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Abstract 

Beyond their important role in reproduction, estrogens contribute in various adaptive and 

maladaptive physiological phenomena including, but not limited to, appetite, stress response, and 

the development of compulsive behaviours. There are estrogen receptors throughout the brain, 

including in regions and circuits contributing to maladaptive behaviours. Thus, pharmacological 

interventions targeting estrogens result in considerable undesirable side effects. Traditionally 

considered a female steroid hormone, estrogens are also potent neuromodulators in the male 

vertebrate brain. In comparison to female rats, peripherally administered estrogens have negligible 

effects as the male rat brain likely relies on brain-derived de novo estrogens synthesis. While the 

neurophysiological effects of estrogens are well characterized in the hippocampus of both sexes, 

nothing is known about their effects in the oval nucleus of the bed nucleus of the stria-terminalis 

(ovBNST), a key region that integrates sensory information within the appetite, anxiety, and 

compulsion circuits. The ovBNST is rich in estrogen receptors and has the capability of 

synthesising estrogens in both sexes. Using brain slice voltage-clamp electrophysiology, we 

characterized the effects of estrogens on inhibitory synaptic transmission within the rat ovBNST. 

These studies will demonstrate that Estradiol (E2) had a potent, but sexually dimorphic effects on 

both inhibitory synaptic transmission and plasticity at GABA synapses within the ovBNST. These 

effects of E2 were sensitive to changes in the rats metabolic-state and intriguingly, a form of 

compulsive behaviours in rats was associated with a dysfunction in the endogenous estrogenic 

system within the ovBNST. This dysfunction appears to be caused by a weakening of the 

paraventricular thalamus circuit with the ovBNST that may cause changes in E2 synthesis.  Thus, 

we discovered that brain-derived estrogens are potent modulators of inhibitory synaptic 

transmission within the ovBNST and they gate a metabolic-state induced bi-directional plasticity 
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that is associated with the development and maintenance of maladaptive compulsive behaviours 

in male rats. These studies lay the foundation in understanding how the endogenous estrogenic 

system within the male brain is integral in influencing state-dependent behaviour.  
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Chapter 1: General Introduction 

 Nine decades ago, when the first purified estrogen, estrone, was introduced at a scientific 

conference in Boston in 1929, it was only theorized that it could restore the reproductive cycle in 

castrated rats (Simpson & Santen, 2015; Veler et al., 1930). It is now generally accepted that 

estrogens are important for controlling sexual behaviour and reproduction (Schulster et al., 2016; 

Micevych et al., 2017). They are a fundamental part of life, influencing development, relationships 

(e.g. romantic), and major life milestones (e.g. having kids) (Schulster et al., 2016; Culbert et al., 

2018; Micevych et al., 2017; Roney et al., 2011; Berg & Wynne-Edwards, 2001).  

Other than sex-based behaviours and physiological changes (e.g. penile erection, vaginal 

blood flow, etc.), estrogens are also important for a plethora of other behavioural, physiological, 

and neurological phenomena. Estrogens influence a multitude of behaviours, including appetite, 

mood, and motivated behaviours (Walf & Frye, 2006; Culbert & Clump, 2018; Hu et al., 2004). 

Within the peripheral nervous system, estrogens influence tumor growth, metabolism in the liver, 

apoptosis, adipose tissue, and bone growth (Maffei et al., 2004; von Schoultz et al., 1989; Pike, 

1999; Zhu et al., 2004). Within the brain, estrogens influence function of most classical 

transmitting and modulating systems, notably amino acids and monoamines (Kramar et al., 2009; 

Tabatadze et al., 2015).  

The estrogenic system is routinely manipulated nowadays with oral contraceptives, 

anabolic steroids, pharmacological treatment of breast cancer, hormone replacement due to aging 

or sex-reassignment, food-derived phytoestrogens, and exposure to synthetic materials such as 

Bisphenol A (MacLucky et al., 2005; Howell et al., 2002; Neumann, 1976; Penatti et al., 2009; 

Lupton, 1996; Weinand et al., 2015; Hedelin et al., 2016). The most common means of estrogen 

manipulation is the use of hormonal contraceptives in women. According to the United Nations, 
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9% of all women in the world actively use oral contraceptives, most of which directly targets the 

estrogenic system (United Nations, 2015). In fact, 35% of women between the age of 15 to 19, a 

period where the estrogenic system is still under development, use oral contraception (Guttmacher 

Institute, 2013). Unfortunately, common side-effects of manipulating this system adversely affects 

depression, appetite, and anxiety (Schaffir et al., 2016; Zethraeus et al., 2017). Regrettably, the 

neurological basis of these side effects in women remain relatively unknown although 

understanding estrogenic neurophysiology may lead to potential therapeutic targets for estrogen-

associated dysfunctions (e.g. mood disorders, anxiety, maladaptive compulsivity). 

There are two different estrogens-dependent functions: genomic and non-genomic. 

Estrogens most common genomic action is targeting the transcription of genes responsible for 

neuron formation (Hostikka et al., 2009; Ansari et al., 2012; Shi et al., 2015). Conversely, 

estrogens non-genomic actions include modulating neuronal activity, excitatory and inhibitory 

synaptic transmission, and promoting the production of new dendritic spines (Kramar et al., 2009; 

Tabatadze et al., 2015). Although the dual function of estrogens can occur separately, the genomic 

and non-genomic effects of estrogens can cooperate to promote changes to synaptic transmission 

(Chamniansawat & Chongthammakun, 2010; Yu-Jie et al., 2017). 

The non-genomic effects of estradiol on neurophysiology has been studied most 

extensively within the hippocampus, hypothalamus and the amygdala (Oberlander & Woolley, 

2017; Fatehi & Fatehi-Hassanabad, 2008; Bender et al., 2017). However, there has yet to be any 

studies analysing the effects of estrogens on synaptic transmission within the Bed Nucleus of the 

Stria-Terminalis (BNST), a region rich in estrogen receptors. Research on the effects of estrogens 

within the BNST have primarily focused on the facilitation of sexual differentiation in the principal 

sub-nucleus (Tsukahara et al., 2011). Interestingly, the oval bed nucleus of the stria terminalis 
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(ovBNST) is a sub-nucleus of the BNST critically involved in many behaviours and functions not 

that are also influenced by estrogens, including: appetite, the behavioural response to stressors and 

the development of compulsions. Although estrogen receptors were discovered in the ovBNST 

over 20 years ago, there has yet to be a study examining their function in this area (Laflamme et 

al., 1998). An examination of the neurophysiological properties of estrogens in the ovBNST may 

help elucidate their role in regulating appetite and in the development of maladaptive behaviours.  

Recently, the Canadian and American governmental research funding agencies have set in 

place policies for the study of both sexes (Kingston, 2012; CIHR, 2014; NIH, 2015). This has been 

set in place largely to account for sex differences that arise typically due to differences in their 

estrogenic systems (Ngun et al., 2012; Maclusky & Naftlolin, 1981; McEwen & Miller, 2017; 

Maeng & Milad, 2015). The non-genomic effects of estrogens on synaptic transmission is often 

sexually dimorphic (Oberlander & Woolley, 2017; Tabatadze et al., 2015). For instance, 17β-

estradiol (E2) only influences inhibitory synaptic transmission within the CA1 of the hippocampus 

in female rats (Tabatadze et al., 2015). In contrast, in cortical neurons E2 thus far only influences 

inhibitory synaptic transmission in male rats (Mukherjee et al., 2017; Khan et al., 2013). Currently, 

there have been no studies in the ovBNST attempting to determine if this region has sexually 

dimorphic functions. As the production of estrogens is sexually dimorphic, it is imperative to 

determine whether such sex differences influence the effects of estrogens within the ovBNST. 

Understanding the effects of estrogens in both sexes within the ovBNST will provide invaluable 

insights into its pharmacological effects on appetite, anxiety, and maladaptive compulsivity. 

The ovBNST consists predominantly of γ-aminobutyric acid (GABA) interneurons 

(Larriva-Sahd, 2006). Moreover, the development of maladaptive compulsive behaviours is 

associated with changes to GABAA receptor (GABAA) mediated inhibitory synaptic transmission 
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(Krawczyk et al., 2011; Krawczyk et al., 2013; Maracle et al., 2018). Estrogens influence both 

inhibitory synaptic transmission and GABAA sub-unit composition throughout the brain (Rudick 

& Woolley, 2001; Kurata et al., 2001; Huang & Woolley, 2012; Khan et al., 2013; Tian et al., 

2013; Pierson et al., 2005; Calza et al., 2010; Herbison & Fenelon, 1995). Therefore, the primary 

aim of this thesis is to characterize the effects estrogens on inhibitory synaptic transmission and 

determine whether the effects are sexually dimorphic. As estrogens are implicated in modulating 

inhibitory synaptic transmission in both sexes, I hypothesize that estrogens will produce sexually 

dimorphic effects on inhibitory synaptic transmission. 
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Chapter 2 Literature Review 

2.1. Sex Steroid Hormones 

2.1.1. Estrogens 

Estrogens, which were first discovered in 1929, are classified as steroid hormones 

(Simpson & Santen, 2015). Estrogens derive from cholesterol and contain three cyclohexane rings 

(one of which is aromatic) and one cyclopentane ring (Kuhl, 2005). Gonads (ovaries and testes) 

are the primarily, but not exclusive, source of estrogens (Simpson, 2003; Nelson & Bulun, 2001; 

Carreau et al., 2003; Hess, 2003). The brain, liver, adrenal glands, skin, pancreas, and bones can 

also produce estrogens, albeit in smaller amounts than the gonads. There are three major estrogens 

in both the male and female vertebrate body: E2, estrone, and estriol. In pregnant females, the fetus 

synthesizes a fourth estrogen, estetrol, which gets circulated by the placenta (Holinka et al., 2008).  

E2, the primary focus of this thesis, is the most potent estrogen in mammals. It is 

approximately 12 times more potent than estrone and 80 times more potent than estriol (Blackburn, 

2014; Hall, 2015). Moreover, E2 seems responsible for most estrogen-related behavioural 

phenomena and neurophysiological functions in nonpregnant female mammals (Gillies & 

McArthur, 2010). There are two predominant pathways within the gonads for the synthesis of E2: 

through the aromatization of either testosterone or through the dehydroxylation of estrone (Kuhl, 

2005). The aromatization of testosterone into E2 occurs at specific synapses in the central nervous 

system (Brook, 1999; Hojo et al., 2009). Testosterone can stimulate its own aromatization by 

binding to androgen receptors (AR; Abdelgadir et al., 1994; Roselli & Resko, 1993). Aromatase 

activity is also controlled by glutamatergic activity, and it is often located in pre-synaptic 

glutamatergic terminals (Balthazart et al., 2006; Remage-Healey et al., 2011; Wagner & Morrell, 

1996). For a simplified schematic of steroid hormone synthesis see Figure 2.1. 



6 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1. A simplified schematic of steroidogenesis.  
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2.1.2. Estrogen receptors 

Estrogen receptors are the oldest steroid receptors. They evolved from an early steroid 

receptor dating back to 400-500 million years (Thorton et al., 2003; Pearson, 2012). Current 

leading hypothesis suggest estrogen receptors only exist in vertebrates (Arnal et al., 2017; Maglich 

et al., 2001; Dehal et al., 2002). However, fruit flies seem to have estrogen-related receptors 

(Maglich et al., 2001). Moreover, estrogen-related receptors and E2 are present within the 

reproductive systems of female octopi (Cosmo et al., 2002; Cosmo et al., 2001). Although the role 

of ancestral estrogen receptors remains elusive, they are important for many biological functions 

in modern mammals, including reproduction, appetite, mood, and motivation (Baker, 2011; 

McCarthy, 2008; Laredo et al., 2014; Mauvais-Jarvis et al., 2013). 

There are currently three clearly identified estrogen receptors (ER) in modern mammals: 

estrogen receptor alpha (ERα), estrogen receptor beta (ERβ) and G-protein-coupled estrogen 

receptor 1 (GPER; Revankar et a., 2005; Mosselman et al., 1996; Greene et al., 1986). Notably, 

ERα and ERβ are classical nuclear receptors that can be cytoplasmic or membrane-bound, whereas 

GPER is an exclusively membrane-bound G-protein-coupled receptor (Vrtačnik et al., 2014; 

Soltysik & Czekaj, 2013). There are potentially other estrogen receptors, although in significantly 

lesser amounts such that this thesis will focus on ERα, ERβ, and GPER (Soltysik & Czekaj, 2013). 

Originally, estrogens were thought to only bind to ERα or ERβ located in the cytoplasm to 

produce classical nuclear effects. Binding of an estrogen to ERα or ERβ triggers receptor 

homodimerization or heterodimerization followed by translocation to the nucleus. Translocated 

ERs then generally bind to Estrogen Response Elements (ERE) acting on deoxyribonucleic acid 

(DNA) sequences of targeted genes. This is followed by recruiting transcriptional coregulators and 

parts of ribonucleic acid (RNA) polymerase II complex to finally regulate the transcription of the 
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targeted gene. These genomic effects occur after several hours or days. For example, it requires 6-

12 hours for estradiol to produce genomic changes to ERβ receptor expression (Chamniansawat & 

Chongthammakun, 2010). 

It is, however, clear that ERα or ERβ have various extranuclear functions (non-genomic) 

with outcomes measurable within seconds or minutes (Arnal et al., 2017). Binding to these 

extranuclear ER’s result in the activation of Gαs and Gβγ second-messenger signaling pathways 

that activate various kinases (Pedram et al., 2007; Razandi et al., 2003; Razandi et al., 1999; Kumar 

et al., 2007; Yasar et al., 2017). Similarly, GPER signals through Gβγ, Gαs, and Gαi pathways and 

is known to activate several kinases (Valdivia et al., 2017; Filardo et al., 2002; Filardo et al., 2000). 

There is a wealth of information on the non-genomic effects of estrogen receptors in the central 

nervous system. They are potent modulators of various neurophysiological processes within the 

brain. The following section of this chapter will explore in detail the extranuclear effects of these 

estrogen receptors on synaptic transmission and when applicable their effects on various kinases 

and dendritic plasticity. 

2.1.3. Estrogens in the brain  

2.1.3.1. Effects of estrogens on synaptic transmission 

2.1.3.1.1. Effects of estrogens on excitatory synaptic transmission 

E2 has various effects on synaptic transmission. For instance, at concentrations of 0.1nM 

or greater, E2 causes a potentiation of excitatory synaptic transmission in the CA1 of the 

hippocampus (CA1) in both sexes (Teyler et al., 1980; Sharrow et al., 2002; Rudick & Woolley, 

2003; Foy & Teyler, 1983). Moreover, E2 acutely increases the release probability of glutamate, 

and the response to exogenous glutamate binding to the N-Methyl-D-aspartic acid (NMDA) 

receptors and the α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors, 
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revealing pre- and post-synaptic effects (Smejkalova & Woolley, 2010; Woolley et al., 1997; 

Wong & Moss, 1992; Liu et al., 2008; Kramar et al., 2009). 

In the CA1, E2 rapidly and reversibly increases excitatory synaptic transmission by binding 

to ERβ in both male and female rats (Kramar et al., 2009; Foy et al., 1999; Smejkalova & Woolley, 

2010). Moreover, in at least females, these rapid E2 mediated increases in excitatory synaptic 

transmission are also due to the activation of GPER (Kumar et al., 2015). More thorough and 

recent series of publications described in better details the precise involvement of ERs in E2-

mediated modulation of glutamatergic transmission in the CA1. E2 facilitates glutamate release 

through ERα and ERβ in males and females, respectively. Conversely, in males, post-synaptic 

effects of E2 are due to ERβ, while in females it is through GPER (Oberlander & Woolley, 2017).  

Most information pertaining to E2-mediated modulation of excitatory synaptic 

transmission arose from studies conducted in the CA1 region of the rodent hippocampus. Although 

examined less frequently than the CA1, E2 alters excitatory synaptic transmission in other regions 

of the brain including the dendate gyrus of the hippocampus (DG), infralimbic prefrontal cortex 

(IL-PFC), and the medial vestibular nuclei (MVN). In the DG of male juvenile (3-4 weeks old) 

rats, brain-derived E2 binding to ERα facilitates NMDA currents, while activation of ERβ inhibits 

it. Lower concentrations of E2 (1-5nM) increases NMDA mediated excitatory synaptic 

transmission, while higher doses (7nM) reduces it. Taken together, it is likely that higher doses of 

E2 act on ERβ to reduce excitatory synaptic transmission, while lower concentrations prefer ERα 

and increase excitatory synaptic transmission (Tanaka and Sokabe, 2013). Perhaps the opposing 

effect of ERα and ERβ on excitatory synaptic transmission is due to differences in glutamate 

receptor modulation. For instance, in the MVN, E2 can both decrease AMPA mediated excitatory 
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synaptic transmission, while also producing a reversible potentiation in NMDA mediated Ca2+ 

current (Grassi et al., 2010). 

Like the hippocampus, E2 modulates excitation of glutamatergic synapses in the IL-PFC. 

However, unlike the hippocampus, the effects of estrogens are dependent on the phase of the rat 

estrous cycle. During proestrus, when estradiol levels are at its peak, E2 binding to ERβ increases 

AMPA mediated excitatory synaptic transmission. In contrast, during diestrus when estradiol 

levels are significantly lower, E2 binding to ERβ inhibits AMPA mediated excitatory synaptic 

transmission. These effects highlight that fluctuating steroid hormones produced by the ovaries 

have a significant impact on estrogen-mediated non-genomic changes (Galvin & Ninan, et al., 

2014). 

Thus far, the effects of E2 on excitatory synaptic transmission are dynamic and dependent 

on both the sex of the subject and the brain region examined. E2 acting through a combination of 

ERs typically facilitates glutamatergic synapses. However, E2’s effects are sensitive to changes in 

the estrous cycle, suggesting that its ability to modulate glutamatergic synapses may change to 

meet different biological demands (e.g. procreation). These effects in the CA1 have been directly 

linked to changes in performances on learning and memory tasks, as well as, learning strategies 

used (Liu et al., 2008; Quilan et al., 2008; Luine, 2014). However, the exact purpose for estrogens 

modulating glutamatergic synapses in regions of the brain associated with cognitive processing 

remains elusive.  

2.1.2.1.2. Effects of estrogens on plasticity of excitatory synapses 

2.2.3.1.2.1. Functional plasticity of excitatory synapses 

In addition to acutely modulate glutamate transmission, E2 favours strengthening of 

excitatory synapses in the hippocampus. For instance, E2 facilitates high synaptic activity-induced 
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(e.g. theta-burst stimulation, high-frequency stimulation) LTP of excitatory synaptic transmission, 

in both male and female rodents, within the CA1 (Hasegawa et al., 2015; Kramar et al., 2009, 

Vierk et al., 2012; Foy et al., 1999; Sharrow et al, 2002), an effect seemingly accountable to ERβ, 

at least in females (Liu et al., 2008; Kramar et al., 2009; Pettorossi et al., 2013). Blocking 

aromatase reduces this effect, suggesting that local aromatization of testosterone is the source of 

modulatory E2 (Vierk et al., 2012; Grassi et al., 2011). Additionally, E2 prevents low-frequency 

stimulation (LFS) induced LTD of excitatory synaptic transmission within the CA1 in at least 

female rats (Sharrow et al., 2002). Thus, the presence of E2 can determine the balance of bi-

directional plasticity at glutamatergic synapses.  

Much like the CA1, E2 facilitates synaptic plasticity at glutamatergic synapses in various 

other regions of the brain. In the striatum, basolateral amygdala and the MVN of rats, HFS induces 

an LTP of excitatory synaptic transmission by stimulating the aromatization of testosterone into 

E2 receptors (Tozzi et al., 2015; Bender et al., 2017; Grassi et al., 2009). Interestingly, in the MVN 

when either synthesis of E2 or ER’s are blocked an LTD of excitatory synaptic transmission is 

revealed (Grassi et al., 2009). Therefore, brain-derived E2 can gate bi-directional plasticity of 

glutamatergic synapses in certain brain regions. While these regions of the brain have not been 

examined as thoroughly as the hippocampus, it is clear E2 facilitates synaptic plasticity of 

excitatory synaptic transmission throughout the brain. 

Thus far, there are several known mechanisms by which E2 binding to its respective 

estrogen receptors can alter excitatory synaptic transmission and plasticity. First, E2 can alter the 

expression of GluR1 AMPA receptors. For instance, in OVX rats and mice, E2 binding to ERβ 

increases the expression of Glutamate Receptor 1 (GluR1) protein in the CA1 (Liu et al., 2008). 

Additionally, E2 in cultured cortical neurons enhances the formation of AMPA GluR1 synapses 
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through an ER-mediated and extracellular signal-regulated kinase (ERK)-mediated signaling 

mechanism (Khan et al., 2013). Second, E2 has actions on several kinase networks directly linked 

to AMPA and NMDA function. For example, in male rats, E2 facilitates the effects of a theta-burst 

stimulation in the CA1 through a kinase network that includes Erk, mitogen-activated protein 

kinase (MAPK), protein kinase A (PKA), protein kinase C (PKC), and calmodulin-dependent 

protein kinase II (CamKII) targeting NR2B NMDA subunits (Hasegawa et al., 2015). In 

hippocampal cultured neurons, E2 causes a rapid increase in L-Type Ca2+ influx. Moreover, 

activation of ERK signalling is linked to an increase in phospho cAMP response element-binding 

protein (pCREB) is dependent on E2 modulation of these L-type CA2+ channels (Wu et al., 2005). 

Likewise, activation of ERβ in the CA1 of female mice causes an increase of pCREB protein 

expression (Liu et al., 2008). Third, E2 modulates the expression of postsynaptic density protein 

95 (PSD95), a scaffolding protein involved in glutamate receptor trafficking, in addition to being 

associated with changes in glutamate receptor expression. Namely, in OVX rats, E2 binding to 

ERβ increases PSD-95 protein expression within the CA1. Also, in transgenic mice with their ERβ 

receptor knocked out, both E2 and an ERβ agonist has no effect on altering PSD-95 expression 

(Liu et al., 2008). Similarly, OVX reduces the amount of PSD95 protein in layer 5 of the cortex 

(Chen et al., 2009). 

2.2.3.1.2.2. Morphological changes at dendritic spines 

Another way E2 alters excitatory synaptic transmission and plasticity is through its 

influence on the morphology of dendritic spines. E2 alters dendritic spine density throughout the 

male and female rat brain. In the CA1, layer III and layer V of the cortex and the ventromedial 

hypothalamic nucleus, OVX significantly reduces the number of dendritic spines (Gould et al., 

1990; Chen et al., 2009; Frankfurt et al., 1990). In OVX rats, chronic administration of E2 
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significantly increases dendritic spine density in the CA1, the ventromedial hypothalamic nucleus, 

layer III and layer V of the cortex, prefrontal cortex, the somatosensory cortex, and the medial 

amygdala (Luine & Frankfurt, 2013; Chen et al., 2009; Khan et al., 2013; de Castilhos et al., 2008; 

Woolley & McEwen, 1992). In OVX rats, dendritic spine density rapidly increases in the CA1 and 

the prefrontal cortex 30 minutes after an administration of E2 (Inagaki et al., 2012). Moreover, 

both the density and the number of dendritic spine branching increases in OVX rats following 

administration of an ERβ agonist (Liu et al., 2008). Thus, E2 can produce post-synaptic 

restructuring necessary for increases excitatory synaptic transmission in various brain regions. 

