> also has anxiolytic effects, which are mediated though ERB (Lund et al., 2005). The
hippocampus and PVN are some of the few areas to express ERpB in greater quantities
than ERa (Shughrue et al., 1997), and it is well accepted that the PVN and limbic
regions are the predominant brain areas involved in anxiety (Kirouac, 2021b).
However, the role of neuroestrogens synthesised within or around the PVN and limbic
region has not been investigated. Interestingly, we observed significantly increased
anxiety in hypo-lim-ArKO mice, suggesting that neuroestrogens synthesized within the

limbic region have an anxiolytic effect.

A range of studies have shown that reducing E: levels by way of OVX (Puga-Olguin et
al., 2019), castration (McDermott et al., 2012), or pharmacological aromatase inhibition
(Meng et al., 2011) results in increased anxiety. In contrast, whole-body ArKO male and
female mice did not differ from WT mice in anxiety levels in the OFT or elevated plus
maze (EPM) (Dalla et al., 2004, Dalla et al., 2005), although it is difficult to interpret the
contributions of neuroestrogens in these models. In the fon-ArKO mouse, males
showed similar levels of anxiety to WT mice in the OFT (Lu et al., 2019). It is not clear
why ArKO in a generalised brain area did not affect anxiety whereas the targeted KO in
our study did, though a possible contributing factor is the timing of gene disruption. In
the fbn-ArKO mouse, Cre recombinase was expressed between postnatal days 18-23
(Lu et al., 2019). Although these mice developed with archetypal E, concentrations in
the postnatal period, the disruption of aromatase during puberty may have led to
unintended consequences on development. Puberty is a critical developmental phase
characterized by numerous processes that ultimately have effects on adult behaviour
(Dovey and Vasudevan, 2020). For example, prepubertal gonadectomy of male rats
had an anxiolytic effect on behaviours in the OFT and EPM in adulthood (Renczes et
al., 2020). Meanwhile, gonadectomy of adult male rats is associated with increased
anxiety (McDermott et al., 2012). Therefore, the timing of aromatase disruption is likely
to have a profound impact on behaviours. In our study, the conditional knockout was
performed at 10-37 weeks of age, meaning that mice developed with normal E; levels
and aromatase function postnatally and thoughout puberty, offering a more accurate

depiction of the activational properties of E; in anxious behaviour.
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We have previously shown the existence of a novel regulatory pathway that exists
within the female mouse mPOA (Chapter 4). In this pathway, blockade of aromatase by
the aromatase inhibitor letrozole is bypassed, as testosterone is instead converted to
DHT, which is metabolised to 38-diol. 3p-diol is an endogenous agonist of ERB, though
which it signals to increase aromatase expression (Chapters 4 & 5, Cisternas et al.,
2017). The current research suggests that this mechanism exists in female, but not
male, amygdala cultures (Cisternas et al., 2017), and preliminary data from our
laboratory suggests that this sex dimorphism is also present in the mPOA (data not
shown). Whilst this pathway may not be induced in the male mPOA by the
administration of letrozole, the production of 3p-diol is still possible given the fact that
the enzymes responsible for its synthesis, 5a-reductase and 3p-HSD, are expressed in
the male mouse hypothalamus (Chapter 3, Karolczak et al., 1998). The effects of 3p-
diol have been studied mainly by RJ Handa and colleagues, who have shown that 3-
diol implants in the PVN significantly reduce plasma corticosterone in response to
restraint stress (Lund et al., 2006). These effects are thought to be mediated by ERB,
which induces oxytocin production in the PVN (Kudwa et al., 2014, Blume et al., 2008).
Whilst this shows the site of 3p-diol action, the site of its synthesis has not been
elucidated. In microdissected PVN from male rats, 5o-reductase mRNA was
expressed, indicating that the PVN can produce DHT, but 38-HSD was not expressed
(Lund et al., 2006). 3B-HSD is required for the conversion of DHT to 3p-diol.
Theoretically, all of the mice in our study retained the capacity to synthesise 3p-diol in
the mPOA, which may have a paracrine action in the PVN and/or limbic regions. Yet,
we observed a notable divergence in anxiety levels, with hypo-ArKO mice displaying
no significant change compared to controls, whilst hypo-lim-ArKO mice exhibited
heightened anxiety. This enigma raises a fundamental question: could the anxiolytic
effect of 3p-diol be a product of a dynamic collaboration with neuroestrogens? To begin
to explore this question, a dedicated assay for the measurement of 33-diol becomes an

indispensable tool.

6.5 Summary

In this study, we have utilised a conditional ArKO mouse model that has allowed us to
selectively knockout aromatase expression in specific brain regions. In contrast to
previous studies utilising whole-body ArKO mice, we did not observe any alterations in
sex or aggressive behaviour of mice lacking functional aromatase in either the

mPOA/BNST or adjacent limbic regions. Though this could be a product of the age of
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the mice used in the study, it may also be a reflection of the predominant role of
gonadal steroids in modulating these behaviours. Interestingly, our study revealed an
increase in anxiety in mice lacking functional aromatase in the mPOA/BNST and limbic
regions, but not in those with ArKO limited to the mPOA/BNST. This discrepancy
suggests the involvement of neuroestrogens originating from limbic regions in the
modulation of anxiety in adult male mice. This observation not only expands the
horizons of potential research avenues but underscores the significance of this mouse
model in unravelling the neurosteroidogenic networks within the brain and their

contributions to sociosexual behaviours.
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Supplementary Figure $6.1. Sexual behaviour. The number of successful mounts
(A), number of intromissions (B), and the latency to first intromission (C) were
analysed in control (C, n = 7), hypo-ArKO (hypo, n = 14), and hypo-lim-ArKO (hypo-lim,
n =10) mice. All data are presented as mean + SEM. Data were analysed by means of

a two-way ANOVA with Bonferroni’s multiple comparisons post hoc.
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Chapter 7

General Discussion
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The aim of this thesis was to investigate neuroestrogen production and regulation of
neuroestrogen production in the nuclei of the SBN and hypothalamic nodes related to
social behaviours in the female mouse. We also investigated the functional relevance
of neurosteroid production in the female and male hypothalamus. To achieve this, we
developed a novel method, incorporating modifications of incubation techniques
(Loryan et al, 2013) and sensitive in-house ELISAs to measure neurosteroid levels in
aCSF and brain tissue. This approach enabled a comprehensive examination of sex
differences in neurosteroid synthesis and enzyme expression, contributing to a greater
understanding on the mechanisms underlying neuroendocrine regulation and social

behaviours.

Our findings revealed significant differences in neurosteroid synthesis and regulation
within the female brain and between the sexes. Notably, this is the first research to
directly measure neurosteroid concentrations with direct comparisons between intact,
non-hormone-primed male and female mice. Furthermore, our research uncovered
previously unexplored regional differences in neurosteroid synthesis regulation in
female mice. This regulation has previously been described in amygdala primary cell
culture (Cisternas et al, 2017), and has never before been demonstrated to exist in ex
vivo brain slices or in vivo. By measuring hormones in ex vivo slices from intact non-
hormone-primed females and observing the behavioural consequences of neurosteroid
synthesis, we have contributed to mitigating the prevalent sex bias in biomedical
research. This endeavour enriches our understanding of female neuroendocrine

function and fosters a more accurate portrayal of physiological processes.

Beyond their contributions to basic science, these discoveries highlight potential
avenues for the development of pharmacological interventions targeting neurosteroid
pathways. Such interventions could offer new treatment modalities to address unmet
clinical needs and improve patient outcomes in diseases that are characterised by
dysregulation of neurosteroids, such as mental disorders and menopausal medicine.
Of particular interest is the behavioural relevance of neuroestrogen depletion in the
context of anxiety, especially given that this had a much greater effect in female mice
than in male. This warrants further investigation as it suggests that the region-
dependence of neurosteroid synthesis may also be sexually dimorphic, offering the
potential for the development of personalised medicines and/or interventions for

anxiety.