In the brain of female rats, the number of dendritic spines is dependent on the phase of the 

estrous cycle. In the CA1, layer III and layer V cortical neurons and the ventromedial hypothalamic 

nucleus, there are more dendritic spines during proestrus (peak E2 levels) than during the estrus 

phase (Woolley et al., 1990; Woolley & McEwen, 1992). Similarly, in layer III and layer V cortical 

neurons and the ventromedial hypothalamic nucleus of female rat’s dendritic spine density is 

greatest during proestrus compared to both estrus and diestrus female rats (Chen et al., 2009; 

Frankfurt et al., 1990). In the CA1, OVX reduces dendritic spine density. Moreover, inhibiting 

aromatase in OVX further decreases dendritic spine density, suggesting that dendritic spines are 

regulated by both ovarian and brain derived E2 (Zhou et al., 2010; Vierk et al., 2012). In contrast, 

in a study examining male rats, the removal of the gonads (GDX) decreases dendritic spine density 

in the CA1, however, E2 administration did not recover the loss in spine synapses (Leranth et al., 

2003).  

Within the CA1 of male rats, E2’s actions on facilitating excitatory synaptic transmission 

were partly due to its abilities to promote the production of new dendritic spines (Kramar et al., 

2009). Latrunculin, an acting filament assembly antagonist, prevents ERβ mediated increases in 
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excitatory synaptic transmission and E2 facilitated LTP of excitatory synaptic transmission. Dense 

phalloidin staining established that E2 promotes the production of new dendritic spines. However, 

E2 must be present in combination with a higher frequency stimulation for these dendritic changes 

to remain intact. Moreover, E2 is directly linked to altering several proteins critical in actin 

polymerization, including increasing phosphor-Cofilin and ras homolog gene family member A 

(RhoA), while decreasing phospho-serine/threonine-protein kinase 1 (pPAK) (Kramar et al., 

2009). In OVX mice, blocking E2 synthesis significantly decreases p-cofilin expression (Vierk et 

al., 2012). Moreover, in male rats an antagonist to rho-associated, coiled-coil containing protein 

kinase (ROCK) which functions downstream to Rhoa and upstream to cofilin in the actin 

polymerization pathway, completely blocks the effects of E2. Thus, E2 facilitates a Rhoa-Rock-

Coffilin pathway (Kramar et al., 2009). E2’s facilitation of this pathway requires an assortment of 

kinases that include: Erk, MAPK, PKA, PKC, and CaMKII (Hasegawa et al., 2015). In females, 

an OVX prevents theta-burst stimulation-induced production of new dendritic spines, while E2 

replacement reverses this effect (Kramar et al., 2009). 

Thus, estrogens can influence both excitatory synaptic transmission and synaptic plasticity 

at glutamatergic synapses through a variety of mechanisms in both sexes. However, perhaps due 

to circulating estrogens produced by the ovaries and testes, the effects of estrogens on excitatory 

synaptic transmission can at times be sexually dimorphic. Further upstanding the influence of the 

gonads on glutamatergic synapses, may provide invaluable insight into the biological function of 

estrogens potent neuromodulation abilities.   

2.1.3.2. Estrogens and Inhibitory Synaptic Transmission 

Contrary to the wealth of information outlining the effects of E2 on excitatory synaptic 

transmission, very few studies have, thus far, examined its effects on GABA and the GABAA 
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mediated inhibitory synaptic transmission. Much like with excitatory synaptic transmission, most 

of the research investigating the effects of E2 on inhibitory synaptic transmission is predominantly 

examined within the CA1. In OVX rats, at 24 hours following E2 replacement, suppresses GABAA 

mediated inhibitory synaptic transmission (Rudick & Woolley, 2001). In cultured hippocampal 

slices, incubating the slice in E2 for 24 hours reduces miniature inhibitory post-synaptic currents 

(IPSC) size and frequency (Murphy et al., 1998). Furthermore, in cultured hippocampal slices, E2 

reduces GABA evoked voltage-gated CA2+ (Kurata et al., 2001). In female OVX rats, 1nM of E2 

has no effect on inhibitory synaptic transmission, however, starting at concentrations of 10nM and 

with the peak effect at 100nM, E2 binding to ERα significantly reduces inhibitory synaptic 

transmission in females. Moreover, E2 causes a change in the probability of vesicular release, 

indicating their effects were likely affecting presynaptic GABA release (Huang & Woolley, 2012).  

In the CA1 of female rats, E2 decreases inhibitory synaptic transmission by facilitating 

activation of the cannabinoid receptor type 1 (CB1). Interfering with the production of the 

endocannabinoid 2-arachidonoylglycerol (2-AG) does not block the effects of E2, suggesting that 

E2 may be affecting the CB1 receptor through altering the production of the endocannabinoid 

anandamide (AEA) (Huang & Woolley, 2012). Western blot co-immunoprecipitation reveals that 

mGluR and ERα forms a complex with Inositol trisphosphate (IP3), which is required for AEA 

production. Interfering with this complex by blocking either phospholipase C (PLC) or IP3 

prevents E2 from decreasing inhibitory synaptic transmission. Finally preventing AEA 

transporting with the non-selective endocannabinoid (eCB) transporter inhibitor AM404, blocks 

the effects of E2. Taken together, in the CA1 of female rats, E2 activates a post-synaptic 

ERα/mGluR/IP3 complex that causes the production and mobilization of AEA that binds to 
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presynaptic CB1 receptors, reducing GABA release, and thus causing the reduction in inhibitory 

synaptic transmission (Tabatadze et al., 2015). 

Unfortunately, much less is understood about how E2 may affect the GABAA receptor and 

inhibitory synaptic transmission outside of the hippocampus. Interestingly, in the striatum of rats 

that have a viral-vector induced overexpression of ERα, there is greater K+ evoked GABA release 

(Schultz et al., 2009). This effect contrasted that of the CA1, where ERα reduces pre-synaptic 

GABA release, suggesting that E2 may act dynamically throughout the brain. In cultured cortical 

neurons from male mice, E2 decreased the clustering and confinement of GABAA receptors, but, 

has no effect on their total expression. Moreover, in cultured cortical neurons and in male 

hippocampal slices from mice E2 is reduces the amplitude of IPSC’s (Mukherjee et al., 2017). 

However, in cultured cortical neurons from OVX rats, E2 has no effect on the formation of GABAA 

synapses (Khan et al., 2013). In neocortical neurons of OVX rats, 48 hours following an injection 

of E2, there is a reduction in the number of GABA neurons (Blurton-Jones & Tuszynski, 2006). 

Within the arcuate nucleus of the hypothalamus (ARC), E2 reduces the number of GABAergic 

synapses in OVX rats (Parducz et al., 1993). In the parabrachial nucleus (PBN) of both males and 

estrogen primed OVX rats, E2 reduces both spontaneous activity and electrically evoked responses 

by affecting the GABAA receptor (Saleh & Saleh, 2001). In OVX mice, both E2 and the GPER 

agonist G-1 increases spontaneous IPSC activity and amplitude within the basolateral amygdala 

(Tian et al., 2013).  Taken together, thus far, there is evidence that E2 effects synaptic transmission 

and activity throughout the brain. 

E2 is known to affect GABAA subunit expression, although it has yet to be examined in 

direct relation to inhibitory synaptic transmission. The GABAA receptor, a ligand-gated chloride 

channel is a pentamer. Thus far, seven families and a total of 16 (α1-6, β1-3, γ1-3, δ, ε, θ, π) known 
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GABAA receptor subunits. In the CNS the majority of GABAA receptors are composed of a 

combination of 2 α, 2 β, and a 1 γ or 1 δ (Chang et al., 1996; Olsen & Sieghart, 2009). In cell 

cultures of N-tera-2 neurons E2 increases messenger RNA (mRNA) expression of the α2, α3, α4, 

β3, ε, π subunits, while also decreasing the mRNA of the α5 subunit (Pierson et al., 2005). Chronic 

exposure to E2 in OVX rats increases the expression of α2 and γ1 mRNA, but, has no effect on β3 

mRNA in the medial preoptic nucleus of the hypothalamus, the principal nucleus of the bed 

nucleus of the stria terminalis (prBNST) and the anterior commissure bed nucleus of the stria 

terminalis. Within layer 2 and 3 of cingulate cortex however, chronic exposure to E2 decreases α2 

and β3 mRNA expression (Herbison & Fenelon, 1995). In intact female rats, a combination of E2 

and progesterone significantly increases the protein expression for the α4 and δ subunit within the 

CA1. This change in subunit preference by E2 and progesterone increases both the efficacy and 

potency of the GABAA agonist 4, 5, 6, 7- tetrahydroisoxazolo[5, 4-c]pyridin-3-ol , which has its 

higher affinity to δ containing receptors (Shen et al., 2005). Neonatal exposure to E2 also increases 

α1, α2 and γ2 protein expression within the cerebral cortex of female rats (Calza et al., 2010). In 

the basolateral amygdala of stressed OVX mice, the GPER agonist G-1 significantly increases the 

protein expression of α2 and γ2 in (Tian et al., 2013). 

GABAA subunit expression also changes because of fluctuating sex steroid hormones 

levels consequent from the estrous cycle. For example, there is greater α4, β1 and δ expression in 

the periaqueductal gray matter during diestrus compared to other phases of the estrus cycle (Lovick 

et al., 2005). Moreover, in the medial preoptic nucleus of the hypothalamus there is significantly 

less γ1 expression in diestrus rats compared to other phases. Similarly, in the ventral medial 

nucleus of the hypothalamus there is significantly less γ2 expression in diestrus females compared 

to other phases (Clark et al., 1998). Although these studies do not link E2 directly to alterations of 
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GABAA subunit expression, differences in diestrus when E2 levels were low which suggest a 

strong influence of circulating sex steroid hormones.  

Taken together, estrogens can have a potent effect on inhibitory synaptic transmission 

throughout the brain. Its effects appear to be sexually dimorphic and dependent on the brain region 

examined. There has yet to be a study to examine how estrogens affect inhibitory synaptic 

transmission within the ovBNST. Moreover, there has yet to be a study examining if estrogens are 

involved in synaptic plasticity at GABA synapses. Thus, further research is required to better 

understand the effects of estrogens on inhibitory synaptic transmission within the brain.  

2.1.3. How sex steroid hormones influence food intake and energy balance 

Sex steroid hormones influence food consumption and energy balance. Food consumption 

is defined as the total amount of food consumed and the type of food consumed (e.g. high fat chow 

vs. low fat chow). On the other hand, energy balance encompasses various phenomena including 

weight gain, amount of adipose tissue, energy expenditure, glucose sensitivity, and glucose levels 

throughout the body and brain. Importantly, due to different reproductive needs, both food 

consumption and energy balance are sexually dimorphic. This sexual dimorphism is largely linked 

with differences in the sex steroid hormone system (Shi et al., 2009). 

2.1.3.1. Estrogens 

In OVX rodents increases food consumption and weight gain. In both female mice and rats, 

subsequent administration of E2 reverses these effects, decreasing the amount of food consumed 

and decreasing weight gain (Geary et al., 2001). E2 replacement alters food consumption by 

reducing the total food intake during meal bins (Geary & Asarian, 1999). In OVX rats, direct 

application of E2 to either the ventral medial hypothalamus, paraventricular nucleus of the 

hypothalamus (PVN), medial preoptic area of the hypothalamus, and the nucleus of the solitary 
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track (NST) reduces food consumption (Thammacharoen et al., 2007; Nunez et al., 1980; Butera 

et al., 1989; Dagnault et al., 1997). Both male and female transgenic mice that lack aromatase gain 

more weight and produce greater amounts of adipose tissue than wild type controls. This increase 

in weight and adipose tissue is associated to a reduction in spontaneous physical activity/energy 

expenditure and glucose oxidation (Jones et al., 2000).  

E2 alters food consumption and energy balance through its influence on the anorectic 

peptide leptin. E2 in both sexes can alter the sensitivity to leptin and alter fat distribution 

throughout the body. Leptin requires the presence of ovary produced E2 to produce its anorectic 

effects, such as reduced food consumption and decreased weight gain. Interestingly, in male rats, 

E2 increases the sensitivity to these anorectic effects of leptin within the brain (Clegg et al., 2007). 

In both transgenic male and female mice lacking leptin receptors, injections of E2 significantly 

reduces weight gain and food intake (Gao et al., 2007). 

In female mice that are lacking ERα, administration of E2 has no effect on altering either 

weight gain and food consumption indicating that E2’s anorectic effects are in part mediated by 

Eα (Liang et al., 2002; Geary et al., 2001). The activation of ERα in OVX rats reduces food 

consumption within 1 hour of injection, an effect that lasts upwards of 24 hours (Butler et al., 

2018; Roesch, 2006). Moreover, in OVX rats, E2 directly administered to the nucleus solitary track 

of the brain stem acts through ERα to reduce food intake (Thammacharoen et al., 2007).  A viral 

vector interfering with ERα RNA in the ventral medial nucleus of the hypothalamus of female rats 

causes increases in food consumption, increases in body weight, impairs glucose tolerance, and 

increases locomotor activity (Musatov et al., 2007).  Furthermore, transgenic male mice lacking 

ERα display fewer amounts of Glucose Transporter 4 throughout their skeletal muscles (Barros et 
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al., 2006). Similarly, transgenic male and female mice lacking ERα have increases in weight gain, 

glucose intolerance and decreases in caloric expenditure (Heine et al., 2000; Ribas et al., 2009).  

Unfortunately, the evidence of E2 actions through ERβ are more elusive. The ERβ 

antisense oligodeoxynucleotides reduces the degree by which E2 can reduce food intake and 

weight gain (Liang et al., 2002). In male rats on a high-fat diet, an ERβ ligand prevents weight 

gain, glucose intolerance, and increases energy expenditure. Similarly, in OVX rats the same ERβ 

ligand prevents weight gain and the development of adipose tissue (Yepuru et al., 2010). In contrast 

to ERα, the ERβ receptor suppresses Glucose Transporter 4 in the skeletal muscles of male mice 

(Barros et al., 2006).  However, in other studies using OVX rats, the activating ERβ has no effect 

on food consumption nor weight gain (Santollo et al., 2007; Roesch, 2006). Thus, the involvement 

of ERβ in modulating appetite and metabolism remains inconclusive.  

Transgenic male and female mice lacking GPER gain more weight than wild type controls 

(Haas et al., 2009). The effects of lacking GPER are likely due greater amounts of subcutaneous 

fat and decreases in energy expenditure (Sharma et al., 2013; Davis et al., 2014).  In female mice 

but not male, GPER receptors are required for leptin’s ability to suppress feeding and weight gain 

(Davis et al., 2014) Moreover, activation of GPER decreases food consumption in OVX rats. 

Interestingly, intact GPER receptors are required for the rapid 1 hour decrease in food consumption 

of the following ERα activation (Butler et al., 2018). Taken together, E2’s anorectic properties are 

mediated through a combination of ERα and GPER, and perhaps ERβ. 

2.1.3.2. Androgens 

Androgens and AR’s are also potent modulators of appetite and energy balance. In male 

mice, GDX decreases body weight and fat deposits, while Dihydrotestosterone (DHT) 

administration causes greater weight gain and fat production than sham controls (Movérare-Skrtic 
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et al., 2006). In GDX rats, both chronic administration of testosterone or DHT increases weight 

gain and increases food consumption over a 30 day period and 5 day period, respectively (Earley 

& Leonard, 1979). Moreover, DHT propionate is less effective at altering food consumption and 

weight gain than testosterone priopionate. A large dose of testosterone propionate is able to 

decrease weight gain which may be due to the aromatization of testosterone to E2 (Gentry and 

Wade, 1976). Moreover, compared to intact rats, GDX rats have a decrease in meal frequency with 

an increase in meal size, however, the overall amount of food consumption is less (Chai et al., 

1999). Testosterone propionate reduces adipose tissue build up in GDX rats (Gray et al., 1979). 

Transgenic male mice lacking AR’s have increases in levels of adipose tissue, compared with wild 

type mice. Consequently, this increase in adipose tissue is due to a decrease in energy expenditure 

and lipolytic activity (Fan et al., 2005).  Ultimately, androgens and its respective receptor are 

orexigenic. 

Taken together, both estrogens and androgens are regulators of food consumption and 

energy balance. Despite the ovBNST being considered a brain region theorized to be responsible 

for regulating both food consumption and energy balance, there has yet to be a study to examine 

the effects of sex steroid hormones on these phenomena.  

2.1.4. How sex steroid hormones influence stress, fear, defense, and anxiety 

2.1.4.1. Estrogens 

In women, changes in E2 production is correlated with the onset of anxiety disorders. At 

puberty, when E2 production increases, there is a higher risk of developing anxiety disorders and 

developing greater levels of anxiety in adulthood (Patton et al., 1996; Boden et al., 2011; Zehr et 

al., 2007). Paradoxically, when E2 levels decrease following menopause or oophorectomy, an 

increase in anxiety likewise occurs (Rocca et al., 2008, Sahingoz et al., 2011). Moreover, estrogen 

replacement therapy decreases anxiety levels in postmenopausal women (Gleason et al., 2015; 
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Karsidag et al., 2012). Conflictingly, there is contrasting evidence that the use of estrogen 

treatment in postmenopausal women is either associated with either greater anxiety symptoms or 

has no association at all (Toffol et al., 2013; Demetrio et al., 2011). Finally, fluctuations of estrogen 

during the menstrual cycle and menopause are associated with changes to the hypothalamic 

pituitary adrenal (HPA) axis (Genazzani et al., 1975). However, there are no differences in plasma 

cortisol between premenopausal and postmenopausal women. Moreover, estrogen treatment in 

postmenopausal women does not alter cortisol expression (Abraham & Maroulis, 1975). These 

conflicting pieces of evidence also occur in preclinical rodent models of anxiety. 

Research in rodents reflect that estrogens and E2 have dynamic effects on anxiety-like 

behaviours. In OVX mice, a high dose of E2 (0.25 mg/kg) can increase open-arm time in the 

elevated plus maze (EPM), suggesting a decrease in anxiety-like behaviours, where as a lower 

dose of E2 can have no effect. Moreover, in OVX and intact mice, a low dose of E2 (0.025 mg/kg) 

decreases the time spent in the center of an open field test (OFT), suggesting an increase in anxiety-

like behaviours (Kastenberger, Lutsch & Schwarzer, 2012). In the light/dark box test of anxiety, a 

low dose of E2 (2.0 µg/day) increases the time spent in the dark section of the box, an anxiety-like 

behaviour, where as a dose half or double of the size can have no effect on this behaviour 

(Tomihara et al., 2009).  

The most prominent hypothesis for the conflicting effects of E2 on anxiety-like behavioural 

tests are the different roles of ERα, ERβ, and GPER. The ERα is associated with increasing 

anxiety-like behaviours in rodents. For instance, in female rats, downregulating the expression of 

ERα in the medial amygdala increases time spent on the light side of the light/dark box (Spiteri et 

al., 2010). However, in contrast, in female and male mice lacking ERα, there are no significant 

differences compared to wild-type mice on both the EPM and OFT behaviours (Krȩżel et al., 
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2001). Moreover, activating ERα has only a minimum, if any, effect on both the EPM and OFT 

behaviours (Jacome et al., 2010; Walf & Frye, 2005; Lund et al., 2005; Weiser et al., 2008). 

Interestingly, ERα may exert anxiogenic effects by increasing HPA axis activity. For instance, 

ERα activation increases EPM and forced swim test induced corticosterone production (Lund et 

al., 2005; Weiser et al., 2008). 

In contrast to ERα, ERβ is consistently responsible for the anxiolytic-like effects of E2. In 

rats and mice, ERβ activation decreases anxiety-like behaviours in the EPM, OFT and light/dark 

box tests (Jacome et al., 2010; Lund et al, 2005; Oyola et al., 2012, Walf & Frye, 2005; Walf et 

al., 2008; Weiser et al., 2008). Moreover, female mice lacking ERβ have reduction in open arm 

time in the EPM further supporting the receptor’s anxiolytic function (Krȩżel et al., 2001; Walf et 

al., 2008). Furthermore, mice lacking ERβ still demonstrate a reduction in time spent in the light 

side during a light/dark box test, further supporting that ERβ is not involved in producing 

anxiogenic behaviours (Tomihara et al., 2009).  In further contrast to ERα, ERβ downregulates the 

HPA axis, reducing the amount of corticosterone produced. ERβ activation decreases EPM 

induced corticosterone and adrenocorticotropic hormone production (Lund et al., 2005; Oyala et 

al., 2012). Moreover, ERβ activation decrease forced swim corticosterone production and PVN 

activation as measured by the immediate early-gene c-fos (Weiser et al., 2008). 

Unlike ERα and ERβ, which are associated with anxiogenic and anxiolytic effects 

respectively, the few studies that have examined GPER find conflicting results. The GPER 

activation interferes with stress induced anxiety-like behaviours on the EPM and OFT (Tian et al., 

2013). In GDX mice, but not OVX mice, GPER activation increases open-arm time on the EPM 

(Hart et al., 2014). However, another study found that GPER activation in OVX female and intact 

male mice decreases the percent of time spent on the open-arm of the EPM and the time spent in 
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the center of the OFT (Kastenberger et al., 2012). Male mice lacking GPER demonstrate no 

difference in behaviour on the OFT, however, male mice lacking GPER spend greater time on the 

open arms of the EPM test and greater time in the light side of the light/dark test (Kastenberger & 

Schwarzer, 2014). Due to these conflicting results, it remains unclear if GPER predominantly 

produces anxiogenic or anxiolytic effects. GPER activation increases basal corticosterone levels 

in male mice, however, in male mice lacking GPER there were no differences in basal 

corticosterone (Hart et al., 2014). Interestingly, female mice lacking GPER have significantly more 

corticosterone during diestrus and significantly less corticosterone during proestrus compared to 

wild types (Kastenberger & Schwarzer, 2014). While many questions remain to be answered with 

how estrogens affect anxiety, it is clear they are involved in the behavioural and physiological 

response to stress.  

2.1.4.2. Androgens and Progestogens 

Unlike the contradictory evidence with estrogens, androgens have anxiolytic properties. In 

adolescent humans of both sexes, lower levels of testosterone in the saliva are correlated with 

greater anxiety levels (Granger et al., 2003). Moreover, in men, age related declines in testosterone 

production are associated with greater self-reported anxiety levels (Sternbach, 1998; Seidman, 

2003). It is theorized that testosterone can inhibit the HPA axis in human males (Stephens et al., 

2016). In humans, not only can androgens affect anxiety levels, but an acute psychosocial stressor 

can reciprocally impact the production androgens (Lennartsson et al., 2012). Moreover, this 

anxiolytic property of androgens is also found in rodents.  In intact male rodents, both natural and 

synthetic increases in testosterone levels increase open-arm exploration on the EPM (Bitran et al., 

1993a; Aikey et al., 2002). GDX decreases time spent on the open arms of the EPM, and 
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subsequent testosterone replacement reverses the effect of surgery (Frye & Seliga, 2001). Thus, 

androgens appear to have anxiolytic properties across species. 

Similarly, to androgens, progestogens have anxiolytic properties. In women with 

premenstrual syndrome, progesterone and its metabolites decrease self-reported anxiety levels 

(Baker et la., 1995; Magill et al., 1995; van Selow et al., 1996; Dennerstein et al., 1985). In OVX 

rats and intact male rats, systemic injections of progesterone reduce the time spent on the open-

arms of the EPM (Frye & Walf, 2004; Auger & Forbes-Lorman, 2008). However, the anxiolytic 

effects of progesterone may likely be due to its metabolites positive allosteric actions on the 

GABAA receptor and not the activation of progestogen receptors (Bitran et al., 1991; Bitran et al., 

1993b; Reddy et al., 2005). While further research is required, sex steroid hormones are involved 

in the regulation of self-perceived anxiety in humans and anxiety-like behaviours in rodents.   