Additionally, our exploration of the effects of heuroestrogen depletion on dendritic spine

morphology provides a critical insight into the mechanisms underlying neuronal
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plasticity. These insights have profound implications for understanding
neurodevelopmental and neuropsychiatric disorders that may be associated with either

altered neuronal architecture and/or dysregulated Ex.

7.1 Limitations

Whilst our research has provided valuable knowledge to the field, there are
some limitations that should be discussed. Such limitations may be addressed through

future work.

Measuring hormone production in ex vivo brain slices allowed us to expose brain slices
to different treatments to elucidate how hormone production is regulated in the SBN.
However, the brain slices contained several other adjacent regions that were not part
of the SBN but may have contributed to the concentration of hormones measured in
aCSF. A more precise way to measure hormones in individual SBN nuclei would have
been to punch out these regions following brain slicing; the punches could then be
incubated in aCSF. However, given the small size of the punches, it would have been
difficult to retrieve them for use in downstream RT-gPCR experiments. Therefore, we
would have had to use double the animals to have enough samples for all

experiments. This would not satisfy the 3Rs, and thus was not pursued.

The brain slice incubation method we developed has demonstrated its utility in
investigating neuroestrogen production and related pathways. To further enhance the
capacity of this method, one potential refinement could involve the incorporation of
radiolabelled steroid precursors. Tracking the conversion of precursors to downstream
neuroestrogens in real time would allow for a more dynamic assessment of enzymatic
reactions and their modulation under various conditions. Furthermore, this could
enable the quantification of enzyme kinetics and how this may be differentially

regulated thoughout the brain and between sexes.

Our approach for measuring neurosteroids involved competitive in-house ELISA
assays that were previously developed by Prof. P. Knight at the University of Reading.
These highly sensitive assays were useful for our understanding of neuroestrogen
synthesis but limited us with regards to which hormones we could measure. For
example, it would have been particularly useful to measure 3p-diol concentrations
during brain slice incubation and treatment of mice with letrozole and dutasteride.
Additionally, assessing corticosterone levels in mice undergoing these treatments

would have been particularly beneficial for understanding how these treatments may
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affect anxiety. Future studies could utilise other techniques such as LC-MS/MS to
gather a library of hormonal information. This could even be achieved with the samples

currently in our possession from the experiments detailed in this thesis.

To understand the specific roles of 3B-diol in behaviours, injecting with 33-diol rather
than the inhibitors of its synthesis would have been preferable. However, due to the
challenges posed by COVID and Brexit, as well as the limited access to 33-diol in
Japan where the studies took place, we opted to block 33-diol synthesis instead.
Additionally, future studies could investigate the importance of this pathway in other
female behaviours such as reproduction and maternal behaviour, in which the mPOA
plays a pivotal role (Micevych and Meisel, 2017, Fang et al., 2018). Studies from
primary amygdala cell cultures have suggested that the regulation of aromatase
expression by 3B-diol is sexually dimorphic, occurring in female cultures but not male
(Cisternas et al., 2017). Preliminary data from our lab suggests that this is also the
case in the hypothalamus, though the functional significance of this is not known. To
begin to understand this, it would be beneficial to perform parallel behavioural

experiments with 3

The Aro”” mouse model promises to be a valuable asset for future studies aiming to
understand the regional contributions of aromatase and neuroestrogens to brain
function and behaviour. Whilst we did not observe any effects of hypothalamo-limbic
ArKO in sexual or aggressive behaviour, future studies could include a group of
castrated Aro™" mice, to understand if behavioural persistence is due to gonadal
hormones. Other studies using the Aro™ mouse should investigate the effect of
knockout in other behaviourally relevant areas, such as the VMH and meA. Knocking
out aromatase expression from a series of regions in one mouse could help to further
understand the circuitry of neuroestrogens. This could help to identify the discrete
regions responsible for neuroestrogen synthesis, explore autocrine and paracrine
signalling between regions of synthesis and target regions, and determine the specific
behavioural outcomes associated with each region of synthesis. Additionally, these
studies could be carried out in parallel with female mice to explore sex differences in

the regulation of behaviours by neuroestrogens.

7.2 Concluding statement

E:z is involved in numerous physiological processes in the central nervous
system. The brain possesses the necessary enzymatic machinery to synthesise Ez de

novo from either cholesterol or precursors available from the periphery, termed
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neuroestrogens. However, the regulation of neuroestrogen synthesis within specific
brain nuclei underlying social behaviours has not previously been explored. The
findings of this thesis are shown in Fig. 7.1. We have used a novel brain slice
incubation method to demonstrate that neuroestrogens are produced by the social
behaviour network and synthesis is differentially regulated between nuclei. In doing
this, we have discovered a novel pathway of regulation that exists within the female
mouse mPOA. Using in vivo experiments, we have been able to understand how this
regulatory mechanism contributes to behaviours in the female mouse. Finally, using a
novel conditional ArKO model, we were able to knockout aromatase expression within
the hypothalamo-limbic regions to characterise, for the first time, the behavioural

phenotype of mice that are unable to produce neuroestrogens in the hypothalamus.

Figure 7.1. Findings of this thesis. A novel pathway exists in the female mouse
mPOA in which aromatase expression is increased by 3B-diol acting on ER. Blocking
3B-diol production leads to decreased connectivity of the brain, as dendrites are
shorter in length, show less arbourisation, and have fewer dendritic spines. Blockade
of 3B-diol tended to increase anxiety, specifically in the EPM. The changes in neural

connectivity may underlie these behavioural changes. In the male mouse, knockout of
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aromatase expression in the hypothalamo-limbic region leads to increased anxiety in
the LDT and increased avoidance of sexually receptive females in sexual behaviour

tests.
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Appendix Table S$1. List of specific reagents for each experiment.

Material Experiment series Supplier Product
ID/code/cat #
0.5 M EDTA Hormone Fisher Scientific 10306983
immunoassay
1 M hydrochloric acid General lab usage Scientific CHE2164
Laboratory
Supplies
17B-oestradiol Hormone Sigma-Aldrich 50-28-2
immunoassay
5alpha-androstane- Treatments Sigma-Aldrich NMID635
3beta,17beta-diol
6-CMO-Estradiol-HP Hormone Fitzgerald 65-1E16
immunoassay Industries
Aromatase antibody Immunohistochemistry | Novus Biologicals | NB-100-1596
Bovine serum albumin Immunohistochemistry | Sigma-Aldrich 9048-46-8
Calcium chloride dihydrate | Brain slice preparation | ThermoFisher 11964171
Scientific
Citric acid anhydrous Hormone Scientific 77-92-9
immunoassay Laboratory
Supplies
Diarylpropionitrile (DPN) Treatments MedChemExpress | 1428-67-7
Dimethyl sulfoxide Treatments ThermoFisher J66650.AK
Scientific
Di-sodium hydrogen Hormone Scientific 7558-79-4
orthophosphate immunoassay Laboratory
anhydrous Supplies
Dutasteride Treatments Fisher Scientific 164656-23-9
Ethanol General lab usage Fisher Scientific 10680993
Finasteride Treatments Fisher Scientific 98319-26-7
Fluoromount-G™ Immunohistochemistry | Invitrogen™, 00-4959-52

Mounting Medium, with
DAPI

ThermoFisher

Scientific
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Gelatin Solid phase Fisher Scientific G7-500
extraction/hormone
immunoassay

Glucose Brain slice preparation | Fisher Scientific 10335850
Glycine Immunohistochemistry | Fisher Scientific 50-40-6
Goat anti-Rabbit IgG Immunohistochemistry | Invitrogen™, A-11011
(H+L) Cross-Adsorbed ThermoFisher
Secondary Antibody, Alexa Scientific
Fluor™ 568
Greiner ELISA plate flat Hormone Scientific G655061
bottomed high binding immunoassay Laboratory