2.1.5. The role of E2 in compulsion: the case of compulsive drug-taking in animals and humans 

Sex steroid hormones are linked to the development and maintenance of compulsive 

behaviours. Moreover, sex steroid hormones are responsible for part of the sex differences in the 

onset of compulsive disorders. Developmental alterations in sex steroid hormone production have 

implicated in the onset of obsessive-compulsive disorder (OCD), Tourettes syndrome, and 

compulsive drug taking (Weiss et al., 1995; Peterson et al., 1998; Sinha et al., 2007). These types 

of compulsive disorders share common etiology, neurobiology, and neurocircuitry (Fontenelle et 

al., 2011).  Consequently, one of the most researched compulsive behaviour regarding sex steroid 

hormones is substance abuse.  

The sex of an individual has a strong influence on the development, progression and 

severity of substance abuse. Although the prevalence of addiction is greater in males, women are 

more vulnerable than men in developing an addiction after first use of a drug of abuse such as 
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cocaine, methamphetamine, ethanol, nicotine among others. Moreover, women are also more 

vulnerable to relapse than men when they are abstinent from these substances. It appears that 

hormonal levels and the menstrual cycle can alter the subjective value of psychostimulant drugs 

and have a strong effect of cravings (Robbins et al., 1999; Justice and de Wit 1999, 2000). The sex 

differences between men and women in drug use are replicated consistently in animal studies. For 

instance, female rat’s self–administer a variety of drugs more than male rats, including cocaine, 

ethanol, and nicotine (Lancaster and Spiegel, 1992; Lynch & Carroll, 1999; Donny et al., 2000). 

Furthermore, female rats have a greater cocaine–primed reinstatement of drug seeking than male 

rats (Kippin et al., 2005). This increased vulnerability to substance use in females, across species, 

compared with males is primarily associated with the biological difference in the neurological 

effects and levels of sex steroid hormones. 

 E2 is the most studied gonadal hormone regarding compulsive drug-taking. E2 affects the 

development and maintenance of compulsive drug use in a sex specific manner. For instance, self-

administration of a low dose of cocaine is acquired faster in female rats with or without their 

ovaries compared to males with or without their gonads (Hu et al. 2004). This behavioural sex 

difference is believed to be primarily due to differing neurobiological effects of E2 between males 

and females. Interestingly OVX decreases cocaine self-administration, while E2 replacement 

recovered the rate of cocaine self-administration acquisition. However, E2 administration to males 

does not increase the rate of cocaine acquisition (Hu et al., 2004). Furthermore, E2 increases 

cocaine reinstatement in females, but to my knowledge has yet to be examined in male rats (Larson 

& Carroll, 2007). Moreover, E2 controls female rat’s motivation for cocaine. Using progressive 

ratio schedule, intact females have a greater cocaine break point compared to males, indicating 

that females appeared more motivated than males to obtain the drug (Roberts et al., 1989). Female 
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rats during estrus, when their E2 levels are higher, have greater break points compared to their 

other phases (Roberts et al., 1989). Furthermore, E2 replacement in OVX female rats increases the 

break point (Becker & Hu, 2008). Thus, E2 influences the development and maintenance of 

compulsive drug-taking.  

Compared to E2, the role of testosterone in the development and maintenance of 

compulsive drug taking remains elusive. Depending on the manipulation in male rats, testosterone 

both enhance and decrease cocaine-induced locomotor activity (Martinez-Sanchis et al., 2002; 

Long et al., 1994). Furthermore, GDX has effect on cocaine self-administration in males (Hu et 

al., 2004). Interestingly, testosterone reduces the vulnerability in developing compulsive cocaine 

self-administration in female rhesus monkeys. Pre-treatment of testosterone causes a decrease in 

cocaine self-administration and a downward and rightward shift in a cocaine dose-response curve. 

These findings indicate that testosterone can reduce the rewarding effects of cocaine in females 

(Mello et al., 2011).  

Thus far very few studies have attempted to study the effect of estrogens on compulsive 

behaviours such as drug-taking in males. Moreover, the few that have a methodological flaw, in 

that they only attempt to account for gonad produced estrogens. Thus, is remains completely 

unknown in males if brain derived estrogens are associated with the development and maintenance 

of compulsive behaviours. Consequently, it remains unknown if sex steroid hormones in the 

ovBNST would influence the development and maintenance of compulsive behaviours.  

2.2. E2 in the Bed Nucleus of the Stria Terminalis 

2.2.1. Overview of The Bed Nucleus of the Stria Terminalis: structure and function 

The bed nucleus of the stria terminalis is located at the rostral end of the stria terminalis 

axons that connects it with the amygdaloid nucleus (Dumont, 2009).  The BNST surrounds the 
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anterior commissure and is located in between the lateral septum and the preoptic region of the 

hypothalamus (Dong et al., 2001a). Originally considered to be part of the amygdala, anatomical 

studies have since distinguished these regions apart (Johnston, 1923). Currently, the BNST is part 

of the extended amygdala, which is a limbic basal forebrain macrostructure consisting of 16 

interconnected regions that includes the central amygdala and the sublenticular substantia 

innominate (Alheid, 2003).  

Early research indicates that the BNST is heavily innervated by most sub-regions of the 

amygdala (Krettek & Prince, 1978; Weller & Smith, 1982). Originally, in autoradiographic 

analysis of amygdala inputs in rats and cats, the BNST was divided into two divisions: medial 

BNST characterized by its inputs from the medial amygdala, and the lateral BNST characterized 

by its inputs from the central amygdala (Krettek and Price, 1978). Later, cyto- and chemo-

architectonic studies further divided the BNST into anterior and posterior gradients in the rat 

(Bayer, 1987). Moreover, further examination with cyto- and chemo-architectonic techniques in 

the adult rat brain led to the BNST being further sub divided into 12 interconnected but distinct 

sub-regions (Ju et al., 1989a, b). Although each sub-region has its own unique connections, they 

share many commonalities that led to an understanding of the structures function. 

The BNST is best characterized by its inputs and outputs with other limbic structures, the 

hypothalamus, and the brainstem (Dong et al., 2004; Dong & Swanson, 2004; Dong & Swanson, 

2006a, b, c; Dong et al., 2000; Dong et al., 2001 a, b). Its bidirectional interaction with the 

amygdala has associated the BNST to be important in responses to stressors (Dong et al., 2001, a, 

b). The BNST can directly innervate to the PVN, thus it is involved in the HPA axis 

neuroendocrine stress response (Dong et al., 2001b; Dong & Swanson, 2014). The BNST’s 

projections to multiple regions of the brainstem suggests a direct output for autonomic and motor 
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responses to various stimuli (Cat: Holstege et al., 1985; Rat: Nagy & Pare 2008, Dong & Swanson 

2006 a,b,c;  Dong et al., 2000 Dong et al., 2001b). Moreover, the inputs from the brainstem to the 

BNST suggests that the region receives various forms of exteroceptive and interceptive 

information, including: gustatory, viserosensation, nociception, water and electrolyte balance, and 

glucose balance. (Rat: Ricardo & Koh, 1978; Alden et al., 1994; Herbert et al., 1990; Dong & 

Swanson, 2006b, c; Sunn et al., 2003). The BNST shares reciprocal projections with the midline 

thalamus, providing it indirect communication with the cortex and other limbic regions associated 

with general arousal and goal directed behaviour (Cat: Groenewegen & Russchen, 1984; Rat: 

Dong et al., 2001b; Moga et al., 1995; Weller & Smith, 1982; Kirouac et la., 2015). The BNST 

receives many different cortical afferents related to viscerosensation, gustatory, olfactory, and 

auditory sensory information (Rat: McDonald et al., 1999). For these reasons the BNST is often 

described as a region responsible for controlling neuroendocrine, autonomic, and somatomotor 

responses to stimuli (Dong et al., 2001b; Dumont, 2009; Alheid, 2003; Swanson et al., 2016).  

As part of the extended amygdala, the BNST is thought to be a parallel extension of the 

ventral striatopallidal system. As such, the BNST receives glutamatergic cortical inputs and, in 

turn, sends mostly GABAergic outputs to the hypothalamus, thalamus and brainstem producing 

somatomotor, autonomic and neuroendocrine responses (Alheid, 2003). Alternatively, Swanson 

(2003) described the BNST’s role in the cerebral nucleus as the caudalrostral located 

representation of the pallidum. The BNST’s function in this role would be to inhibit both the 

thalamus and motor nuclei of the brainstem. When cortical glutamatergic inputs activate the 

striatum, GABAergic striatal neurons would inhibit the BNST.  Thus, disinhibiting the thalamus 

and motor nuclei. As such the BNST is important to the thalamocortical feedback loop and 

producing or inhibiting motor responses. More recently, Swanson and colleagues (2016) separated 
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the BNST into its respective sub-regions and determined it is also part of the ventral pathway of 

the cerebral nuclei, a pathway associated with motivated behaviours.  

The BNST is a convergence node of both ascending and descending forms of exteroceptive 

and interceptive information responsible for integrating the information to produce appropriate 

behavioural responses. Three major behavioural phenomena the BNST is believed to regulate is 

appetite/metabolism, the behavioural response to stressors, and the development of maladaptive 

compulsive behaviours. One sub nucleus of the BNST that is proposed to be part of circuits 

underlying appetite, metabolism, stressor induced anxiety, and the development of compulsions is 

the ovBNST. 

2.2.2. Inputs and Outputs of the ovBNST 

The ovBNST is part of the lateral anterior division of the BNST and is composed of 

primarily GABA projecting neurons and inter-neurons in rats (Dong et al., 2001b; Day et al., 1999; 

La Salle et al., 1978; Sun & Cassell, 1993; Larriva-Sahd, 2006). There are Eleven types of neurons 

and three different activity patterns found within the ovBNST of male rats (Larriva-Sahd, 2006; 

Hammack et al., 2007). The most type of neurons are GABAergic common spiny interneurons 

which are approximately 44% of ovBNST cells (Larriva-Sahd, 2006). The most common 

physiological cell feature in the ovBNST are neurons that respond to a depolarizing current 

injection with a burst-fired activity and that have depolarizing hyperpolarization-activated current 

responses (Hammack et al., 2007). The exact functions and projections of these different cell types 

remains unknown. However, the exact efferent and afferent projections of the ovBNST are well 

characterized. 

The ovBNST’s projections in the rat were found using the anterior grade tracer Phaseolus 

vulgaris-leucoagglutinin (PHAL). Regions of the brain that receive GABAergic innervation from 
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the ovBNST can be divided into three different kinds of outputs: Autonomic, motor, and indirect. 

The ovBNST’s autonomic nervous system outputs include the: central amygdala (CEA), dorsal 

lateral hypothalamus (LH), NST, parasubthalamic nucleus (PSTM), and the PBN. The ovBNST 

motor outputs are the NAc, substantia innominate (SI), and the retrorubral field (RF).  Finally, the 

ovBNST can indirectly influence other regions of the brain through its dense projections to the 

fusiform nucleus of the BNST (fuBNST). The fuBNST completes a thalamocortocal loop with its 

GABAergic projections to the thalamus. Moreover, the fuBNST projects densely to the PVN 

providing the ovBNST an indirect way to affect neuroendocrine HPA axis responses (Dong et al., 

2001b). In contrast, retrograde labeling with fluoragold indicates the ovBNST also projects to the 

ventral tegmental area (VTA), of which 30% of the projections contain corticotropin releasing 

factor (CRF) (Rodaros et al., 2007).  

Anterograde tracers identified the cortical and thalamic inputs of the ovBNST in rats. First, 

the postpiriform transition area of the cortex projects glutamate to the ovBNST (McDonald, 1999; 

Dong et al., 2001). This region receives inputs from the olfactory bulb (OB), and thus, the ovBNST 

can receive olfactory sensory information indirectly (McDonald et al., 1999). Moreover, the 

ovBNST receives dense glutamatergic innervation from the insula cortex (INS), a part of the cortex 

that processes visceral and gustatory sensory information (Saper, 1982, McDonald et al., 1999; 

Yasui et al., 1991). Finally, glutamatergic inputs from the paraventricular thalamus (PVT) exists, 

however, the function of the PVT input to the ovBNST remains unknown (Moga et al., 1995, Li 

et al., 2007). Interestingly, the PVT activates in response to palatable food cues and is highly 

associated with energy homeostasis (Schiltz et al., 2007; Kreisler et al., 2014; Holst, 2007; 

Imeryüz et al., 1997; Nakade et al., 2007; Sandoval et al., 2008; Tang-Christensen et al., 2002; 

Turton et al., 1996; Kanoski et al., 2016; Ong et al., 2017; Choi et al., 2012). Moreover, it’s 
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hypothesized that greater activity in the PVT may lead to negative emotional responses and lower 

activity may promote goal directed behaviours (e.g. find food) (Kiruoac, 2015). Thus, the PVT 

may provide the ovBNST glutamatergic signals important for motivated behaviours.  

Examination of the inputs to the ovBNST has elucidated its source of various 

neurotransmitters. Using the anterior grade tracer PHAL and by tracing vasoactive intestinal 

peptide fibers the ovBNST is now thought to receive serotonergic inputs from the dorsal ralphe 

nucleus (DR; Eiden et al., 1985; Vertes, 1991). Using autoradiography, the locus coeruleus (LC) 

is now identified as a potential norepinephrine input of the rat ovBNST (Jones & Moore, 1977; 

Jones & Yang, 1985; Phelix et al., 1992). In rats, the ovBNST likely receives dopaminergic inputs 

from the VTA and the periaqueducal gray (PAG). Anterior grade autoradiography and retrograde 

fluorogold in rats show that projections from the VTA to the ovBNST are dopaminergic. 

Additionally, the fluorogold retrograde tracer shows that the ovBNST receives dopaminergic 

innervation from the PAG region (Freedman & Cassell, 1994; Fallon & Moore 1978; Hasue & 

Shammah‐Lagnado, 2002).  Furthermore, the ovBNST of rats receives sparse GABAergic 

innervation from the fuBNST, as indicated by the anterior grade tracer PHAL (Dong et al., 2001b). 

The rat ovBNST receives dense GABAergic projections from the CEA, as indicated by PHAL 

(Petrovich & Swanson, 1997). The suprachiasmatic nucleus of the hypothalamus (SCN) has direct 

control over ovBNST period circadian regulated 2 (PER2) neuron expression as measured by 

immunology. Ablation of the SCN prevents PER2 oscillation suggesting that the ovBNST is an 

SCN-controlled oscillator (Amir et al., 2004). However, this effect is likely through the SCN’s 

influence of steroid hormone production, rather than a direct input (Segall et al., 2006; Watts & 

Swanson, 1987). 
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The NST, a region in the brainstem that receives visceral sensory information from the 

stomach, projects to the ovBNST in rats. PHAL injections into the NST show dense projections 

into the ovBNST (Rinaman, 2010). Moreover, Glucagon-like petide-1 (GLP-1) immunoreactive 

fibers from the NST project to the ovBNST. While the NST is known to contain norepinephrine 

(NE) neurons, they do not co-express with GLP-1. It is likely that if the region does send NE to 

the ovBNST, the connection is sparse (Rinaman, 2010; Sawchenko et al., 1990). Finally, the 

transneural anterior grade tracer H129 injected into the stomach demonstrated a moderate amount 

of indirect signalling into the ovBNST (Rinaman & Schwartz, 2004). Interestingly GLP-1 

signaling is implicated in food consumption and glucose homeostasis (Holst, 2007; Imeryuz et al., 

1997; Nakade et al., 2007; Rinaman, 1999; Sandoval et al., 2008; Tang-Christensen et al., 2002; 

Turton et al., 1996). Moreover, food ingestion activates the NTS GLP-1 neurons, suggesting the 

ovBNST receives online visceral gastral distension information (Kreisler et al., 2014). Thus, the 

NST may be a potent source of interoceptive information in the ovBNST’s role in energy balance 

and metabolism.  

The ovBNST receives and sends out a variety of signals. Not unlike the BNST, the 

ovBNST appears to be a convergence node of both ascending and descending for exteroceptive 

and interceptive information (Fig 2.2). As will be discussed, the ovBNST may be a location 

involved in neuroendocrine regulation of appetite/energy balance, autonomic/motor responses to 

stressors and a location for the development of maladaptive compulsive behaviours.  

2.2.3. The ovBNST: Hormone and peptide signaling 

Immunological examination of the ovBNST suggests that it is heavily involved in hormone 

and peptide signaling.  Many of the neurons and fibers in the ovBNST of rats express CRH, CRH-

binding protein, neurotensin, dynorphin and encephalin, suggesting the region may be implicated  
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Figure 2.2 The inputs and outputs of the ovBNST. Abbreviations: 5-HT, seretonin; CEA, Central 

Amygdala; DR, Dorsal Ralphe Nucleus; FuBNST, Fusiform Bed Nucleus of the Stria 

Terminalis; GIP-1, Glucagon-like Peptide-one;  INS, Insula Cortex; LC, Locus Coeruleus; LH, 

Lateral Hypothalamic Area; NAc, Nucleus Accumbens; NE, Norepinephrine; NTS, Nucleus of 

the Solitary Track; OB, Olfactory Bulb; ovBNST, Oval Bed Nucleus of the Stria Terminalis; 

PAG, Periaqueductal Gray;  PBN Parabrachial Nucleus; PSTM, Parasubthalamic Nucleus; PVT, 

Paraventricular Thalamus; RF, Retrorubral Field; SCN, Suprachiasmatic Nucleus; SI, Substantia 

Innominata; TRA, Postpiraform Transition Area; VTA, Ventral Tegmental Area. 
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in the endocrine stress response (Day et al., 1999; Ju et al., 1989a, b; Gray and Magnuson, 1992; 

Poulin et al., 2009). The ovBNST of rats is the primary source of CRH in the amygdala (Sakanaka 

et al., 1986). Moreover, the ovBNST of rats may be involved in sex steroid hormone endocrine 

function as it contains ERα, GPER30, androgen receptors and progesterone receptors (Intlekofer 

& Petersen, 2011; Herbison, 1995; Simerly et al., 1990; Laflamme et al., 1998). Furthermore, the 

region contains an abundance of aromatase protein but not mRNA in the adult male rat, suggesting 

an endogenous ability to produce presynaptic E2 (Zhao et al., 2007). The most likely source of 

aromatase is the PVT because it is the input containing the most mRNA in the male rat brain 

(Wagner & Morrell, 1996; Zhao et al., 2007). Intriguingly, both CRH neurons and neurons 

containing these sex steroid hormone receptors are implicated in appetite, energy balance, 

metabolism, stress induced responses and maladaptive compulsive behaviours. 

 Transgenic mice deficient in CRH receptors 1 display reduced anxiety-related exploratory 

behaviours (Timpl et al., 1998). In contrast, transgenic mice deficient in CRH receptor 2 display 

increases in anxiety-like exploratory behaviour. These mice, in response to an acute food 

deprivation, consume less food (Bale et al., 2000). Moreover, CRH containing neurons are 

implicated in the rodent endocrine stress response (Denver, 2009). Furthermore, optogeneticaly 

silencing CRH neurons in the PVN reduces the behavioural responses (E.G grooming, digging) 

following an acute foot shock stressor (Füzesi et al., 2016). CRH neurons also have a direct effect 

on food consumption and food choice (Okamoto et al., 2018). Activation of CRH neurons cause 

orexin release and can directly increase food consumption in response to a stressful event (Winsky-

Sommerer et al., 2004; Piccoli et al., 2012). CRH administration into the PVN inhibited food 

consumption in food deprived rats (Hillebrand et al., 2002). Similarly, CRH administration to the 
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anterior medial BNST also reduces food consumption (Ciccocioppo et al., 2003). Thus, CRH 

neurons are important in the behavioural responses to stress, including feeding.  

2.2.4. The ovBNST: Appetite and Metabolism 

 There are few studies examining the ovBNST’s role in the appetite/energy balance. Much 

of the function of the ovBNST is theorized based on its inputs and outputs, such as that the 

ovBNST would “coordinating somatic, autonomic, and neuroendocrine motor responses that 

attempt to maintain homeostasis in the face of water and/or food deficits (Dong et al., 2001b, p. 

452).” This hypothesis is highly likely considering the ovBNST receives inputs from the NTS that 

regulate glucose balance. Moreover, the cortical inputs of the ovBNST include olfaction and 

gustatory information that would be essential in coordinating a feeding related behaviour. 

Importantly, a shift in homeostasis (e.g. low glucose levels following 24 hour food deprivation) is 

considered a stressful event. The direct bidirectional communication with the CEA and indirect 

communication with the PVN through the fuBNST, allows the ovBNST to influence stress induced 

behavioural and physiological changes. The few studies examining the function of the ovBNST 

directly demonstrate that the hypothesis proposed by Dong et al., (2001b) may be correct.  

As of today, there is one published study implicating the ovBNST directly to appetite and 

energy balance. Optogenetic activation of the BNST GABA projections to the lateral 

hypothalamus (LH) induced feeding in sated male mice.  A retrograde rabbies virus unselectively 

targeted lateral BNST neurons revealing that the ovBNST is the portion of the BNST projecting 

to the LH resulting in altered feeding. This directly demonstrates that an output of the ovBNST 

can promote a food consuming motor response. However, it is unclear if activation of this pathway 

would produce any other non-food related responses (e.g. gnawing if a wood block is present). 

Moreover, it is uncertain from the results of this study if the ovBNST would promote feeding in 
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rats with a glucose deficiency. The rat ovBNST has very sparse projections to the LH 

comparatively to the mouse (Dong & Swanson, 2001b). Therefore, it is possible that this pathway 

of appetite and energy balance is only applicable to mice. 

Our laboratory examined the neurophysiological effects of 24 hour food deprivation (FDR) 

on the ovBNST. Using in slice patch-clamp recordings of the ovBNST we demonstrate that FDR 

unmasks an LTD of GABA inhibitory IPSC’s following a LFS. Moreover, 40 minutes of food 

access is sufficient to eliminate the LTD of GABA IPSC’s. These results suggest that synaptic 

plasticity at GABA synapses in the ovBNST is highly sensitive to the rat’s metabolic state 

(Hawken et al., unpublished). Perhaps 40 minutes of food consumption is enough for visceral 

information from the rat’s stomach to reach the NTS and subsequently the ovBNST. However, 

this finding does not confirm the ovBNST’s involvement in appetite and energy balance.  

Currently, much of what is theorized and reviewed about neural circuits underlying energy 

balance, appetite, and satiety is based off a few optogenetic studies (Sweeney & Yang, 2017; 

Sternson & Eiselt, 2017). As stated, the ovBNST is implicated in an appetite and energy balance 

circuitry due its ability to inhibit LH glutamate neurons (Jennings et al., 2013). Due to findings 

from optogenetic studies, the LH is believed to modulate feeding behaviour through two opposing 

pathways. In the first pathway, optogenetic activation of LH glutamate neurons projecting to 

Lateral Habinula decreases food consumption in mice (Stamatakis et al., 2016). In mice, ovBNST 

projections to the LH inhibit this pathway, thus increasing feeding behaviour. The second pathway 

is LH GABAergic projections to the VTA. Optogenetic activation of LH GABA neurons 

projecting to the VTA increase feeding behaviour. Moreover, LH GABA neurons inhibit the VTA 

GABA interneurons, thus disinhibiting the region (Nieh et al., 2016). Subsequently, the VTA 

releases dopamine into the Nucleus Accumbens Core (NAcC) and promotes feeding through the 



38 

 

ventral palladium inputs to the substantia nigra (SN) pathway (Smith & Berridge, 2007). It is likely 

that other neurotransmitter and peptides are involved in regulating food consumption through these 

two pathways. Moreover, PVT excitatory neurons that are sensitive to glucose levels, project to 

the NAc and promote sucrose seeking behaviour (Labouèbe et la., 2016). Thus, the PVT produces 

a motor response to a glucose deficit by indirectly increasing dopamine through the ovBNST 

inputs to the LH pathway and directly increasing excitatory synaptic transmission in the NAc.  

Aside from the LH, ARC is also a likely candidate to influence the circuit. The ARC 

receives circulating hormone signals that include ghrelin, leptin, glucose, and insulin, which are 

indicative of the physiological energy state (Könner et al, 2007; van dem Top et al., 2004; Cowley 

et al., 2003; Varela & Horvath, 2012; Chalmers et al., 2014). Moreover, their sensory agouti-

related protein (AGRP) expressing neurons innervate several key regions including the LH and 

PVT (Betley et al., 2013). In mice, optogenetic activation of ARC GABA neurons projecting to 

the LH promote feeding behaviours (Betley et al., 2013; Garfield et al., 2015). Similarly, activation 

of ARC GABA neurons projecting to the PVT promote feeding, however, to a lesser extent (Betley 

et al., 2013). Importantly, it appears that both ovBNST GABA neurons and ARC GABA neurons 

converge on LH glutamatergic neurons to promote feeding behaviours.  

With the information presently available, I have formulated a theoretical circuit in which 

the ovBNST is centered to help maintain energy balance and promote feeding behaviours in the 

presence of a caloric deficit through both ascending and descending signals (Fig 2.3). The ovBNST 

can receive ascending visceral and glucose level information from the NTS, while simultaneously 

receiving glutamatergic inputs from the PVT, INS and TRA containing information on glucose 

levels, gustatory, and olfactory sensory information. OvBNST neurons can then inhibit LH 

glutamate neurons. Although this has yet to be demonstrated it is a possibility that fuBNST neurons  
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Figure 2.3 Proposed ovBNST appetite/energy balance circuit. Abbreviations: FuBNST, Fusiform 

Bed Nucleus of the Stria Terminalis; GIP-1, Glucagon-like Peptide-one;  INS, Insula Cortex; 

LH, Lateral Hypothalamic Area; LHb, Lateral Habinula; NAc, Nucleus Accumbens Core; NTS, 

Nucleus of the Solitary Track; ovBNST, Oval Bed Nucleus of the Stria Terminalis;    PVT, 

Paraventricular Thalamus;  SN, Substantia Nigra; TRA, Postpiraform Transition Area; VTA, 

Ventral Tegmental Area. 
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inhibit LH GABA neurons. The ovBNST when activated may disinhibit LH GABA inputs to the 

VTA neurons through its dense projections to the fuBNST. These actions would promote NAc 

dopamine modulation which influences the midbrain and brainstem motor responses to produce 

an appetite related behaviour. Further examination of the ovBNST circuit in rats will needed to 

elucidate the ovBNST’s exact function in regulating appetite and metabolism. 

2.2.5. The ovBNST: Stress and Anxiety 

Few studies have examined the role of the ovBNST in stress and anxiety-related 

behaviours. However, due to the region containing CRH neurons and various peptides involved in 

the HPA axis stress response, it is postulated that manipulation of the ovBNST would affect both 

the response to a stressor and anxiety-related behaviours. Micro-infusions of the glutamate 

antagonists NBQX with AP5 in the ovBNST altered anxiety-related behaviours on the EPM. 

Specifically, when the ovBNST is inhibited by these antagonists, mice spend significantly more 

time in the open arms of the EPM. Similarly, optogenically inhibiting the ovBNST increases the 

time spent on the open arms of the EPM. This behaviour is exploratory and an indicator of reduced 

anxiety. Interestingly, inhibiting the ovBNST also reduces the respiratory rate of the mice, which 

is a physiological sign of decreased anxiety. Taken together, these findings in mice suggest that 

the ovBNST, when active, promotes more anxiogenic behaviours and autonomic responses (Kim 

et al., 2013).  

Interestingly, NMDA ecotoxicity lesions to the ovBNST reduces stressor induced weight 

loss in rats. However, when examining the lesions presented it is likely their effect may be 

mediated by the anterior medial BNST and not the ovBNST (Roman et al., 2012). Chronic stress 

causes the ovBNST of rats to have increased expression of pituitary adenylate cyclase activating 

polypeptide and the cognate first procaspac activating compound (PAC1) receptor. Chronic stress 
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also causes the rats to have more anxiogenic responses on the EPM and consume less food. 

Antagonizing both pituitary adenylate cyclase activating polypeptide and the cognate PAC1 

receptor produces more anxiolytic behaviour on the EPM and completely removes stress-induced 

feeding. Unfortunately, the placements were not disclosed, and it is unknown if the micro-

infusions were located only in the ovBNST or another subregion (Roman et al., 2014). 

Furthermore, chronic stress is anxiogenic as measured by the EPM, and blocking neurotensin 

receptors in the ovBNST reverses the effect (Normandeau et al., 2018).  These findings implicate 

the ovBNST in the regulation of the behavioural response to stress. 

 Currently, there is no direct evidence of which inputs or outputs of the ovBNST would be 

involved in a circuit regulating the behavioural or autonomic response to a stressor. Kim et al., 

(2013) found that optogenetic inactivation of the ovBNST in mice reduced respiration. The 

ovBNST projection to the PBN, a region known to be involved with the autonomic respiratory 

response, is a likely part of the circuit for autonomic responses to a stressor (Chamberlin & Saper, 

1994). Moreover, the ovBNST may be part of the anxiety circuitry through its inhibitory influence 

over the anterior medial BNST. However, those findings were in mice. In rats, there are very sparse 

projections to the anterior medial BNST and it may not have a strong influence on the behavioural 

response to stressors (Kim et al., 2013; Dong et al., 2001b). The ovBNST likely influences its 

behavioural effects to a stressor through its inhibitory inputs of the fuBNST, LH and CEA. 

Moreover, the ovBNST may receive information on stressors through the PVT and the CEA. 

 The ovBNST may indirectly affect the PVN by inhibiting the fuBNST. The fuBNST 

projects GABAergic and glutamatergic signals to the PVN. Moreover, lesions to the fuBNST 

reduce the responsiveness of the PVN to an acute restraint stress and cause a reduction in 
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corticosterone production (Choi et al., 2007). This finding indicates that the ovBNST can influence 

adrenal cortex corticosterone production indirectly through the fuBNST.  

The CEA disinhibits the NTS promoting autonomic responses to stress and fear (van der 

Kooy et al., 1984; Schwaber et al.,1982; Cunningham et al., 1988). Moreover, inhibiting the CEA 

interferes with conditioned fear learning (Ciocchi et al., 2010). Optogenetic activation of the CEA 

is anxiolytic as measured by an open field test (Tye et al., 2011). Therefore, the bidirectional 

communication with the ovBNST and CEA may be part of a circuit autonomic and motor 

responses to stressors.  

OvBNST inputs to the LH can directly affect feeding behaviours, however, it is not known 

if they also alter the responses to stress. The LH sends excitatory hypocretin inputs to the PVN in 

mice that directly increase heartrate, sleeplessness and corticosterone. Moreover, GABAergic 

leptin interneurons in the LH inhibit these hypocretin neurons (Bonnavion et al., 2015). While we 

do not know if ovBNST neurons target this pathway in rats, this remains another way for the 

ovBNST to indirectly alter autonomic responses to stressors.  

 The PVT is implicated in the retrieval of learned fear responses. Specifically, in using 

optogenetics mice, the prelimbic prefrontal cortex innervates the PVT and subsequently through 

its projections to at least the CEA, it produces freezing behaviour in response to a paired stimulus 

(Do-Monte et al., 2014; Penzo et al., 2015; Li et al., 2014). Lesions to the PVT indicate that it is 

important for chronic stress induced HPA-axis activation but, may not be important for responses 

to an acute stressor (Bhatnagar & Dallman, 1998). Moreover, lesions to the PVT inhibit the ability 

of the HPA axis to habituate its release of corticosterone in response to chronic restraint stress 

(Bhatnagar et al., 2002). Considering the findings that the ovBNST is involved in altering chronic 

stress induced eating and anxiety-related behaviours on the EPM, the PVT is likely involved 
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(Roman et al., 2014; Normandeau et al., 2018). Moreover, orexin injected into the PVT of rats 

produces anxiogenic responses on the EPM, while an orexin antagonist produces an anxiolytic 

effect (Heydendael et al., 2011, Li et al., 2010). It is possible that the PVT can exert effects on 

either the HPA axis or behavioural responses through the ovBNST. 

 The ovBNST appears to be involved in circuits surrounding autonomic, endocrine and 

behavioural responses to stressors. Its glutamatergic input from the PVT and GABAergic inputs 

from the CEA appear to be involved in learned fear conditioned responses. Moreover, the ovBNST 

can directly influence respiration during a stressor through its inhibitory input to the PBN. Finally, 

the ovBNST may influence autonomic and neuroendocrine responses to stressors by indirectly 

influencing the PVN through the fuBNST (Fig 2.4).  

2.2.6. The ovBNST: Compulsivity 

 The ovBNST is implicated in the development of maladaptive compulsive behaviours in 

both rodents and humans. In humans diagnosed with severe cases of OCD, deep brain stimulation 

of the BNST (of which some directly stimulated the ovBNST) significantly reduced compulsive 

behaviours (Luyten et al., 2016). In rats, the ovBNST is implicated in the development of 

compulsive behaviours including: drug-taking, drug-seeking, water consumption, and sucrose 

binging. 

 The ovBNST is implicated in the development of cocaine, ethanol, and heroin-taking 

behaviours. Ethanol self-administration is greatly reduced when dopamine receptor 1 (D1R) in the 

ovBNST were antagonized (Eiler et al., 2003). Similarly, when ovBNST GABAA receptors are 

blocked there are decreases in ethanol self-administration (Hyytiä & Koob, 1995). Blocking 

ovBNST opiate receptors with naloxone impairs the maintenance of heroin self-administration 

(Walker et al., 2000). Additionally, D1R in the ovBNST controls part of the reinforcing value of  
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Figure 2.4 Proposed ovBNST anxiety and stress circuit. Abbreviations: ; CEA, Central 

Amygdala; FuBNST, Fusiform Bed Nucleus of the Stria Terminalis; ILPFC, Infralimbic 

Prefrontal Cortex; LH, Lateral Hypothalamic Area; ovBNST, Oval Bed Nucleus of the Stria 

Terminalis;  PBN Parabrachial Nucleus; PLPFC, Prelimbic Prefrontal Cortex; PVN, 

Paraventricular Hypothalamic Nucleus; PVT, Paraventricular Thalamus. 
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cocaine self-administration (Epping-Jordan et al., 1998). A caveat to all these studies however, is 

that while the ovBNST is targeted, other anterior dorsal regions were as well.  

Electrophysiological studies in the ovBNST of cocaine self-administering rats further 

confirms its involvement in the development and maintenance of aspects of compulsive 

behaviours. In naïve male rats, dopamine decreases both GABA inhibitory synaptic transmission 

and AMPA excitatory synaptic transmission but has no effect on NMDA excitatory synaptic 

transmission (Krawczyk et al., 2011; Krawczyk et al., 2013; Krawczyk et al., 2014). In cocaine 

self-administering rat’s, dopamine causes a decrease in NMDA excitatory currents in the ovBNST 

(Krawczyk et al., 2014). Moreover, learning to self-administer cocaine results in dopamine 

producing an increase in inhibitory synaptic transmissions rather than a decrease (Krawczyk et al., 

2011). Importantly, yoked trained rats did not experience these shifts in dopaminergic response in 

the ovBNST, indicating that learning this compulsive behaviour is required (Krawczyk et al., 2011; 

Krawczyk et al., 2014). Learning to self-administer cocaine has no effect on AMPA excitatory 

synaptic transmission (Krawczyk et al., 2011). In male naïve rats there are very few neurons that 

express D1R receptors. Learning this compulsive behaviour appears to cause a significant increase 

in D1R containing neurons (Krawczyk et al., 2013). Consequentially, this increase in D1R receptor 

expression is responsible for dopamine’s ability to increase inhibitory synaptic transmission within 

the region in cocaine self-administering rats (Krawczyk et al., 2013; Krawczyk 2011). Taken 

together, the current evidence suggests that the ovBNST is both affected by and partly responsible 

for the development of compulsive aspects of drug self-administration. 

 Interestingly, the ovBNST is implicated in the development of schedule-induced 

polydipsia (SIP) in rats. In the SIP paradigm, food-restricted rats develop adjunctive, compulsive 

and excessive drinking when presented with food pellets according to a fixed-time schedule (Falk, 
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1966; Platt et al., 2008). Notably, ovBNST neurons of male rats firing rate increases in 

compulsive water drinking rats and HFS of these neurons reduces this excessive drinking (van 

Kuyck et al., 2008, Welkenhuysen et al., 2013). In the ovBNST male rats that develop compulsive 

sucrose binging when put on abstinence have an enhanced potentiation of inhibitory synaptic 

transmission following exposure to dopamine. Moreover, blocking D1R receptors reduces the 

compulsive responses in these sucrose trained rats (Maracle et al., 2018). This highlights that the 

development of compulsions can affect inhibitory synaptic transmission and, inversely, that 

alterations to inhibitory synaptic transmission in the ovBNST of male rats may increase the 

susceptibility in developing compulsive behaviours.  

Currently, the exact circuitry involved in ovBNST modulation of compulsive behaviours 

is unknown. However, there are plenty of indications based on the literature on how it may be 

involved. A change in dopamine mediated synaptic transmission in the ovBNST is a common 

feature of the development and maintenance of compulsive behaviours. Therefore, it is likely that 

either the PAG or the VTA would be the inputs of dopamine involved. One glutamatergic input 

likely involved in this circuit is the INS.  Lesions to the INS prevented the development and 

reduced the expression of compulsive water consumption during SIP (Belin-Rauscent et al., 2016). 

Moreover, lesions to the INS increase compulsive cocaine-seeking behaviour (Pelloux et al., 

2013).  Another region that would likely be involved in the development of these kinds of 

compulsions is the PVT.  The PVT is involved in the reinstatement of compulsive alcohol seeking 

behaviour (Dayas et al., 2008). Moreover, pharmacological inactivation of the PVT reduces both 

ethanol seeking and cocaine seeking behaviours (Marchant et al., 2010; James et al., 2010).  

The most likely target for ovBNST GABAergic input during the development and 

maintenance is the CEA. The CEA is implicated in the development and maintenance of 
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compulsive drug-taking, drug-seeking, eating, grooming (Cottone et al., 2009; Marroni et al., 

2007; Murray et al., 2015). The CEA indirectly influences dopamine release in the dorsal lateral 

striatum through the SN to promote the development of compulsive cocaine seeking (Murray et 

al., 2015; El-Amamy & Holland, 2007; Everitt and Robbins, 2016). Because the ovBNST input to 

the CEA is likely inhibitory, it is possible that the ovBNST may disinhibit the CEA. Alternatively, 

innervations from glutamatergic and dopaminergic outputs may cause ovBNST interneurons to 

inhibit CEA projecting neurons. Based on the current literature, it is most likely that the PVT, INS, 

VTA, and PAG innervate the ovBNST to promote the activation of the CEA to increase 

dopaminergic activity in the dorsal lateral striatum and thus influence compulsive behaviours (Fig 

2.5).  

2.3. Research Aims and Hypotheses 

 Despite the ovBNST being a sexually dimorphic region in the brain containing an 

abundance of sex steroid hormone receptors, there has yet to be any studies examining their 

function. Intriguingly, sex steroid hormones (especially estrogens) share many of the behavioural 

influences that the ovBNST is known to be involved in. Specifically, estrogens and the ovBNST 

are known to be involved in appetite, metabolism, expression of anxiety, and the 

development/maintenance of compulsive behaviours. However, to this date there has yet to be a 

published study examining the effects of estrogens within the ovBNST. Therefore, the overarching 

goal of this thesis is to lay the groundwork and elucidate the function of estrogens within the 

ovBNST. 

2.3.1. AIM 1: Characterize the effects of E2 on inhibitory synaptic transmission in the ovBNST 

 E2 is a potent neuromodulator that can affect many neurotransmitter systems. While less 

is known about E2’s effects on GABAA mediated inhibitory synaptic transmission, behavioural  
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Figure 2.4 Proposed ovBNST compulsion circuit. Abbreviations: CEA, Central Amygdala; DLS; 

Dorsal Lateral Striatum; INS, Insula Cortex; ovBNST, Oval Bed Nucleus of the Stria Terminalis;    

PAG, periaqueducal gray; PVT, Paraventricular Thalamus;  SN, Substantia Nigra; VTA, Ventral 

Tegmental Area. 
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evidence from our laboratory indicates it could be affected by ER activation. We found that 

changes in appetite, anxiety or stress, and the development on compulsions have an impact on 

inhibitory synaptic transmission. First, an acute metabolic challenge (24 hours of food deprivation) 

causes significant changes to synaptic plasticity at GABA synapses within the region (Hawken et 

al., Unpublished). Second, our variation of chronic unpredictable stress also causes changes in the 

effects of neurotensin and CRF on inhibitory synaptic transmission (Normandeau et al., 2018). 

Third, the development of compulsive cocaine self-administration/relapse causes changes in 

dopamine’s ability to alter inhibitory synaptic transmission (Krawczyk et al., 2011; Krawczyk et 

al., 2014). Therefore, understanding E2’s effects on GABAA mediated inhibitory synaptic 

transmission within the ovBNST will help determine the behavioural relevance of sex steroid 

hormones in this region.  

 Importantly, E2’s effects on GABAA mediated inhibitory synaptic transmission is sexually 

dimorphic. Notably, within the CA1, E2 only increased inhibitory synaptic transmission in female 

rats (Huang & Woolley, 2012; Tabatadze et al., 2015). Opposingly, in cortical neurons, where E2 

thus far only decrease inhibitory synaptic transmission in male rats (Mukherjee et al., 2017; Khan 

et al., 2013). In the PBN, E2 has the same effect on both sexes on altering GABAA receptors (Saleh 

& Saleh, 2001). These studies highlight the important of examining the function of E2 on both 

sexes. Moreover, it emphasizes that the effects of E2 are not ubiquitous throughout the brain, and 

with our current knowledge, it is not possible to predict how it will affect inhibitory synaptic 

transmission within the ovBNST. Therefore, I aim to characterize the effect of E2 on inhibitory 

synaptic transmission in both sexes. I hypothesize that E2 will affect inhibitory synaptic 

transmission in the ovBNST of rats in at least one sex. 
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2.3.2. AIM 2: Examine if estrogens are important for synaptic plasticity at GABA synapses 

within the ovBNST 

 Having determined the effects of E2 on inhibitory synaptic transmission in both male and 

female rats, I seek to examine its involvement synaptic plasticity at GABA synapses. There is an 

abundance of literature that has determined that E2 and extranuclear ER’s are fundamental for 

synaptic plasticity at glutamatergic synapses throughout the brain. E2 facilitates stimulation-

induced (HFS or TBS) LTP of excitatory synaptic transmission excitatory synaptic transmission 

by increasing AMPA receptor production/trafficking and by increasing dendritic spine production 

(Foy et al., 1999; Sharrow et al, 2002; Hasegawa et al., 2015; Kramar et al., 2009; Tanaka & 

Sokabe, 2013; Liu et al., 2008; Luine & Frankfurt, 2013; Chen et al., 2009; Khan et al., 2013; de 

Castihos et al., 2008; Woolley & McEwen, 1992). Importantly, it appears that HFS produces E2 

through promoting aromatase activity (Zhou et al., 2010; Vierk et al., 2012; Tozzi et al., 2015; 

Bender et al., 2017). Although the exact cellular and molecular mechanisms behind E2’s 

involvement in synaptic plasticity at glutamatergic synapses has been examined, there has yet to 

be a study, to my knowledge, examining if E2 is involved in synaptic plasticity at GABA synapses. 

Therefore, the purpose of these studies is to examine if E2 and ER’s are involved in synaptic 

plasticity at GABA synapses in both sexes. I hypothesize that interfering with either ER’s or E2 

production pharmacologically or surgically will interfere with LFS induced synaptic plasticity at 

GABA synapses.  

2.3.3. AIM 3: Determine if estrogen mediated synaptic plasticity at GABA synapses in the 

ovBNST is involved in the development of compulsive adjunctive behaviours 

I sought to determine if LFS-induced synaptic plasticity at GABA synapses is affected by 

the development of a compulsive behaviour. An intriguing model of compulsion to examine within 
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the ovBNST is the SIP paradigm. In this model, the development of compulsive and adjunctive 

water drinking has three requirements; 1) the rats must undergo a metabolic challenge (chronic 

food restriction); 2) the rats must be anxious and have the activation of the neurophysiological 

stress response; and 3) the rat must be presented with food pellets according to a fixed-time 

schedule (Falk, 1966; Platt et al., 2008; Mittleman et al., 1988; Lopez-Grancha et al., 2006; Levine 

& Levine, 1989). Synaptic plasticity at GABA synapses in the ovBNST is sensitive to an acute 

metabolic challenge and stressors can alter inhibitory synaptic transmission (Normandeau et al., 

2017; Hawken et al., unpublished). Moreover, the ovBNST is partly controlled by the circadian 

system. Interestingly, expression of the clock gene PER2 in the ovBNST is controlled by 

corticosterone (Segall et la., 2006). Thus, the ovBNST has the potential to affect each of the factors 

that are critical in the development of SIP induced compulsive water consumption. The goal of 

these studies is to determine if the development of compulsive water consumption alters synaptic 

plasticity at GABA synapses and the mRNA of aromatase and ER’s are affected within the 

ovBNST of male rats. I hypothesize that the development of compulsive water consumption will 

interfere with LFS-induced synaptic plasticity at GABA synapses and that a change in ERs mRNA 

will be found in the ovBNST. 

2.3.4. AIM 4: Determine if the PVT input to the ovBNST is sensitive to a metabolic challenge 

 Based on our findings from AIM 3, aromatase from the PVT-ovBNST input may be 

responsible for the altered synaptic plasticity at GABA synapses in compulsive rats. The PVT is 

known to be involved in the production of motivated behaviours (Kiruoac, 2015). Moreover, it is 

a region sensitive to metabolic challenges and is involved in regulating metabolism, making it 

plausible that it is responsible for changes in food-restriction induced changes to synaptic plasticity 

at GABA synapses within the ovBNST (Schiltz et al., 2007; Kreisler et al., 2014; Holst, 2007; 
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Imeryuz et al., 1997; Nakade et al., 2007; Sandoval et al., 2008; Tang-Christensen et al., 2002; 

Turton et al., 1996; Kanoski et al., 2016; Ong et al., 2017; Choi et al., 2012). Despite being one 

of the primary glutamatergic inputs of the ovBNST, this pathway has yet to be studied outside of 

anatomical connections. Furthermore, there has yet to be a study examining basal activity of the 

ovBNST in anesthetized rats. Therefore, the purpose of this study is to characterize the basal 

activity of neurons that receive inputs from the PVT and determine if an acute metabolic challenge 

would affect this connection. Based on previous findings that a metabolic challenge reduces 

inhibitory synaptic transmission following LFS, I hypothesized that 24 hour food deprivation will 

increase basal activity of neurons receiving glutamate from the PVT. 