Supplies
HEPES Brain slice preparation | Sigma-Aldrich H3375-5KG
High-Capacity cDNA RT-gPCR Applied 4268814
Reverse Transcription Kit Biosystems™,

ThermoFisher

Scientific
Hydrogen peroxide Hormone Scientific 31642-1L
solution, 30% immunoassay Laboratory

Supplies
ICl 182,780 Treatments MedChemExpress | 129453-61-8
Kinesis TELOS SPE Solid phase extraction | Scientific CH5586
Column, C18 Laboratory

Supplies
L-ascorbic acid Brain slice preparation | ThermoFisher 11946881

Scientific
Letrozole Treatments Fisher Scientific 16461716
Magnesium chloride Brain slice preparation | Fisher Scientific 10647032
hexahydrate
Magnesium sulfate Brain slice preparation | ThermoFisher 11397658

Scientific
Methanol (HPLC) Solid phase extraction | Fisher Scientific 67-56-1
MicroAmp™ fast optical RT-gPCR Applied 4346907

96-well reaction plate

Biosystems™,
ThermoFisher

Scientific
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Nuclease free water RT-gPCR Scientific 3098SI1G
Laboratory
Supplies
OCT Immunohistochemistry | Fisher Scientific 23-730-571
OPD (o-phenylenediamine | Hormone ThermoFisher 34005
dihydrochloride) immunoassay Scientific
PBS tablets General lab usage Scientific P4417-50TAB
Laboratory
Supplies
Potassium chloride Brain slice preparation | ThermoFisher 10236350
Scientific
Potassium hydrogen Brain slice preparation | ThermoFisher 11493714
phosphate Scientific
PowerSYBR Green PCR RT-gPCR Fitzgerald 10219284
Master Mix Industries
Primers RT-gPCR Integrated DNA Various
Technologies
ProClin™ 300 Hormone Sigma-Aldrich 48912-U
immunoassay
Propyl pyrazole triol (PPT) | Treatments MedChemExpress | 263717-53-9
Rabbit polyclonal to Immunohistochemistry | Novus Biotechne | NBP2-48998
aromatase
RNA/ater™ Stabilization RT-gPCR Invitrogen™, AM7021
Solution ThermoFisher
Scientific
RnaseZAP RT-gPCR Scientific R2020-250ML
Laboratory
Supplies
RNeasy® Plus Mini Kit RT-gPCR Qiagen 74134
sliceGolgi kit Golgi staining Bioenno 003760
Lifesciences
Sodium bicarbonate Brain slice preparation | ThermoFisher 10082840
Scientific
Sodium carbonate Hormone ThermoFisher 11307886
immunoassay Scientific
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Sodium chloride Brain slice preparation | ThermoFisher 10092740
Scientific
Sodium citrate dihydrate Immunohistochemistry | Scientific W302600-1KG-K
Laboratory
Supplies
Sodium dihydrogen Brain slice preparation | Fisher Scientific 10723621
orthophosphate dihydrate
Sucrose Brain slice preparation | Fisher Scientific 57-50-1
SuperBlock™ Blocking Immunohistochemistry | ThermoFisher 37515
Buffer Scientific
Testosterone Hormone Sigma T6147
immunoassay
Testosterone-3-CMO-HP Hormone Fitzgerald 65-1T07
immunoassay Industries
Triton X-100 Immunohistochemistry | ThermoFisher A16046.AP
Scientific
Trypan blue solution, 0.4% | Brain slice preparation | Gibco™, 11538886

ThermoFisher

Scientific
Tween-20 Hormone Scientific P1379-250ML
immunoassay Laboratory
Supplies
Tween-80 Treatments Scientific P1754-25ML
Laboratory
Supplies
Xylene Golgi staining Fisher Scientific 10467270
PENN.AAV.hSyn.HI.eGFP- | Aro™" Addgene Addgene_ 105540
Cre.WPRE.SV40
pAAV-hSyn-EGFP Aro™ Addgene Addgene 50465
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