  



53 

 

Chapter 3: Methods 

3.1. Animals  

Adult Long Evans rats (Charles River, St-Constant, QC) (180 males; 49 females) were 

pair-housed in clear Plexiglass cages. Nineteen male Sprague-Dawley rats (Charles River, St-

Constant, QC) were pair-housed in clear Plexiglas cages. Twenty-two Male Sprague-Dawley rats 

(Janvier Laboratory, France), weighing between 150-175 g, were housed in groups of four in clear 

Plexiglass cages. Seven male C57BL/6N mice were pair housed in Plexiglas cages. All cage floors 

were lined with bedding (Beta Chip, NEPCO, Warrenburg, NY) and located in a climate-

controlled colony room (21±1˚C; humidity 40-70%) on a 12-hr reversed light/dark cycle (9:00 

lights off – 21:00 lights on) and electrophysiological preparations occurred at the beginning of the 

dark cycle. The rats were acclimatized for a minimum of 7 days upon arrival to the facility. Rat 

chow (LabDiet rodent feed #5001, PMI Nutrition International, Brentwood, MO) and water were 

provided ad libitum in the home cages and in the test chambers for the duration of the experimental 

sessions or until behavioral portion of testing. All the experiments were conducted in accordance 

with the Canadian Council on Animal Care guidelines for use of animals in experiments and 

approved by the Queen’s University Animal Care Committee.  

3.2. CB1R Transgenic Mouse (CB1-/-).  

Seven male (4 knock-out [KO, homozygous CB1-deficient mice, CB1
-/-] and three wildtype 

littermates [WT, CB1
+/+]) transgenic mice were bred by Dr. Jean-François Bouchard at the 

Université de Montréal (Montréal, Québec). This targeted CB1 mutation was created and 

characterized by the research team of Pr. Beat Lutz, University of Mainz, Germany2. Strain 

development: a construct containing the entire open reading frame of CB1 gene flanked by two 

loxP sites, two homology arms, and a FRT-flanked PGK-neo cassette, was generated and 

file:///C:/Users/James%20Work/Downloads/Hawken_GardnerGregory_Methods_6April2016.docx%23_ENREF_2
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electroporated into E14 mouse embryonic stem cells to obtain the floxed-neo allele. Germ-line 

transmission was reached by standard procedures. Mice bearing the floxed-neo allele were then 

crossed with transgenic mice expressing Cre recombinase ubiquitously. Cre-mediated 

recombination was proved by Southern blot hybridization. Mice carrying a germ-line transmissible 

deletion of CB1 were backcrossed for five generations into C57BL/6N (Charles Rivers 

Laboratories). Expression of CB1R: lack of CB1R expression in the visual system and the central 

nervous system of KO mice was shown by in situ hybridization and by immunohistochemistry. 

Known phenotype: Consistent with previously reported CB1-deficient mouse lines, KO mice did 

not show any gross morphological defects and had normal neurological reflexes (righting, postural, 

eye blink, ear twitch and whisker orienting reflexes). 

3.3. Surgical  

Five male rats received bilateral-GDX with a single midline ventral skin incision on the 

scrotum. The GDX surgeries were performed by Charles River Laboratories (Charles River, St-

Constant, QC). Six female rats that received bilateral-OVX via a lumbar incision were 

anesthetized with an isoflurane-oxygen mixture (induction 5 %; maintenance 1.5 %). Rats 

undergoing either GDX or OVX were given at minimum two weeks to recover before being 

prepared for electrophysiology.  

3.4. Patch-Clamp in Slice Electrophysiology 

3.4.1. Slices preparation and electrophysiology 

The rats and mice were euthanized (at approximately 10:00) under deep isoflurane 

anesthesia (5% at 5 L/min). The brains were rapidly removed and kept in an iced-cold 

physiological solution containing (in mM): 126 NaCl, 2.5 KCl, 1.2 MgCl2, 6 CaCl2, 1.2 NaH2PO4, 

25 NaHCO3 and 12.5 D-glucose, equilibrated with 95%O2/5%CO2. The brains were cut in coronal 
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slices (250 m) with a vibrating-blade microtome (Leica VT-1000, Leica Canada, Concord, ON) 

in the physiological solution (2°C). Brain slices containing the BNST were incubated at 34°C for 

60 minutes before being transferred to a recording chamber constantly perfused (3 mls/min) with 

the physiological solution (34°C). GABAA-IPSCs were recorded in the whole-cell voltage-clamp 

configuration using glass micropipettes (3.5 MOhm) filled with a solution containing (in mM): 70 

Cs+MeSO3
-, 58 KCl, 0.5 EGTA, 7.5 HEPES, 1.2 MgCl2, 12 NaCl, 1 Mg-ATP, 0.3 GTP, and 1 

phosphocreatine. GABAA-IPSCs were evoked by local fiber stimulations with tungsten electrodes 

(FHC, Bowdoin, ME) using a bipolar stimulus isolator (World Precision Instruments, Sarasoto, 

FL) in the presence of the AMPA antagonist DNQX (50M). Electrodes were placed in the 

ovBNST (Rat: -0.26 bregma; Mouse: 0.12 bregma) or prBNST (Rat: -0.72 bregma) , 100-500 m 

dorsal from the recorded neurons, and GABAA-IPSCs were evoked (10-100A, 0.1ms duration) 

at 0.1Hz. For a schematic of electrode stimulator and recording pipette locations see Appendix A. 

Following a 5-min steady baseline recording, neurons were subjected to perfusions of various 

drugs, followed by a 20 minute (minimum) post-induction recording. We quantified total charge 

transfer and defined three possible outcomes for the LFS protocol: LFS-induced long-term 

potentiation (LTPGABA; >20% deviation from baseline), LFS-induced long-term depression 

(LTDGABA; <20% deviation from baseline) or no change (NC), 20 or 30 minutes post-drug 

application and post-LFS. We calculated paired-pulse ratios (PPR) by dividing the second (S2) by 

the first (S1) event peak amplitude. We calculated peak amplitudes for S1 and S2 from a baseline 

value measured immediately before the stimulus artefacts; as such in cases where S1 did not fully 

decay, the baseline for S2 differed from that of S1. We calculated the coefficient of variation (CV) 

for each cell. We calculated the decay time constant of GABAA (Tau) for each cell. For more 

detailed explanations of the electrophysiological variables examined see Appendix B. 
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AMPA/NMDA ratios were recorded in the whole-cell voltage-clamp configuration using 

glass micropipettes (3.5 MOhm) containing (in mM) (130 Cs+MeSO3−, 1 EGTA, 5 HEPES, 2 Mg-

ATP, 0.3 GTP, and 1 P-creatine). AMPA/NMDA ratio were examined in the presence of GABAA 

antagonist picrotoxin (100 µM). Neurons were initially voltage clamped at −70 mV. Neurons were 

then gradually depolarized, and voltage clamped at +40 mV to relieve Mg2+ block of NMDA 

currents and obtain composite EPSCs. Excitatory postsynaptic currents (EPSCs) were electrically 

evoked (0.1 Hz) using bipolar tungsten electrodes positioned in the ovBNST. After 5 minutes of 

stable baseline, AMPA currents were isolated by bath applying the NMDAR blocker amino-5-

phosphonopentanoic acid (AP-5; 50 μM) for 2–5 min. When the NMDA signal began to disappear 

AP-5 perfusions were immediately turned off. NMDA currents were obtained off-line by 

subtracting AMPA EPSCs from the total composite EPSCs. The peak of AMPA and NMDA 

currents were used to calculate AMPA/NMDA ratios. 

3.4.2. Stimulating Frequencies.  

Two different synaptic plasticity stimulating frequencies were used. Neurons were either 

subjected to a low-frequency (LFS) synaptic plasticity-inducing protocol (300 continuous pulses 

at 1Hz over 5 mins), or a high-frequency (HFS) synaptic plasticity-inducing protocol (300 pulses 

at 100hz given over three trains over 60 secs). Finally, regardless of which protocol was employed, 

all manipulations were followed by a minimum of 25 minutes (minimum) post-induction 

recording. 

3.4.3. Drugs.  

Stock solutions of 17-estradiol (E2, 1 µM and 10 nM), AM251 (100 mM), Propyl-

pyrazole-triol (PPT) (10 µM), Diarylpropionitrile (DPN), (10 µM), G-1 (10 µM), Staurosporin 

(100 µM), Letrozole (LET) (1 mM), Fulvestrant (ICI) (10 mM), Flutamide (1 mM), CID 16020046 
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(10mM), and DNQX (100 mM) were prepared in DMSO (100%). Picrotoxin was prepared and 

dissolved in the physiological solution 10 minutes prior to the electrophysiological recordings. 

AP-5 (100 mM) was prepared in double distilled H2O. Dihydrotestosterone (10 µM) was pre-

prepared by the manufacturer in methanol. All drugs were further dissolved in the physiological 

solutions at the desired concentration and the final DMSO concentration never exceeded 0.1%. 

Drugs were obtained from Sigma-Aldrich Canada (Oakville, ON, Canada) or R&D Systems 

(Minneapolis, MN, USA). 

3.5. Intact Anesthetized Rat In-Vivo Electrophysiology  

Sixteen Sprague-Dawley male rats were either fed ad libitum or food deprived 24 hours 

before recording. Stereotaxic surgeries for electrophysiology were performed under 1.0–1.2% 

isoflurane (in 50% air/50% O2; 1 l min−1) anesthesia. Bipolar electrical stimulation of the PVT 

(2.5-3.5 mm/bregma, 0.0-0.2 mm/midline, -3.5 mm/brain surface) was conducted with a 

concentric electrode (Phymep, France) and a stimulus isolator (500 μs duration, 0.2–2 mA; 

Digitimer, UK). A glass micropipette (tip diameter, 1–2 μm; 10–15 MΩ) filled with a 2% 

pontamine sky blue solution in 0.5 M sodium acetate was lowered into the ovBNST (0.0-

0.12 mm/bregma, 1.7 mm/midline, 5.2-6.2 mm/brain surface) and the striatum (0.0 -

0.12mm/bregma, 1.9-2.3 mm/midline, 5.2-6.2 mm/brain surface). The extracellular potential 

was recorded with an Axoclamp-2B amplifier and filter (300 Hz/0.5 Hz). Basal spikes were 

spikes were collected online (CED 1401, SPIKE 2; Cambridge Electronic Design; UK). At the 

end of each recording experiment, placement of the recording pipette placement was marked 

with an iontophoretic deposit of pontamine sky blue dye (−20 μA, 30 min). To mark electrical 

stimulation sites in the PVT, +50 μA was passed through the stimulation electrode for 90 

seconds. Brains were then removed and snap-frozen in a solution of isopentane stored at −80°C. 
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The brains were sliced using a cryostat at 50 microns and placements were further with red 

controcoloration staining. For visual example of our PVT electrical lesion and our ovBNST 

blue dye stain see Appendix C. Basal activity frequency, half spike width of action potentials 

(AP) and whether the neurons received input from the PVT were analyzed. Half spike width 

was analyzed to determine if there were AP characteristics that could define ovBNST neurons 

and identify specific neuronal sub-types within the region. Finally, we examined if neurons 

within the ovBNST would respond to an electrical foot shock. A stimulator was placed inside 

the under the skin of the rat’s foot. At the end of a recording the rat received a 5mA stimulation 

every 1 second over 12 seconds. Responses immediately following each foot shock were 

counted. For a schematic of the stimulator and electrode placement of the PVT and ovBNST 

see Appendix D. 

3.6. Behavioral manipulations for electrophysiological studies 

3.6.1. Metabolic challenge  

All behavior was conducted in the home-cage in the colony room. Four singly housed 

Long-Evans male rats and four singly housed Sprague-Dawley male rats underwent a 24 hour 

acute food deprivation that began shortly after the beginning of the dark cycle. The following 

morning, the acutely food deprived rats were euthanized, and the brain was extracted for patch 

clamp-electrophysiology. Eleven Sprague-Dawley male rats were put into single housing and 

underwent a 24 hour acute food deprivation that began shortly after the beginning of the dark cycle. 

The following morning, the acutely food deprived rats were prepared for anesthetized in-vivo 

electrophysiology.  
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3.6.2. I.P Injection of LET 

Four male Long-Evan rats were injected intraperitoneal (I.P) with DMSO for 2 days and then for 

7 days straight injected with 1.5mg/kg of LET mixed in DMSO.  

3.6.3. Estrous Cycle Monitoring 

  We monitored the estrous cycle in female rats using cotton tipped swabs (Q-Tips, Toronto, 

ON) dipped in ambient temperature double distilled H2O. The swab was inserted into the rat vagina 

and turned gently against the vaginal wall. To transfer the cells, we rolled the swab onto cleaned 

glass slides. We examined the slides at 10-20x magnification. The phases of the estrous cycle were 

determined using previously detailed biological markers (Goldman et al., 2007). Female rats must 

have successfully undergone their estrous cycle at least twice and had to be either in the estrus or 

diestrus phase of the estrous cycle before being prepared for electrophysiology.  

3.7. Schedule Induced Polydipsia 

3.7.1. SIP Experimental Design.  

The rats were randomly assigned to six conditions: Free-fed (n=6), Schedule-Induced 

Polydipsia (SIP, n=28), SIP with acute refeed (SIPrefeed, n=17), SIP with chronic refeed (SIPc/refeed, 

n=5), Chronic Food Restriction (cFDR, n=7), and Chronic Food Restriction with acute refeed 

(cFDRrefeed, n=9). After a 7-day acclimatization period with ad libitum access to food and water, 

the rats were individually housed for the rest of the study. All the rats had ad libitum access to 

water in their home cage. Free-fed rats were individually housed for 29 consecutive days with ad 

libitum food access. SIP and SIPrefeed were restricted to a 1 or 2 hour free-feeding period (12:00–

13:00 or 14:00) for 28 consecutive days immediately following the SIP sessions. We adapted SIP 

free-feeding time to ensure the rats remained within 85-90% of their pre-food restriction weight.  

The goal was to have a 1 hour free-feeding to compensate the 120 food pellets received during the 

daily SIP sessions.  SIPrefeed were acutely refed immediately following their last SIP session, on 
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day 28 (14:00-8:00). cFDRs were restricted to a 2 hour free-feeding period (12:00–14:00) for 29 

consecutive days. cFDRrefeed were restricted to a 2 hour free-feeding period (12:00–14:00) for 28 

consecutive days before being acutely refed on day 28 (14:00-8:00) 

3.7.2. SIP paradigm.  

We used 6 commercial (Med Associates, ST-Albans, VT) operant conditioning chambers 

placed in ventilated sound-attenuating cabinets. A food dispenser was located opposite to a metal, 

ball-bearing, drinking spout within each chamber. The operant conditioning chambers were 

controlled, and data was acquired by a computer running MED-PC-IV (Med Associates Inc., St. 

Albans, VT). After 7 days of acclimatization to the food restriction regime, 2 SIP groups (SIP, 

SIPrefeed) had daily (2 hours) access to the operant conditioning chambers for a minimum of 21 

consecutive days at approximately 10:00 AM. During those 2 hours, 45mg dustless precision food 

pellet (Bio-Serv, Frenchtown, NJ) were delivered in the food dispenser trays on a fixed-interval 

60-second schedule. The rats had unlimited access to the water spout during the SIP session and 

intake was determined by weighing the bottles before and after each session. SIP rats were 

classified as High Drinkers (HD) if they drank 15mL for 3 consecutive days (Hawken et al., 2013; 

Hawken and Beninger, 2014; Gardner Gregory et al., 2015). Otherwise, rats were classified as 

Low Drinkers (LD). Rats in the SIPc/refeed were chronically food restricted for 7 days and acutely 

refed (22 hours) before their first SIP session to obtain a sated-state baseline water intake value. 

The rats were returned to their food restricted regime immediately following this first SIP session 

and daily SIP training resumed for at least 21 consecutive days. SIPc/refeed rats were then removed 

from food restriction after meeting criteria for HD for at least 10 consecutive days. SIP training 

continued daily while rats were fed ad libitum until operant chamber water intake decreased 

significantly below values of the 21st SIP session; this took between 3 and 8 days. Head-entry 
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duration at the water-spout (ms) was recorded in 5-second bins over the 1 minute interval between 

food pellet deliveries for all SIPc/refeed to quantify water spout checking. The first 30 seconds 

following food pellet delivery was categorized as adjunctive and the final 30 seconds was 

considered non-adjunctive.  

3.8. RNA Extraction, Reverse Transcription and Reverse-Transcription Polmerase Chain 

Reaction (RT-qPCR).  

Four HD and four LD rats were euthanized (approximately 10:00 AM) under deep isoflurane 

anesthesia (5% at 5 L/min). The brains were rapidly removed and kept in an iced-cold 

physiological solution containing (in mM): 126 NaCl, 2.5 KCl, 1.2 MgCl2, 6 CaCl2, 1.2 

NaH2PO4, 25 NaHCO3 and 12.5 D-glucose, equilibrated with 95%O2/5%CO2. The brains were 

cut in coronal slices (400 m) with a vibrating-blade microtome (Leica VT-1000, Leica Canada, 

Concord, ON) in the physiological solution (2°C). Brain sections containing the alBNST, TRA, 

INS or the PVT were placed on a sterile slide and the tissue was collected with a sterile pipette 

tip and immediately transferred into a RNAlater (ThermoFisher Scientific) solution consisting of 

100 μl of lysis/binding buffer from the Dynabeads mRNA Direct Micro Kit (ThermoFisher 

Scientific). The tissue was homogenized using a disposable microcentrifuge pestle (Fisherbrand). 

Using the manufacturer’s recommended protocol for mRNA isolation from tissues, the mRNA 

was then purified using the Dynabeads mRNA Direct Micro Kit (ThermoFisher Scientific). 

mRNA concentrations in the anterior lateral BNST (alBNST) (-0.12mm), PVT(-1.72-3.12mm), 

INS(-0.12mm) and TRA(-1.7-2.7mm) was determined using the Qubit Fluorometer 2.0 

(ThermoFisher Scientific). We reverse transcribed a unit of 40 ng of mRNA from each sample 

using the SuperScript IV First-Strand Synthesis kit (Invitrogen) using the Applied Biosystems 

GeneAmp PCR System 9700 (ThermoFisher Scientific). The cDNA was amplified in the ViiA7 
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Real-Time PCR machine (ThermoFisher Scientific) with a two-step PCR protocol (95 °C for 

10 minute followed by 40 cycles of 95 °C for 15 seconds and 60 °C for 1 minute) using the 

Power SYBR Green PCR Master Mix (ThermoFisher Scientific) and KiCqStart SYBR Green 

Primers. Each reaction was performed in triplicate and dissociation curves were generated for all 

reactions to ensure primer specificity. All target genes were normalized to four reference genes 

(Esr1, Esr2, Cnr1 and Cyp19a1) and the relative quantification using the comparative Ct method 

comparing HD rats to LD rats was determined using the DataAssist Software Version 3.01 

(ThermoFisher Scientific). 

3.9. Statistical Analyses.  

We used one- and two-ways ANOVAs to compare variance between groups and conducted tests 

of simple effects when ANOVAs yielded statistical significance. To control for Type I error 

across multiple comparisons, a Bonferroni correction was applied to all p-values, unless 

otherwise stated. In order to investigate changes in GABAA-IPSCs total charge transfer 

following drug perfusion, the baseline area under the curve (AUC) was compared to the post-

LFS AUC [(post AUC – baseline AUC)/ baseline AUC) * 100]. Measurements of the AUC was 

done with Axograph X. In graphs denoting electrophysiology time-course, each data point 

represents the average of 1-min bins (6 evoked GABAA-IPSCs) across recorded neurons. 

Neuronal responses were compared using the Fisher’s exact probability test across all groups. 

The magnitude of LTPGABA was compared using unpaired t-Tests. We compared PPRs, CV and 

Tau before and after drug application using paired t-Tests. The EC50 of our dose response curve 

was calculated using a non-linear regression. Finally, the relation between water consumed on 

final SIP acquisition session and 20 min post-LFS GABAA-IPSCs was analyzed using a 

Pearson’s correlation coefficient. P values ≤ 0.05 were considered statistically significant. Data 
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are reported as mean ± SEM.  Statistical analyses were done with GraphPad Prism (GraphPad 

Software) and SPSS 24 (SAS Institute). 
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Chapter 4: Results 

4.1. The effects of E2 on inhibitory transmission within the ovBNST 

4.1.1. E2 mediated long-term potentiation of inhibitory transmission at ovBNST synapses in male 

rats. 

First, we found that bath application of DMSO, the vehicle for all but two 

pharmacological drugs, had no effect on inhibitory transmission in the ovBNST (Fig 4.1B). 

Application of 1nM E2 for 5 minutes was sufficient to produce a robust LTPGABA in 81% of male 

ovBNST neurons (Fig 4.1A). The effect of E2 on GABA transmission was gonad independent in 

males as both the potency and response rate were unaffected by GDX (t13=0.52, p ≤ 0.611 p ≤ 

0.514, respectively; Fig 4.1A). Bath application of 1 nM E2 had no effect on the probability of 

release of GABA as measured by the PPR (t8= 1, p ≤ 0.345; Fig 4.1A), however, it increased the 

CV (t8=2.25, p ≤0.054). The decay time constant of GABAA significantly increased following the 

application of 1nM E2 in intact male rats (t8 = 2.64, p ≤ 0.029; Fig 4.1A). These results suggest 

that E2 increased inhibitory transmission through both a pre- and post-synaptic change. As a 

control we examined the effects of E2 on prBNST inhibitory synaptic transmission. Application 

of 1nM E2 into the prBNST, did not change inhibitory transmission, indicating that its effects 

were not ubiquitous across all regions within the bed nucleus of the stria terminalis (Fig 4.1C). 

To further determine how E2 increases inhibitory transmission in the ovBNST of male 

rats, we conducted several experiments. First, the non-selective protein kinase inhibitor 

staurosporin significantly reduced the number of neurons that produced LTPGABA to the 

application of 1nM E2 (p ≤ 0.023; Fig 4.2A). This result alluded that E2 likely modulates 

inhibitory GABA transmission through a protein kinase-dependent pathway and through non-  
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Figure 4.1.E2 produces LTPGABA intact and GDX male rats. (A-C), binned (1 mins, 6 events) 

electrically-evoked ovBNST GABAA-IPSCs as a function of time recorded in brain slices 

prepared from (A) Intact (ncells= 11; nrats= 8), (A) GDX (ncells= 6; nrats= 4), (B) DMSO (ncells= 6; 

nrats= 3), (C) prBNST (ncells= 9; nrats= 6 ). In 1A, representative GABAA-IPSCs before and 30 

mins after 1nM E2 application. The circled 1 and 2 represent the time course for representative 

trace, PPR and TAU. The blue traces represent LTPGABA Scale bars: 100pA, 40ms. The donut 

charts represent the percentage of neuronal response type and the total number of cells. * = 

p<0.05  
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Figure 4.2. E2 produces LTPGABA through a protein kinase and CB1 dependent mechanism in 

male rodents. (A-F), binned (1 mins, 6 events) electrically-evoked ovBNST GABAA-IPSCs as a 

function of time recorded in brain slices prepared from (A) 500 nM Staurosporin (ncells= 7; nrats= 

3), (B) 1µM AM251 (ncells= 7; nrats=3), (C) WT and CB1-KO mice (ncells= 12; nrats= 3; ncells= 13; 

nrats= 4, respectively), (D) 10 µM CID (ncells= 12; nrats= 6), and (E) 24 hour acute FDR (ncells= 14; 

nrats= 4). (F) Percentage of cells that responded as either LTPGABA or No Change across 

experimental conditions. * = p<0.05. † = p<0.05 compared to Intact male rats. 
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genomic changes. Secondly, although we did not find a change in the PPR in at least a dose of 

1nM, prior evidence demonstrated that E2 can alter inhibitory transmission within the 

hippocampus through promoting the activation of pre-synaptic endocannabinoid CB1 receptors 

(Huang and Woolley, 2012; Tabatadze et al., 2015). Therefore, we sought to determine if E2 

induced LTPGABA in the ovBNST of males required an intact endocannabinoid system. In male 

rats, the CB1 receptor antagonist AM251 significantly reduced the number of neurons that 

respond to E2 (Fig 4.2B; p ≤0.049). To confirm if the effects of E2 were CB1 dependent, we 

used transgenic CB1 K/O male mice.  In male WT mice, 1nM of E2 produces LTPGABA in 50% 

of the neurons in the ovBNST (Fig 4.2C). Compared to intact male rats, the potency of E2 was 

halved in WT mice, suggesting either the effect or potency of E2 may not be ubiquitous across 

rodents (t11= 2.88, p≤ 0.014).  In CB1 K/O mice, the effect of 1nM E2 is abolished compared to 

the WT mice (Fig 4.2B; p≤ 0.005; Fig 4.2C). These results indicated that E2 increases inhibitory 

synaptic transmission in the male rodent ovBNST by interacting with endocannabinoid CB1 

receptors.  

While, we found strong evidence for the effects of E2 being mediated through the CB1 

receptor, the CB1 antagonist AM251 did not completely abolish the effect of E2. Moreover, CB1 

receptors are known to mediate pre-synaptic changes and E2 caused post-synaptic kinetic 

changes. We, therefore, aimed to find other possible downstream targets of E2. The ‘orphan 

receptor’ GPR55 had recently been proposed to be a novel endocannabinoid receptor (Ryberg et 

al., 2007). Since the effect of E2 was mediated at least in part by the CB1 endocannabinoid 

receptor, I sought to determine if the GPR55 receptor could also be involved in E2 induced 

LTPGABA. The GPER-55 antagonist CID halved the magnitude of E2 induced LTPGABA in intact 

male rats (t(12)=3.46, p≤0.004; Fig 4.2D), but did not significantly reduced the number of 
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neurons producing LTPGABA in response to E2 (41 %; p≤0.089; Fig 4.2G). This finding implied 

that E2 may act through both CB1 and GPER-55 receptors to produce maximal LTPGABA in male 

rats. This result supports that E2 may interfere endocannabinoid production to produce both pre- 

and post-synaptic changes.  Finally, the effects of E2 were sensitive to metabolic challenges as 

the potency of 1nM E2 was significantly reduced by a 24 hour caloric restriction when compared 

to intact male rats (t10=2.63, p≤ 0.025; Fig 4.2F).  

4.1.2. Sexually dimorphic potency of E2 mediated long-term potentiation of inhibitory 

transmission at ovBNST synapses in rats. 

Application of 1nM E2 produced LTPGABA  in estrus, diestrus and OVX  female rats. 

There was no difference in the potency and response rate of 1nM E2 in estrus, diestrus and OVX 

female rats, suggesting the effect was both estrous phase and gonad independent (Fig 4.3B,C; 

f2,19=0.919 p≤ 0.416; p≤ 0.277, respectively). As E2’s effects were estrous phase independent, 

we collapsed the data of estrus and diestrus rats for the remainder of the bath application 

experiments. Bath application of 1 nM E2 significantly increased the probability of release of 

GABA as measured by the PPR and CV in intact female rats (t17= 2.568, p≤ 0.02; t17= 2.3256, p≤ 

0.032, respectively; Fig 4.3A). The decay time constant of GABAA significantly increased 

following the application of 1nM E2 in intact female rats (t17 = 3.31, p ≤ 0.004; Fig 4.3A). These 

results implied that E2 increases inhibitory transmission through both pre- and post-synaptic 

changes. 

We examined the ovBNST’s response to different doses of E2 in both male and female 

rats. First, we observed an inverted u-shaped dose response curve for both males and females, 

indicating that for both sexes there appeared to be a negative feedback mechanism when exposed 

to higher concentrations of E2 (Fig 4.4A). Second, the potency of E2 was greater in females  
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Figure 4.3 nM E2 produces LTPGABA in female rats. (A), Binned (1 mins, 6 events) electrically-

evoked ovBNST GABAA-IPSCs as a function of time recorded in brain slices prepared from (A) 

intact female rats (ncells= 28; nrats= 13). Representative GABAA-IPSCs trace before and 25 mins 

after 1nM E2 application. The circled 1 and 2 represent the time course for representative trace, 

PPR and TAU. The blue traces represent LTPGABA Scale bars: 100pA, 40ms. (B) Average E2 

induced LTPGABA across female hormonal conditions: Estrus (ncells= 15; nrats= 6), Diestrus (ncells= 

13; nrats= 7) and OVX (ncells= 9; nrats= 6). (C) Percentage of cells that responded as either 

LTPGABA or No Change across experimental conditions. * = p<0.05 
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Figure 4.4. E2 produces an inverted-U dose response in the ovBNST. (A) Dose response of E2 in 

both male and female rats. Male 100nM (ncells= 9; nrats= 4 ), Male 0.1nM (ncells= 11; nrats= 6), 

Male 0.001nM (ncells= 13; nrats= 5), Female 0.1nM (ncells= 10; nrats= 4), Female 0.01nM (ncells= 

12; nrats= 4), Female 1pM (ncells= 8; nrats= 4), and Female 0.1pM (ncells= 9; nrats= 3) (B) Percentage 

of cells that responded as LTPGABA in males and female rats across experimental conditions.  * = 

p<0.05 
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(logEC50: -12.98) than males (logEC50: -10.76), as the peak effect in females occurs at 0.01nM 

E2, while the peak effect in males required 1nM E2 (F(1,37)=8.84, p=0.005; Fig 4.4A). Third, in 

further support of a greater potency for E2 in females, it only required a concentration of 0.1nM 

E2 to produce a reduced LTPGABA, while in males this form of negative feedback only occurred 

at a concentration greater than 1nM (Fig 4.4A). Finally, there was no statistically significant 

difference between male and females in the number of neurons that responded to 1nM, 0.1nM, 

and 0.01nM E2 concentrations (Fig 4.4B, p ≤ 0.269, p = 1, p = 1, respectively).    

4.1.3. E2 mediates LTPGABA through specific estrogen receptors 

There are three receptors that mediate the actions of E2, ERα, GPER, and ERß. In males, 

bath application of the ERα agonist PPT and the GPER agonist G-1 produced LTPGABA in most 

neurons (77%, 66%, respectively; Fig 4.5A, B, C). A trend was observed with 1 nM PPT, as it 

increased the probability of release of GABA as measured by the PPR in intact male rats (Fig 

4.5A, t6= 2.36, p≤ 0.056). Bath application of 1nM G1 had no effect on the probability of release 

of GABA in intact males (Fig 4.5B; t5= 1.97, p≤0.105). The decay time constant of GABAA 

significantly increased following application of 1nM PPT and 1nM G1 in intact male rats (Fig 

4.5A, B; t6 = 2.691, p ≤ 0.036, t5=2.43, p≤0.04, respectively). The ERß agonist DPN in males 

only influenced 1 neuron examined, which is significantly less than the response rate of PPT and 

G-1 (Fig 3.5D, E; p≤ 0.015, p≤ 0.049, respectively).  

In females, PPT, DPN and GPER all induce LTPGABA in a similar percentage of neurons 

(60%, 45%, 75%, respectively; Fig 4.6D). 1 nM PPT and 1 nM DPN but not 1nM G-1 increased 

the probability of release of GABA as measured by the PPR in intact female rats (t5= 3.287, p≤ 

0.021, t4= 3.91, p≤ 0.017, t5= 0.01, p≤ 0.99, respectively; Fig 4.6 A, B, C). The decay time 

constant of GABAA significantly increased following the application of 1nM PPT, 1nM DPN  
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Figure 4.5 E2 produces LTPGABA through ERα and GPER in male rats. (A-C), binned (1 mins, 6 

events) electrically-evoked ovBNST GABAA-IPSCs as a function of time recorded in brain 

slices prepared from (A) 1nM PPT(ncells= 9 ;nrats= 7), (B) 1nM G-1 (ncells= 9;nrats= 5) and (C) 

1nM DPN (ncells= 9 ;nrats= 6). The circled 1 and 2 represent the time course for the PPR and 

TAU. (D) Percentage of cells that responded as LTPGABA across experimental conditions.  * = 

p<0.05, † = p<0.06 
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Figure 4.6 E2 produces LTPGABA through ERα, GPER and ERβ in female rats. (A-C), Binned (1 

mins, 6 events) electrically-evoked ovBNST GABAA-IPSCs as a function of time recorded in 

brain slices prepared from (A) 1nM PPT (ncells= 10 ;nrats= 4), (B) 1nM G-1 (ncells= 8;nrats= 4) and 

(C) 1nM DPN (ncells= 11;nrats= 5). The circled 1 and 2 represent the time course for the PPR and 

TAU. (D) Percentage of cells that responded as LTPGABA across experimental conditions.  * = 

p<0.05,  
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and 1nM G1 in intact female rats (t5 = 4.58, p ≤ 0.006, t4=5.6, p ≤ 0.005, t5=5.3, p ≤ 0.003, 

respectively; Fig 4.6 A, B, C). Like in male rats, the effects of PPT appeared to have both pre- 

and post-synaptic actions, while G1 only produced a post-synaptic change. For a list of all 

PPR’s, CV’s and Tau’s for each bath application experiment in male rodents see Tables 1, 2, and 

3, respectively. For a list of all PPR’s, CV’s and Tau’s for each bath application experiment in 

female rats see Tables 4, 5, and 6, respectively. 

4.2. Sexually dimorphic GABA plasticity within the ovBNST 

4.2.1. LFS induced inhibitory plasticity within the ovBNST of males is dependent on estrogen 

and androgen receptors.  

LFS produced robust LTPGABA in 100% of neurons recorded from slices prepared from 

naïve male rats (Fig 4.7A). LFS had no effect on PPR and CV (t9 = 0.62, p ≤ 0.549; t10 = 0.62, p 

≤ 0.546). However, LFS increased the GABAA decay time constant (t10 = 5.06, p ≤ 0.0005), 

implying that it produces post synaptic changes. To determine if estrogen receptors mediated the 

ubiquitous effect of LFS induced LTPGABA we non-selectively blocked ERα and ERβ using the 

antagonist ICI. ICI significantly altered the effect of LFS, reducing the number of neurons 

responding with LTPGABA and shifting the response towards LTDGABA (p ≤ 0.0003; Fig 4.7 B, 

H). Blocking aromatase with the inhibitor LET perfused into the bath produced a similar effect 

as ICI (p ≤ 0.001; Fig 4.7 C, H) indicating LFS promoted the production of E2 to produce 

LTPGABA.  Similarly, injecting rats I.P with LET for seven days interfered with LFS when 

compared to the control condition (p≤0.687; Fig 4.7 D, H). Thus, LFS produced E2 that binds to 

estrogen receptors to produce LTPGABA.  
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Table 1. Paired Pulse Ratio (PPR) in male rodent experiments. All statistical analysis was done 

using Paired T-tests comparing Baseline PPR to the PPR 25-30 minutes post application.  

 

 PPR Base PPR Post t P 

Intact 1nM 0.9(0.07) 0.83(0.07) t(8)=1 0.35 

1nM GDX 0.95(0.06) 0.881(0.08) t(4)=1.09 0.337 

100nM 0.77(0.06) 0.68(0.05) t(6)=5.21 0.002 

0.1nm 0.63(0.12) 0.496(0.13) t(6)=7.45 0.0003 

0.01nm 0.57(0.04) 0.572(0.05) t(4)=0.18 0.087 

PPT 0.86(0.09) 0.786(0.07) t(6)=2.35 0.056 

DPN N/A N/A N/A N/A 

G-1 0.85(0.07) 0.71(0.02) t(5)=1.97 0.11 

WT1nM 0.78(0.11) 0.65(0.1) t(5)=2.08 0.091 

CB1-KO N/A N/A N/A N/A 

AM251 N/A N/A N/A N/A 

CID 0.82(0.08) 0.896(0.13) t(4)=0.73 0.51 

24 Hour FDR 0.82(0.05) 0.728(0.07) t(5)=1.68 0.154 

Staurosporin N/A N/A N/A N/A 
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Table 2. Coefficient of Variation of male rodent experiments. All statistical analysis was done 

using Paired T-tests comparing Baseline CV to the CV 25-30 minutes post application.  

 

 CV Base CV Post t P 

Intact 1nM 25.1(6.31) 65.46(20.3) t(8)=2.25 0.054 

1nM GDX 36.56(5.31) 69.62(14.75) t(4)=2.3 0.083 

100nM 35.07(4.94) 46.08(11.85) t (6)=1.12 0.307 

0.1nm 29.56(9.49) 58.95(18.42) t(6)=1.67 0.147 

0.01nm 70.15(15.39) 107.29(22.46) t(4)=2.86 0.046 

PPT 43.95(10.43) 62.15(12.33) t(6)=2.55 0.043 

DPN N/A N/A N/A N/A 

G-1 55.73(11.13) 77.37(17.03) t(5)=2.67 0.045 

WT1nM 19.2(5.70) 18.63(4.66) t(5)= 0.11 0.919 

CB1-KO N/A N/A N/A N/A 

CID 31.22(12.63) 34.32(13.64) t(4)=1.11 0.329 

AM251 N/A N/A N/A N/A 

24 Hour FDR 41.58(14.8) 30.44(5.91) t(5)= 0.77 0.473 

Staurosporin N/A N/A N/A N/A 
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Table 3. Comparison of GABAA-IPSC kinetics as measured by the decay time constant (Tau, 

ms) in male rodent experiments. All statistical analysis was done using Paired T-tests comparing 

Baseline Tau to the Tau 25-30 minutes post application.  

 Tau Base Tau Post T p 

Intact 1nM 21.65(1.51) 27.06(2.54) t(8)=2.64 0.029 

1nM GDX 22.69(1.67) 32.16(3.69) t(4)=2.9 0.044 

100nM 24.07 (1.06) 30.5(1.1) t(6)=10.13 0.0001 

0.1nm 24.96(1.77) 31.3 (2.79) t(6)=2.88 0.028 

0.01nm 27.45(3.95) 35.92(5.03) t(5)=7.28 0.0008 

PPT 22.85(1.86) 25.22(2.23) t(6)=2.69 0.036 

DPN N/A N/A N/A N/A 

G-1 21.92(2.13) 28.87 (2.53) t(5)=2.74 0.04 

WT1nM 25.29(1.46) 36.02 (2.77) t(5)=5.73 0.002 

CB1-KO N/A N/A N/A N/A 

AM251 N/A N/A N/A N/A 

CID 22.99(2.63) 27.48(2.94) t(4)=2.72 0.053 

24 Hour FDR 26.87(2.86) 31.18 (3.54) t(5)=2.2 0.079 

Staurosporin N/A N/A N/A N/A 
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Table 4. Paired Pulse Ratio (PPR) in female rodent experiments. All statistical analysis was done 

using Paired T-tests comparing Baseline PPR to the PPR 25-30 minutes post application.  

 

 PPR Base PPR Post T p 

Estrus 1nM 0.92(0.05) 0.82(0.04) t(11)=2.52 0.029 

Diestrus 1nM 0.88(0.09) 0.71(0.12) t(5)=1.34 0.238 

1nM 0.91 (0.04) 0.78 (0.05) t(17)=2.57 0.02 

OVX 1nM 1.17(0.15) 0.92(0.12) t(4)=3.76 0.02 

Intact 0.1nm 0.57(0.08) 0.55(0.09) t(6)=1.41 0.208 

Intact 0.01nm 0.65(0.09) 0.54(0.1) t(4)= 3.85 0.018 

Intact 1pm 0.63(0.06) 0.51(0.05) t(6)=1.96 0.098 

Intact 0.1pm 0.78(0.08) 0.65(0.07) t(4)=2.52 0.065 

PPT 0.73(0.03) 0.64(0.05) t(5)=3.29 0.022 

DPN 0.69(0.08) 0.51(0.1) t(4)=3.91 0.017 

G-1 0.62(0.03) 0.62(0.03) t(5)=0.012 0.991 
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Table 5. Coefficient of Variation of female rodent experiments. All statistical analysis was done 

using Paired T-tests comparing Baseline CV to the CV 25-30 minutes post application.  

 

 CV Base CV Post t p 

Estrus 1nM 25.98(3.13) 35.08(5.15) t(11)=1.96 0.076 

Diestrus 1nM 54.29(21.69) 69.47(17.53) t(5)=1.31 0.247 

Female 1nM 35.41(7.8) 46.55(7.55) t(17)= 2.33 0.033 

OVX 1nM 24.12(7.19) 33.61(8.97) t(4)=3.33 0.029 

Intact 0.1nm 46.09(10.47) 72.19(19.03) t(6)=1.32 0.236 

Intact 0.01nm 25.44(4.64) 60.11(17.21) t(4)=2.09 0.105 

Intact 1pm 67.07(15.52) 113.71(29.88) t(6)=1.43 0.204 

Intact 0.1pm 30.27(7.86) 49.22(10.01) t(4)=2.03 0.112 

PPT 56.42(7.73) 112.71(22.18) t(5)=2.4 0.062 

DPN 50.71(13.13) 238.79(159.85) t(4)=1.19 0.301 

G-1 60.28(12.87) 71.41(20.34) t(5)=0.65 0.544 
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Table 6. Comparison of GABAA-IPSC kinetics as measured by the decay time constant (Tau, 

ms) in female rodent experiments. All statistical analysis was done using Paired T-tests 

comparing Baseline Tau to the Tau 25-30 minutes post application.  

 

 Tau Base Tau Post t P 

Estrus 1nM 27.13(2.67) 30.98(3.2) t(11)=2.03 0.067 

Diestrus 1nM 27.89(4.14) 38.34 (7.34) t(5)= 2.96 0.031 

Female 1nM 27.38(2.18) 33.43(3.23) t(17)=3.31 0.004 

OVX 1nM 22.34(2.43) 26.32(3.03) t(4)=3.61 0.022 

Intact 0.1nm 27.8(1.62) 33.02(1.99) t(6)=5.29 0.001 

Intact 0.01nm 24.89(3.28) 33.16(1.58) t(4)=2.45 0.07 

Intact 1pm 32.68(2.82) 38.93(4.14) t(6)=3 0.024 

Intact 0.1pm 25.92(1.84) 31.2(2.18) t(4)=5.54 0.005 

PPT 28.99(2.43) 35.29 (3.37) t(5)=4.58 0.006 

DPN 30.82(2.99) 34.05(3.02) t(4)=5.6 0.005 

G-1 37.59(5.95) 45.35 (6.94) t(5)=5.3 0.003 
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Figure 4.7 LFS produces LTPGABA through sex steroid receptors. (A) Binned (1 mins, 6 events) 

electrically-evoked ovBNST GABAA-IPSCs as a function of time recorded in brain slices 

prepared from (A) naïve male (ncells= 17; nrats= 6), (B) 100nM ICI (ncells= 12 ; nrats= 7), (C) 

100nM LET (ncells= 15; nrats= 4), (D) LET I.P (1.5mg/kg) (ncells= 15; nrats=4), (E)100 nM 

Flutamide (ncells= 13; nrats= 6), (F) 1nM DHT (ncells= 12; nrats = 5) and, (F) HFS (ncells= 8; nrats= 6). 

Representative GABAA-IPSCs trace before and 25 mins after 1nM E2 application. The circled 1 

and 2 represent the time course for representative trace. The blue traces represent LTPGABA Scale 

bars: 200pA, 10ms. (G) Percentage of cells that responded as either LTPGABA. No Change, 

LTDGABA across experimental conditions.  * = p<0.05 compared to naïve males. 
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One-way aromatase is activated is by androgens binding to androgen receptors. Blocking 

androgen receptors with flutamide significantly altered the effects of LFS compared to controls 

(p ≤ 0.001) and produced either NC or LTDGABA
 in a similar number of neurons as the ICI and  

LET conditions (p ≤ 0.0003, p ≤ 0.71, respectively; Fig 4.7 E, H). Using DHT, which cannot be 

aromatized into E2, we found that activation of androgen receptors produced LTPGABA in 25% of 

neurons and LTDGABA in 25% neurons (Fig 4.7 F), an effect similar to blocking aromatase (p ≤ 

0.303; Fig 4.7 H). Finally, we tested whether a 100hz HFS would produce an opposing effect on 

inhibitory transmission in control rats. We found HFS produced a similar effect as interfering 

with androgens and estrogens, causing both LTPGABA and LTDGABA
 (Fig 4.7 G, H). For a list of 

all PPR’s, CV’s and Tau’s for each bath application experiment in male rodents see Table 7, 8, 9, 

respectively. 

4.2.2. Sexually dimorphic effect of LFS on inhibitory plasticity in female rats.  

Having discovered that LFS induced LTPGABA in males was dependent on gonadal steroid 

hormones, we sought to determine its effects in free cycling females. During the estrus phase 

LFS produced LTPGABA in 11% of neurons and LTDGABA in 41% of neurons, an effect that was 

different than in males (p ≤ 0.0001, Fig 3.8 A, D). Similarly, we found that in diestrus rats, LFS 

produces LTPGABA in 19% of neurons and LTDGABA in 13% of neurons, an effect that was also 

different than in males (p ≤ 0.0001, Fig 3.8 B, D). To determine if this sexually dimorphic 

response to LFS was due to ovary produced hormones, we examined OVX female rats. Rats with 

their ovaries removed continued to demonstrate this sexually dimorphic response to LFS on 

inhibitory plasticity (p ≤ 0.024; Fig 3.8 C, D). Interestingly, ovarian-produced hormones 

appeared to interfere with the effects of LFS as there was significantly more LTPGABA and 

LTDGABA
 in OVX compared to estrus and diestrus rats (p ≤ 0.024, p ≤ 0.007, respectively; Fig  
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Figure 4.8 LFS produces a bidirectional GABA plasticity in female rats. (A), Binned (1 mins, 6 

events) electrically-evoked ovBNST GABAA-IPSCs as a function of time recorded in brain 

slices prepared from (A) Estrus (ncells= 17; nrats= 5), (B) Diestrus (ncells= 16; nrats= 5), (C) OVX 

(ncells= 15; nrats= 6). (G) Percentage of cells that responded as either LTPGABA. No Change, 

LTDGABA across experimental conditions.  * = p<0.05 compared to naïve males. † = p<0.05 

compared to OVX rats. 
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3.8 D). For a list of all PPR’s, CV’s and Tau’s for each LFS experiment in male rodents see 

Tables 7, 8, and 9, respectively. For a list of all PPR’s, CV’s and Tau’s for each LFS experiment 

in female rodents see Tables 10, 11, and 13, respectively. 

4.3. Compulsive Water Drinking and checking alters GABA plasticity in the ovBNST 

4.3.1. The SIP paradigm resulted excessive drinking in a sub-population of male rats. 

As previously established, a sub-group of rats undergoing the SIP protocol developed 

excessive water consumption during their 2 hour SIP session (Two-way mixed ANOVA, group x 

time interaction; F(20, 560) = 8.08, p ≤ 0.001; Fig 4.9 A.). HD rats consumed more water over the 

course of the SIP sessions than LD rats (Two-way mixed ANOVA, main effect of time (days);  

F(20, 560) = 17.66, p ≤ 0.001 Fig 4.9 A). HD and LD rats had similar water consumption while in 

their home cage (two-way mixed ANOVA, between variable; F(1,28) = 3.42, p ≤ 0.08, Fig 4.9 B). 

However, both LD and HD rats drank less in their home-cage over the course of the experiments 

(two-way mixed ANOVA, main effects of time (Days); F(26,728) = 22.21, p ≤ 0.001; two- way 

mixed ANOVA, time x group; F(26,728) = 0.77, p = 0.79, Fig 4.9 B). Overall, in a 24-h period, 

HD drank significantly more than LD (two-way mixed ANOVA, main effect of group; F(1, 28) = 

8.64, p≤ 0.006; two-way mixed ANOVA; between variable) as the experiment progressed (two-

way mixed ANOVA, main effect of time (days) ; F(26, 728)= 2.20, p ≤0.001; Fig 4.9). The average 

percent body weight change compared to baseline between LD and HD rats was not different 

during the final SIP session (LD: 12.4% decrease; HD:6.5% decrease). Since HD rats lost less 

weight than LD rats, it is unlikely their compulsive water consumption was due to greater weight 

loss. 
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Table 7. Paired Pulse Ratio (PPR) in male rodent experiments. All statistical analysis was done 

using Paired T-tests comparing Baseline PPR to the PPR 25-30 minutes post manipulation. 

 PPR Base PPR Post t p 

Control LTP 0.98(0.04) 1.02(0.06) t(9)= 0.62 0.549 

ICI LTP 1.06(0.09) 1.73(0.75) t(2)= 0.91 0.457 

ICI LTD 0.84(0.09) 0.73(0.07) t(5)= 1.25 0.267 

LET LTP 1.22(0.2) 1.03(0.11) t(3)= 2.04 0.134 

LET LTD 0.7(0.09) 0.8(0.13) t(6)=1.06 0.329 

LET-IP LTP 0.98(0.15) 0.92(0.22) t(4)=0.51 0.637 

LET-IP LTD 0.65(0.04) 0.88(0.19) t(2)=1.08 0.391 

Flutamide LTP 0.77(0.08) 0.58(0.09) t(4) =2.26 0.086 

Flutamide LTD 0.72(0.09) 0.82(0.15) t(3)=1.45 0.243 

DHT LTP 1.16(0.1) 1.03(0.13) t(2)=1.44 0.286 

DHT LTD 0.9(0.08) 0.88(0.07) t(2)=0.16 0.89 

HFS LTP 1.14(0.13) 1.07(0.14) t(2)=1.04 0.407 

HFS LTD 0.83(0.13) 0.98(0.07) t(2)=1.22 0.347 
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Table 8. Coefficient of Variation of male rodent experiments. All statistical analysis was done 

using Paired T-tests comparing Baseline CV to the CV 25-30 minutes post manipulation. 

 

 CV Base CV Post t p 

Control LTP 67.52(28.86) 79.2(32.44) t(10)=0.62 0.546 

ICI LTP 17.14(3.74) 21.94(2.33) t(2)=2.77 0.109 

ICI LTD 22.93(5.72) 53.5(20.38) t(5)=1.45 0.207 

LET LTP 25.46(10.27) 33.23(14.19) t(3)=1.92 0.15 

LET LTD 40.15(16.32) 58.98(24.33) t(6)=0.67 0.526 

LET-IP LTP 32.55(3.08) 50.29(22.37) t(4)=0.75 0.496 

LET-IP LTD 124.01(51.6) 72.85(29.78) t(2)=1.3 0.322 

Flutamide LTP 60.91(20.75) 157.89(67.31) t(4)=1.83 0.141 

Flutamide LTD 111.89(42.04) 69.4(39.75) t(3)=2.03 0.135 

DHT LTP 28.50(7.27) 27.43(9.79) t(2)=0.11 0.925 

DHT LTD 88.48(17.45) 29.7(4.26) t(2)=2.84 0.105 

HFS LTP 35.77(5.08) 48.53(24.34) t(2)=0.52 0.655 

HFS LTD 57.84(2.06) 24.69(2.16) t(2)= 31.37 0.001 

  



87 

 

Table 9. Comparison of GABAA-IPSC kinetics as measured by the decay time constant (Tau, 

ms) in male rodent experiments. All statistical analysis was done using Paired T-tests comparing 

Baseline Tau to the Tau 25-30 minutes post manipulation. 

 

 Tau Base Tau Post t p 

Control LTP 21.76(1.88) 27.64(2.01) t(10)=5.06 0.0005 

ICI LTP 23.13(7.5) 39.29(16) t(2)=1.9 0.198 

ICI LTD 24.58(2.24) 27.57(3.39) t(5)=1.78 0.135 

LET LTP 23.66(2.06) 31.17(2.12) t(4)=4.42 0.011 

LET LTD 29.94(4.11) 41.89(3.52) t(6)=5.84 0.001 

LET-IP LTP 23.58(1.91) 28.51(2.74) t(4)=5.44 0.005 

LET-IP LTD 24.6(3.58) 25.92(2.82) t(2)=0.86 0.479 

Flutamide LTP 30.57(4.27) 39.07 (5.33) t(4)=5.28 0.006 

Flutamide LTD 35.47(3.23) 40.68 (7.15) t(3)=0.96 0.408 

DHT LTP 20.68(0.77) 23.92(1.38) t(2)=5.09 0.036 

DHT LTD 22.52(0.97) 33.73 (4.17) t(2)=2.24 0.154 

HFS LTP 21.6(1.11) 27.02(2.38) t(2)=2.4 0.138 

HFS LTD 25.2(2.62) 27.99(6.69) t(2)=0.67 0.571 
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Table 10. Paired Pulse Ratio (PPR) in female rodent experiments. All statistical analysis was 

done using Paired T-tests comparing Baseline PPR to the PPR 25-30 minutes post manipulation. 

 

 PPR Base PPR Post t p 

Estrus LTP 0.96(0.01) 0.89(0.1) t(1)= 0.92 0.527 

Estrus 

LTD 

1.17(0.26) 0.77(0.03) t(5)=1.5 0.194 

Diestrus 

LTP 

0.95(0.14) 0.75(0.11) t(2)= 4.89 0.039 

Diestrus 

LTD 

0.67(0.01) 0.71(0.11) t(1)= 0.36 0.782 

OVX LTP 0.97(0.04) 0.87(0.04) t(7)=2.46 0.043 

OVX LTD 0.75(0.07) 0.9(0.1) t(4)=1 0.373 

 

Table 11. Coefficient of Variation of female rodent experiments. All statistical analysis was done 

using Paired T-tests comparing Baseline CV to the CV 25-30 minutes post manipulation. 

 

 CV Base CV Post t P 

Estrus LTP 21.06(1.47) 67.46(15.46) t(1)=2.74 0.222 

Estrus 

LTD 

42.18(3.46) 44.64(4.31) t(5)=0.93 0.394 

Diestrus 

LTP 

25.89(6.76) 70.48(16.08) t(2)=4.52 0.045 

Diestrus 

LTD 

86.5(5.25) 48.37(26.38) t(1)=1.21 0.44 

OVX LTP 44.45(9.32) 47.68(6.41) t(7)=0.47 0.649 

OVX LTD 71.5(22.97) 26.09(8.4) t(4)=2.45 0.07 
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Table 12. Comparison of GABAA-IPSC kinetics as measured by the decay time constant (Tau, 

ms) in female rodent experiments. All statistical analysis was done using Paired T-tests 

comparing Baseline Tau to the Tau 25-30 minutes post manipulation. 

 

 Tau Base Tau Post t p 

Estrus LTP 27.23(5.20) 36.52 (4.01) t(1)=7.79 0.081 

Estrus 

LTD 

27.38(1.57) 32.15 (2.81) t(5)= 1.45 0.206 

Diestrus 

LTP 

21.06(1.53) 29.51(2.86) t(2)=5.64 0.03 

Diestrus 

LTD 

32.74(6.84) 37.88(12.06) t(1)=0.99 0.504 

OVX LTP 28.16(2.62) 34.29(2.82) t(7)=1.44 0.191 

OVX LTD 28.54(3.8) 31.8(3.29) t(4)=2.06 0.108 
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Figure 4.9. Effect of SIP training on daily home-cage and operant chamber water intake. Schedule-

induced polydipsia (SIP) paradigm. (A) Two hour operant chamber water intake in LD (white line, 

black shaded area) and HD (black line, grey shaded area) rats. Shaded areas represent the range of 

water intake across individual rats. (B) Total (home-cage + operant chamber) or home-cage water 

intake as a function of daily SIP sessions. * p<0.05 between LD-Total (24hr) and HD-Total (24hr). 
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4.3.2. SIP Extinction Test and Schedule-induced Checking (SIC) 

Food restriction was a necessary element in SIP acquisition (Falk, 1961; 1967); thus, by 

removing the food restriction in HD rats, we can further test the compulsive nature of SIP (Fig 

4.10 A). Following the first SIP acquisition session in which the rats had been re-feed for 24 

hours, 5 of 18 cFDR rats in the SIP paradigm developed significant excessive water drinking (at 

least 15 mL in the 2 hour session for a minimum of ten consecutive days). When fed ad libitum, 

excessive water consumption rapidly extinguished in 4 out of 5 rats. A repeated measures (SIP 

sessions) ANOVA demonstrated a significant effect of SIP session, F[3,12]= 8.94, p ≤ 0.013 

(Fig 4.10 B). We used paired t-tests to compare SIP sessions that the rats shared the same 

metabolic state.  HD rats drank significantly more on their last SIP acquisition session than the 

second SIP acquisition session (t(4) = -5.04, p ≤ 0.007). Removing the caloric restriction (ad 

libitum access to food) caused the HD rats to reduce their drinking back to baseline (first SIP 

acquisition session, (t(4) = -2.33, p = 0.08). Excessive water consumption continued to 

extinguish to the first SIP acquisition session levels on their final extinguish test session (t(4) = -

1.49, p ≤ 0.211). 

Eliminating caloric restriction for a period of 22 hours extinguished excessive water 

consumption; however, HD rats were still visiting the water spout during the extinction test 

sessions measured by spent at the water spout following the release of a food pellet persisted. 

One-way ANOVAs of the adjunctive and non-adjunctive windows of the 1 minute inter-pellet 

interval indicate that animals spent more time at the water-spout in the first 30 seconds 

(adjunctive) than the last 30 seconds (non-adjunctive) following the pellet (one-way [SIP 

session] repeated measures ANOVA: significant within-subject effects of SIP session for the  
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Figure 4.10. Effect of chronic refeeding on operant chamber water intake and water spout checking 

in HD rats. (A), Experimental timeline. (B), Effect of chronic refeeding on water intake at 5 

experimentally time-points. (C), Time spent at the water spout following the presentation of food 

pellets. Head-entry duration at the water-spout was recorded in 5 second bins over the 1 minute 

interval between food pellet deliveries for all SIPc/refeed rats. D, Average head-entry duration during 

the adjunctive (first 30 secs) and non-adjunctive (last 30 secs) following food pellets presentation 

at 4 experimental time-points. * p<0.05. 
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adjunctive window F[3,12] = 10.6, p ≤ 0.001 but no significant main effect for the non-

adjunctive window: F[3,12] = 1.68, p ≤ 0.223; Fig 4.10 D). 

Paired t-tests comparing the second SIP session versus last SIP session indicated the HD 

rats developed adjunctive checking of the water-spout (t(4) = -3.961, p ≤ 0.017). Furthermore, 

when SIP animals were re-fed and no longer hungry, adjunctive checking of the water-spout was 

significantly present (first SIP session versus final extinction test session, t(4) = -4.170, p ≤  

0.014), even though water drinking was not. Finally, adjunctive checking of the water spout in 

the 30 seconds following the pellet was unchanged by re-feed and thus persisting despite the 

removal of the metabolic challenge (final SIP acquisition before versus final extinction test, t(4) 

= 0.473, p ≤ 0.661). 

4.3.3. Chronic Food Restriction unmasks activity-dependent LTD of GABAA IPSC’s within the 

ovBNST 

SIP training revealed that LFS-induced GABA plasticity in the ovBNST was bi-

directional, uncovering both LTPGABA and LTDGABA, in addition to no net change in GABA-

IPSC magnitude in 41, 45, and 14% of recorded neurons, respectively (p = 0.001; Fig 4.11 A, 

H). SIP-induced bi-directional plasticity of ovBNST GABA synapses occurred regardless of 

behavioural outcome, with comparable percentages of LTPGABA, LTDGABA, and no changes in 

both LD and HD ((LD, p ≤ 0.001), (HD,  p≤ 0.001; Fig 4.11 B, C, H). This suggested that the 

plasticity of ovBNST GABA synapses was tightly linked to the chronic metabolic challenge 

imposed by food restriction and not related to SIP acquisition. However, an acute 18 hour refeed 

(SIPRefeed) completely abolished LTDGABA in LD (Fig 4.11 D) but not in HD rats (Fig 4.11E). 

Furthermore, in HD rats that had multiple days of ad libitum access to food (SIPc/refeed) and 

demonstrating SIC, bi-directional GABA plasticity did not revert to control conditions (Fig 4.11 

G). Finally, the 2 hour water intake of SIPRefeed rats negatively correlated with the average  
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Figure 4.11. Effect of the SIP behavioural 

paradigm on bi-directional plasticity at ovBNST 

GABA synapses. (A-E,G), Binned (1 mins, 6 

events) electrically-evoked ovBNST GABAA-

IPSCs as a function of time recorded in brain 

slices prepared from (A) SIP (ncells= 29; nrats=14), 

(B) SIP-LD (ncells= 14; nrats=7), (C) SIP-HD 

(ncells= 17; nrats=7), (D) SIP-LDrefeed (ncells= 17; 

nrats=10), (E) SIP-HDrefeed (ncells= 17; nrats=7), (G) 

SIP-HDC/Refeed (ncells= 16; nrats=5). In 3B and C, 

representative GABAA-IPSCs before and 20 

mins after LFS. The black traces represent 

LTPGABA and the grey traces represent LTDGABA 

Scale bars: 200pA, 10ms. (F), GABAA-IPSC 

magnitude at 20 mins post-LFS as a function of 

water intake on the last SIP training day in SIP-

HDRefeed and SIP-LDRefeed rats (r =-0.6, p = 

0.005). Each data point is the average GABAA-

IPSC from all neurons for each individual rat. 

(H), Percentage of cells that responded as either 

LTPGABA, No Change or LTDGABA across 

experimental conditions. * p < 0.05 compared to 

Naïve Male. † p < 0.05 compared to SIP-

LDRefeed. 
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GABAA-IPSC output (r = -0.6, p = 0.005, Fig 4.11 F). Taken together, impaired bidirectional 

GABA plasticity within the ovBNST was associated with the development on compulsive water 

drinking and checking.  

To determine if this change in GABA plasticity was a result of being chronically food 

restricted during the SIP paradigm, we investigated changes in plasticity in cFDR rats. LFS-

induced LTPGABA occurred in (25%) of ovBNST neurons (Fig 4.12 A, C) following cFDR,  

producing a statistically significant change in neuronal response compared to control rats, (p ≤ 

0.0001). To determine whether refeeding would rescue LTPGABA after chronic food restriction, 

rats were given ad libitum access to food for 18 hours before brain slice preparation and 

recordings. This only partially recovered LFS-induced LTPGABA in (41%) of ovBNST neurons. 

Thus, there was no statistically significant difference between the cFDR and cFDR-refeed 

conditions (p ≤ 0.620) and there continued to be a statistically significant difference between the 

control and cFDR-refeed condition (p ≤ 0.007). These results demonstrated that GABA plasticity 

in the ovBNST was sensitive to metabolic challenges like those that occur during SIP. For the 

PPR, CV and Tau of all SIP experiments see Tables 13, 14 and 15. 

4.3.4. HD increases aromatase mRNA in the PVT but decreases in the ovBNST  

To determine a potential cause of the irreversible GABALTD we used rt qPCR to measure 

differences in the mRNA expression between LD and HD rats within the anterior lateral BNST 

which contains the ovBNST. Moreover, we examined differences in the PVT, INS, and the TRA, 

regions of the brain that are believed to be the primary glutamatergic inputs of the ovBNST. 

Specifically, we measured Cyp19a1(aromatase), Esr1 (ERα), Esr2 (ERβ) and Cnr1 (CB1) mRNA 

expression in the anterior lateral BNST (alBNST), PVT, INS, and the TRA. We found no 

differences in mRNA expression of Esr1, Esr2 and Cnr1 within these regions (Fig 4.13 B, C, D;  
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Figure 4.12. Effect of the chronic food restriction and acute refeed on bi-directional plasticity at 

ovBNST GABA synapses. Binned (1 mins, 6 events) electrically-evoked ovBNST GABAA-IPSCs 

as a function of time recorded in brain slices prepared from (A) cFDR (ncells= 16; nrats=7), and (B) 

cFDR-refeed (ncells= 17; nrats=9) rats. F, Percentage of cells that responded as either LTPGABA, No 

Change or LTDGABA across experimental conditions. * p<0.05 compared to Naïve Male. 
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Figure 4.13. Development of HD 

caused a presynaptic increase in 

aromatase mRNA in the PVT.  mRNA 

fold changes in HD rats (n=4) 

compared to LD rats (n=4), (A) 

aromatase (Cyp19a1) (B) ERα (Esr1) 

(C) ERβ (Esr2) and (D) CB1 (Cnr1). * 

p<0.05; TRA: postpiraform transition 

area; INS: Insular Cortex, alBNST: 

anterior lateral bed nucleus of the stria 

terminalis, and PVT: paraventricular 

thalamus. 
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Table 13. GABA time constant as measured by PPR in male SIP rodent experiments. All 

statistical analysis was done using Paired T-tests comparing Baseline PPR to the PPR 25-30 

minutes post manipulation.  

 PPR Base PPR Post t p 

SIP LTP 0.97(0.05) 1.12(0.11) t(2)=2.22 0.156 

SIP LTD 1.07(0.11) 1.26(0.18) t(10)=1.61 0.138 

LD LTP 0.92(0.02) 1.04(0.12) t(1)=1.15 0.454 

LD LTD 1.24(0.21) 1.65(0.34) t(4)=1.94 0.123 

HD LTP N/A N/A N/A N/A 

HD LTD 0.92(0.09) 0.94(0.02) t(5)=0.13 0.899 

LDRefeed LTP 0.92(0.04) 0.94(0.07) t(9)=0.32 0.759 

HDRefeed LTP 1.03(0.08) 0.91(0.03) t(1)=1.06 0.483 

HDRefeed LTD 0.88(0.08) 1.06(0.19) t(6)=1.06 0.33 

HDc/Refeed LTP 0.56(0.01) 0.48(0.03) t(2)=2.61 0.121 

HDc/Refeed LTD 0.61(0.09) 0.61(0.11) t(7)=0.08 0.938 

FDR LTP 1.1(0.08) 1(0.1) t(3)=0.81 0.476 

FDR LTD 0.89(0.93) 0.93(0.09) t(6)=0.94 0.385 

FDRRefeed LTP 0.98(0.06) 1.03(0.07) t(5)=0.72 0.505 

FDRRefeed LTD 0.61(0.04) 0.67(0.09) t(4)=0.82 0.457 
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Table 14. GABA time constant as measured by CV in male SIP rodent experiments. All 

statistical analysis was done using Paired T-tests comparing Baseline CV to the CV 25-30 

minutes post manipulation.  

 CV Base CV Post t p 

SIP LTP 40.17(13.31) 104.58(69.63) t(2)=0.96 0.437 

SIP LTD 51.41(8.89) 35.27(6.61) t(11)=1.91 0.082 

LD LTP 52.18(9.9) 151.4(89.29) t(1)=1 0.499 

LD LTD 33.34(8.97) 29.86(13.55) t(4)=0.3 0.781 

HD LTP N/A N/A N/A N/A 

HD LTD 64.33(11.97) 39.12(6.62) t(6)=2.24 0.065 

LDRefeed LTP 37.84(4.27) 55.05(11.05) t(9)=1.62 0.139 

HDRefeed LTP 24.21(6.43) 25.4(14.58) t(1)=0.15 0.907 

HDRefeed LTD 33.97(5.17) 18.12(2.33) t(6)=3.83 0.008 

HDc/Refeed LTP 123.25(40.02) 273.17(119.1) t(2)=1.89 0.199 

HDc/Refeed LTD 73.47(20.03) 67.95(14.82) t(7)=0.36 0.73 

FDR LTP 29.24(3.31) 83.55(11.28) t(3)=5.1 0.014 

FDR LTD 81.69(24.69) 56.89(14.73) t(6)=1.49 0.187 

FDRRefeed LTP 53.35(8.49) 62.6(17.05) t(6)=0.51 0.631 

FDRRefeed LTD 42.05(10.26) 31.41(14.52) t(4)=0.71 0.515 
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Table 15. Comparison of GABAA-IPSC kinetics as measured by the decay time constant (Tau, 

ms) in male SIP rodent experiments. All statistical analysis was done using Paired T-tests 

comparing Baseline Tau to Tau 25-30 minutes post manipulation.  

 Tau Base Tau Post t p 

SIP LTP 23.01(6.41) 28.78 (8.17) t(2)=3.22 0.084 

SIP LTD 23.04(1.93) 29.56 (2.63) t(11)=4.97 0.0004 

LD LTP 26.87(8.87) 33.4(11.67) t(1)=2.33 0.257 

LD LTD 23.82 (3) 31.47 (3.47) t(4)=3.85 0.018 

HD LTP N/A N/A N/A N/A 

HD LTD 22.49(2.7) 28.2 (3.91) t(6)=3.16 0.019 

LDRefeed LTP 21.38(1.87) 25.76(1.76) t(9)=6.3 0.0001 

HDRefeed LTP 24.18(6.61) 26.39(1.91) t(1)=0.47 0.72 

HDRefeed LTD 24.66(1.84) 35.51 (6.16) t(6)=2.19 0.071 

HDc/Refeed LTP 23.73(2.39) 32.058 (1.79) t(2)=4.26 0.05 

HDc/Refeed LTD 31.18(1.38) 39.38(2.65) t(7)=3.32 0.012 

FDR LTP 21.2(1.93) 28.32(3.3) t(3)=3.61 0.036 

FDR LTD 36.5(5.56) 41.93(5.85) t(6)=4.6 0.003 

FDRRefeed LTP 21.38 (2.1) 25.43 (2.07) t(6)=6.75 0.0005 

FDRRefeed LTD 28.32(3.15) 33.4(4.25) t(4)=1.66 0.172 
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respectively). However, we found that rats that developed HD compared to LD had significantly 

greater levels of Cyp19a1 mRNA in the PVT (p = 0.026; Fig 4.12 A). Moreover, we found that 

there was a significant decrease in Cyp19a1 mRNA expression within the alBNST (p = 0.021, 

Fig 4.13 A). We observed no other differences in Cyp19a1 mRNA expression of in the other 

regions examined.  

4.4. The effect of caloric restriction on ovBNST basal activity 

4.4.1. Caloric restriction reduces ovBNST basal activity in only PVT innervated neuron.  

Having observed a change in aromatase mRNA expression in the PVT, I aimed to 

determine the significance of this major ovBNST glutamatergic input. Firstly, we characterized 

the frequency of basal activity in neurons that either received glutamatergic innervation from the 

PVT and in neurons that did not.  Moreover, we sought to determine if this input was sensitive to 

a metabolic challenge (24 hour FDR). For each stimulator and recording electrode placement see 

Appendix C. We found that 24 hours FDR decreased basal firing frequency in only neurons that 

received responded to stimulation from the PVT (2x2 ANOVA, PVT input x metabolic state; 

f(1,70)=6.169, p = 0.015; Fig 4.14 B). The action potential width was unaffected by the neurons 

input (p = 0.307) nor by caloric restriction (p = 0.067). The ovBNST receives somatic sensory 

information, therefore we tested whether neurons in the ovBNST responded to a foot shock. We 

found that out of the 28 neurons examined between each condition, only 2 neurons activated in 

response to a foot shock. For descriptive information regarding the basal firing frequency and 

half-action potential width see Table 16.  

 We examined the basal activity in the striatum of neurons receiving PVT input in the 

striatum to determine if the effects of 24 hour FDR were ubiquitous across brain regions.  Using  
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Figure 4.14. 24 hour FDR reduces basal activity of PVT innervated neurons in the ovBNST. (A) 

Basal firing rate (hz) of all neurons in the ovBNST in naïve (ncells= 31; nrats=7) and 24 hour FDR 

(ncells= 25; nrats=5) male rats. (B) The effects of 24 hour FDR on basal firing rate (hz) of neurons 

that respond to PVT stimulation (Naïve: ncells= 11; nrats=6; FDR: ncells= 11; nrats=5) and neurons 

that do not respond (Naïve: ncells= 7; nrats=6; FDR: ncells=14; nrats=5). (C) AMPA/NMDA ratio’s of 

neurons in naïve (ncells= 10; nrats=4) and 24 hour FDR (ncells= 11; nrats=4) rats. (D) The decay time 

constant of NMDA  in naïve (ncells= 9; nrats=4)  and 24 hour FDR (ncells= 11; nrats=4) rats (ms). * 

p<0.05 
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Table 16. Neurophysiological properties of ovBNST neurons. 

 Naive FDR 

Firing Rate (hz) 

        0-1hz (% neurons) 

        1-3hz (% neurons) 

         >3hz (% neurons) 

         2.8 (0.81) 0.56 (0.16) 

45.2 80 

35.5 20 

19.4 0 

Action Potential Width Average (ms) 1.11 (0.08) 1.15 (0.06) 

         0.1-0.5 ms (% neurons) 6.5 0 

         0.5-0.7 ms (% neurons) 9.7 0 

         0.7-0.9 ms (% neurons) 9.7 16.7 

         0.9-1.1 ms (% neurons) 16.1 29.2 

         1.1-1.3 ms (% neurons) 32.3 33.3 

         1.3-1.5 ms (% neurons) 12.9 8.3 

         1.5 + ms (% neurons) 12.9 12.5 

Foot shock 

          Excitatory (% neurons) 

          No response (% neurons) 

  

0 10.1 

100 90 

PVT Responding (% neurons) 61.1 44 
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a 2x2 ANOVA we found that neither neurons receiving inputs from the PVT (2x2 ANOVA,  

main effect of PVT input; f(1, 71)= 2.45, p = 0.122) or a caloric restriction (2x2 ANOVA, main 

effect of metabolic state; f(1, 71) = 0.29, p = 0.595) statistically significantly altered basal 

activity within the striatum (Fig 4.15 A). 24 hours FDR had no effect on altering the percentage 

of neurons that received glutamatergic innervation from the PVT (p = 0.176). Moreover, we 

found that action potential width was unaffected by neurons input (p = 0.402) or by caloric 

restriction (p = 0.789). These results suggested that the effect of 24 hour food deprivation on 

neurons innervated by the PVT may be unique to the ovBNST.  

4.4.2. The effect of 24 hour FDR on AMPA/NMDA.  

To determine if the decrease in basil activity found following 24 hour FDR was due to 

changes in AMPA or NMDA receptors, we measured AMPA/NMDA ratios. First, we found that 

24 hour FDR had no effect on changing the ratio of AMPA and NMDA receptors (t(19) = 0.794, 

p = 0.259; Fig 4.14 C). Second, we examined the kinetic property of the NMDA receptor to 

determine if there was a change in subunit configuration. We found that 24 hour FDR had no 

effect on changing the time constant of NMDA as measured by tau (t(18)=1.405, p = 0.093; Fig 

4.14 D). These results suggested that our decrease in basal activity in the ovBNST following 24 

hour FDR neither due to a change in AMPA/NMDA receptor composition or a change in NMDA 

receptor kinetics. 
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Figure 4.15. 24 hour FDR had no statistically significant effect on basal activity of PVT innervated 

neurons in the striatum.  (A) The effects of 24 hour FDR on basal firing rate (hz) of neurons that 

respond to PVT stimulation (Naïve: ncells= 20; nrats=4; FDR: ncells= 20; nrats=6) and neurons that do 

not respond(Naïve: ncells= 10; nrats=4; FDR: ncells= 25; nrats=6). 
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Chapter 5: Discussion and Conclusion 

The purpose of these studies was to examine the effects of estrogens on inhibitory 

synaptic transmission in the ovBNST. These studies demonstrate E2 is a potent modulator of 

inhibitory transmission in the ovBNST of both sexes. E2 has both pre- and post-synaptic effects 

on inhibitory synaptic transmission which appears to be dependent on specific ER activation. 

Moreover, the effects of E2 were sexually dimorphic, being 100-fold more potent in females.   

Thus, we sought to further understand if E2 was involved in inhibitory plasticity. Eliminating E2 

production and preventing ERα and ERβ binding revealed a LTD of inhibitory synaptic 

transmission, indicating that in male rats, estrogens regulate synaptic plasticity at GABA 

synapses in the ovBNST. Intriguingly, this synaptic plasticity at GABA synapses was sexually 

dimorphic. For instance, intact females had a bi-directional plasticity at GABA synapses not 

present in unmanipulated males. 

 We wanted to test if this estrogen facilitated plasticity was affected by the development 

and maintenance of a compulsive behaviour. Male rats that developed compulsive water 

consumption during SIP had a bi-directional synaptic plasticity at GABA synapses following 

LFS. Moreover, this bi-directional plasticity persisted beyond the SIP metabolic challenge (i.e. 

cFDR). The development of compulsive water consumption increased aromatase mRNA in the 

PVT. These results indicate that the development of a compulsive behaviour may alter de novo 

E2 production. Finally, we examined the PVT input onto the ovBNST in anesthetized rats. An 

acute caloric restriction decreased the number of neurons responding to PVT stimulation and 

only neurons receiving PVT innervation had a decrease in basal firing rate. Taken together, these 

results suggest that aromatase containing neurons in the PVT may be affected by a metabolic 
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challenge and would therefore cause the bi-directional plasticity at GABA synapses observed in 

our cFDR and compulsive rats.  

5.1. The Effects of E2 and ER’s on Inhibitory Synaptic Transmission 

Using brain slice whole-cell voltage-clamp recordings, E2 in the ovBNST produced 

LTPGABA in male rodents. In most responsive neurons, E2 interacts with endocannabinoid CB1 

receptors producing a pre-synaptic LTPGABA within the ovBNST in males. Furthermore, the 

effects of E2 in males were sensitive to an acute metabolic homeostatic challenge, illustrating 

that estrogens in this region may be important in responding to a caloric deficit. A sexually 

dimorphic response of E2 in the ovBNST was revealed by dose response curves as E2 was 100-

fold more potent in females than males. Finally, E2 in the ovBNST predominantly activated a 

combination of ERα and GPER receptors in males and a combination of all three in females to 

produce LTPGABA. Thus, my hypothesis that E2 would affect inhibitory synaptic transmission in 

at least one sex was true.  

 E2 alters GABA and GABAA functioning in most regions of the brain currently 

examined (Mukherjee et al., 2017; Blurton-Jones & Tuszynski, 2006; Parducz et al., 1993; Saleh 

& Saleh, 2001; Kurata et al., 2001). In the CA1, E2 reduces inhibitory transmission through a 

pre-synaptic mechanism in adult female rats, but, has no effect in males (Huang and Woolley, 

2012; Tabatadze et al., 2015).  We found the opposite in the ovBNST as E2 robustly increased 

inhibitory synaptic transmission in both sexes. This effect is similar to that of the basolateral 

amygdala, where E2 increases IPSC amplitude of OVX mice (Tian et al., 2013). Depending on 

the concentration, E2 changed the probability of release of GABA and the CV in both sexes.  

Moreover, activation of ERα receptors by PPT, but not the activation of GPER by G-1, changed 

the probability of release of GABA in both sexes. These findings indicate that the effect of E2 



108 

 

binding to ERα in both sexes is likely increasing pre-synaptic GABA release.  Moreover, most 

concentrations of E2 and the activation of both ERα and GPER increased the GABAA time 

constant in both sexes, an indication of a change in the kinetics of the post-synaptic GABAA 

receptor. An E2 mediated change in GABAA time constant has yet to be reported, and it remains 

unknown if this effect would be found in other brain regions. Thus, these results corroborated 

that E2 produced LTPGABA in the ovBNST through both pre- and post-synaptic mechanisms 

(Faber and Korn, 1991; Fioravante and Regehr, 2011).  

A change in GABAA time constant can be indicative of a change in subunit composition. 

E2 increases the mRNA expression of the GABAA α3 subunit (Pierson et al., 2005). Inserting α3 

into a GABAA receptor composed of α1β2γ2S, replacing α1, significantly increases the GABAA 

time constant (Gingrich et al., 1995). Therefore, one explanation is that E2 in the ovBNST of rats 

likely produced LTPGABA through increasing GABAA α3 expression. Alternatively, E2 increases 

α2 subunit mRNA in various regions of the brain (Pierson et al., 2005; Calza et al., 2010 Tian et 

al., 2013). As α2 subunits provides the GABAA receptor a faster activation time and a slower 

deactivation time than the α1 subunit, it is therefore possible that E2 in the ovBNST may also be 

increasing α2 expression (Lavoie et al., 1997). Future studies should examine which if any 

GABAA subunits E2 can affect within the ovBNST.  

In the CA1, E2 mediates a protein kinase dependent LTDGABA by promoting pre-synpatic 

CB1 suppression of GABA release (Huang and Woolley, 2012; Tabatadze et al., 2015). 

Similarly, CB1 receptors are located on the pre-synaptic bouton of synapses and reduce 

inhibitory synaptic transmission in the ovBNST (Puente et al., 2010). In an experiment unrelated 

to my thesis, we found that CB1 receptors within the ovBNST are constitutively active. The 

effects of E2 in the ovBNST male rodents, was also protein kinase dependent and CB1 
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dependent, however, our effect is likely the exact opposite than that of the CA1. PPR’s and CV 

measures indicated greater GABA release following E2 application in the ovBNST. Therefore, 

unlike in the CA1, E2 likely interferes with the constitutive activation of pre-synaptic CB1 

receptors in the ovBNST. It is likely that E2 binding to ERα may activate a protein kinase that 

interferes with production of the CB1 endocannabinoid ligands, removing the tonic inhibition of 

pre-synaptic GABA release to produce LTPGABA in the ovBNST. Moreover, if E2 suppresses the 

production endocannabinoid ligands, the GPR55 receptor antagonist CID likely occluded the 

effects of E2. 

ERs and CB1 receptors influence appetite and maintaining energy homeostasis (Di 

Marzo et al., 2001; Geary et al., 2001; Cardinal et al., 2012; Davis et al., 2014). E2 reduces food 

consumption and controls energy balance/metabolism through a combination of ERα, ERß and 

GPER (Geary et al., 2001; Musatov et al., 2007; Sharma et al., 2013; Davis et al., 2014; Yepuru 

et al., 2010; Liang et al., 2002). Furthermore, it is likely that the NTS innervates the ovBNST 

upon changes to either blood glucose levels or stomach distention (Kreisler et al., 2014; Holst, 

2007; Imeryuz et al., 1997; Nakade et al., 2007; Rinaman, 1999a; Sandoval et al., 2008). In 

mice, the ovBNST helps maintain energy homeostasis by promoting food consumption through 

its efferent projections to the lateral hypothalamus (Jennings et al., 2013).  Providing male rats 

24 hour FDR as an acute metabolic homeostatic challenge, reduced the potency of E2 in half. 

The metabolic challenge caused a reduction in estrogen receptor expression. Alternatively, the 

metabolic challenge may have affected endocannabinoid production or CB1 receptor expression, 

which could occlude the effects of E2. Future studies will need to examine how E2 may interact 

with CB1 and GPR55 receptors in the ovBNST to maintain energy homeostasis. Moreover, there 

should be an examination of various parameters relating to energy homeostasis including, food 
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consumption, weight gain, energy expenditure, adipose tissue metabolism and glucose tolerance. 

Determining what phenomena related to appetite and metabolism estrogens affect will help 

support its role in maintaining energy homeostasis through the ovBNST. 

 The dose response curves revealed that E2 was 100-fold more potent in the female 

ovBNST. Interestingly, in both sexes, the dose response curve was an inverted-U indicating that 

in the ovBNST increased production of E2 either by local aromatase or the gonads may reduce 

the effect of E2 mediated LTPGABA. Aromatase in the ovBNST is located at presynaptic 

terminals (Zhao et al., 2007). Thus, aromatase’s location would allow inputs to influence 

inhibitory synaptic transmission within the ovBNST through the production of E2.  

 The metabolism of E2 is a possible explanation for the reduction of E2’s potency on 

inhibitory synaptic transmission at greater concentrations in males and females. E2 is 

metabolised into the estrogen’s estriol or estrone, and greater concentrations of E2 may increase 

their production. Estriol is 80-folds and estrone is 12-folds less potent than E2 (Hall, 2015). If 

high concentrations of E2 were rapidly metabolized into either estriol or estrone, it would 

explain the reduction in LTPGABA. Intriguingly, estriol in the presence of E2 has anti-estrogenic 

properties (Kuiper et al., 1997; Malamed et al., 1997). Specifically, estriol can act as an 

antagonist to the GPER (Lappano et al., 2010). Interestingly, E2 induced LTPGABA is produced, 

in part, by GPER in both sexes. Therefore, it is possible that the negative feedback we find at 

higher concentrations of E2 may be mediated by estriol’s anti-estrogenic properties.  

There were no observable differences in the effects of E2 between females either in the 

estrus or diestrus phase of the estrous cycle. Furthermore, the response to bath application of 1 

nM E2 was unaffected in male and female rats without gonads for at least 2 weeks. These results 

suggest that the expression of GABA modulating estrogen receptors is likely gonad independent 
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and endogenously regulated in the ovBNST of both sexes. Although the expression of estrogen 

receptors in the ovBNST appears to be gonad independent, estrogens produced by either the 

testes or the ovaries may influence inhibitory synaptic transmission in this region. In female rats, 

the estrous cycle determines the amount of E2 that is produced by the ovaries (Shaikh, 1971; 

Nequin et al., 1979). The fluctuations in production of sex steroid hormones during the various 

phases of the estrous cycle directly alter food consumption and metabolism (Brobeck et al., 

1947). We examined female rats in estrus and diestrus phases of the estrous cycle as food 

consumption, metabolism and compulsive behaviours differ between the two (Tarttelin and 

Gorski, 1971; Wurtman and Baum, 1980; Parker et al., 2001; Roberts et al., 1989). Therefore, it 

remains possible that ovarian produced E2 can influence the ovBNST to meet the different 

biological demands of the estrous cycle. To confirm this hypothesis, future studies should use in-

vivo electrophysiological recordings in either anesthetized or freely moving female rats at 

different phases of the estrous cycle.  

 In males pharmacologically activating ERα and GPER produced LTPGABA. In females 

however, pharmacologically activating all three estrogen receptors produced LTPGABA. Although 

unknown in rats, the female mouse ovBNST does not contain any ERß protein (Mitra et al., 

2003). One possibility is that the female rat ovBNST contains either pre or post-synaptic located 

ERβ protein. Alternatively, the agonist DPN has a 70-fold higher binding affinity and a 170-fold 

higher potency for ERß than ERα, and it is possible DPN is producing LTPGABA through ERα 

(Myers et al., 2001). In conjunction with E2 being 100-fold more potent in females, this data 

indicates that there may either be functional differences or greater amounts of ERα in females 

than males. There are eleven types of neurons and three different activity patterns in the ovBNST 

of male rats (Larriva-Sahd, 2006; Hammack et al., 2007). The effect of E2 is rather 
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homogeneous in both sexes affecting most neurons in the ovBNST, suggesting that E2 modulates 

multiple cell types including common spiny interneurons which are the most prevalent neurons 

in the region (Larriva-Sahd, 2006). Future studies may want to examine the expression patterns 

of ERα and GPER. Localizing estrogen receptors to specific neuronal subtypes will help 

elucidate their function.  

Our study reveals that E2 in the ovBNST increases inhibitory synaptic transmission in the 

ovBNST of both sexes. This is the first study in the ovBNST to examine the neurophysiological 

effects of any sex steroid hormone. Moreover, these studies further support the hypothesis that 

the ovBNST is a region involved in either appetite or metabolism, as the potency of E2 was 

sensitive to a metabolic challenge. Understanding the function of estrogens in maintaining 

energy homeostasis may provide valuable insight into how a disruption in estrogenic function 

promotes the development and maintenance of psychiatric disorders, such as compulsivity. We 

sought to further our understanding of estrogenic regulation of inhibitory synaptic transmission 

by examining its potential function in inhibitory plasticity.  

5.2. Sexually dimorphic inhibitory plasticity within the ovBNST  

 Using brain slice whole-cell voltage-clamp recordings, the hypothesis that estrogens 

would be involved in synaptic plasticity at GABA synapses in the ovBNST was confirmed. LFS 

in the ovBNST produces LTPGABA in male rodents. Pharmacologically blocking either ERα, 

ERβ, ovBNST derived E2, or AR revealed an LFS-induced bi-directional plasticity of GABA 

synapses in the ovBNST. Intriguingly, LFS-induced the same bi-directional signatures as 

interfering with sex steroid hormones in unmanipulated ovBNST slices from female rats. This 

effect is partly reversed by OVX, suggesting that ovarian produced steroid hormones may 

influence synaptic plasticity of GABA ovBNST synapses in female rats.  
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 In naïve-male rats LFS-induced at LTPGABA in 100% of neurons through a post-synaptic 

mechanism. LFS induced synaptic plasticity of GABA synapses was dependent on activation of 

ER’s. Because the ovBNST of males does not contain ERβ mRNA and DPN has very little effect 

on inhibitory synaptic transmission, LFS-induced bi-directional plasticity in the presence of ICI 

is likely mediated by blocking ERα (Laflamme et al., 1998). ERα appears to gate LTDGABA in 

approximately half of the male ovBNST neurons. An important caveat to these studies is that ICI 

is an agonist of GPER and therefore, it is likely the drug would occlude any ovBNST derived E2 

binding of GPER receptor effects (Thomas et al., 2005). Moreover, blocking aromatase with 

LET either in bath perfusion of ovBNST slices or through chronic I.P injections also produced 

LTDGABA in roughly half of male ovBNST neurons. These results indicate that in naïve males, 

LFS stimulated the production of E2 that bind to ERα and produced LTPGABA in most neurons. 

However, while it is believed LET only affects aromatase, it remains possible the drug may alter 

other systems within the ovBNST. Moreover, to confirm the synthesis of estradiol future studies 

will need to examine specifically the amount of estradiol produced following a low-frequency 

stimulation. Importantly, blocking either ERs or the production of E2 was never capable of 

completely abolishing LTPGABA, a result that demonstrated that E2 is likely not involved in 

synaptic plasticity of GABA synapses in roughly 25% of ovBNST neurons. It is possible that the 

unaffected neurons were the same type of neuron that did not respond to perfusions of E2. To my 

knowledge, these are the first experiments to demonstrate that E2 is involved in synaptic 

plasticity of GABA synapses. 

 Several studies have begun to examine stimulation frequency induced E2 production. 

HFS appears to activate aromatase within the CA1 and the MVN (Grassi et al., 2009; Vierk et 

al., 2012; Grassi et al., 2011). To my knowledge this is the first study to examine the effects of 
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aromatase on inhibitory synaptic transmission and to find that a LFS may activate aromatase. 

While blocking aromatase with LET may indicate that de novo E2 is produced during a 

stimulation protocol, it does not demonstrate how. Currently, no research has determined the 

mechanism behind activity-dependent aromatase activation. In other regions of the brain, such as 

the medial preoptic area of the hypothalamus, ARs activate aromatase (Abdelgadir et al., 1994; 

Roselli & Resko, 1993). When we blocked ARs, LFS produced an almost identical bi-directional 

effect on inhibitory synaptic transmission as LET. To confirm this new hypothesis that LFS 

induces AR activation to promote testosterones aromatization into E2, future studies should 

confirm if the ovBNST can produce de novo testosterone. 

 We found that DHT can produce both a LTPGABA or a LTDGABA depending on the neuron 

examined. It is possible if AR activation promotes E2 production, the LTPGABA observed may be 

ER mediated. In support of this theory, only DHT induced LTPGABA and not LTDGABA increased 

the GABAA decay time constant, suggesting a similar post-synaptic change to GABAA’s as E2. 

However, future studies will need to bath apply testosterone and manipulate aromatase with LET 

to confirm this suspicion. Intriguingly, a 100hz HFS produced the same bi-directional plasticity 

at GABA synapses as interfering with sex steroid hormones or bath applying DHT. Because 

LTDGABA was present, it is likely that HFS did not activate aromatase. It is possible that in the 

ovBNST, aromatase activation is frequency dependent. Specifically, aromatase in the ovBNST 

may only activate in response to a lower frequency (i.e. 1 hz) compared to other regions of the 

brain (i.e. 100hz; Grassi et al., 2009; Vierk et al., 2012; Grassi et al., 2011). Alternatively, HFS 

may activate a different pathway than estrogens to produce this bi-directional plasticity.  

 In stark contrast to the male ovBNST, LFS produced a bi-directional plasticity at GABA 

synapses in the female rat. Rats in both the estrus and diestrus phase of the estrus cycle had very 
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few neurons respond with an LTPGABA. Due to LTDGABA being present in naïve females, we did 

not further examine the effect of ER’s and aromatase on LFS-induced plasticity. However, 

diestrus rats had approximately 31% of neurons respond to LFS with either LTPGABA or 

LTDGABA, compared to estrus’s 53% response rate, indicating that perhaps ovarian produced 

steroid hormones were responsible. OVX significantly increased the amount of LTPGABA 

observed and eliminated most NC neurons. This effect confirmed a hypothesis from AIM 1 such 

that ovarian steroid hormones can still influence the ovBNST despite not affecting E2’s potency 

in-slice. One explanation for LTDGABA being present in all female conditions is that female rats 

may have less aromatase in the ovBNST than their male counterparts. In the alBNST, of which 

the ovBNST is a part of, there is significantly less aromatase mRNA in OVX females than intact 

males (Tabatadze et al., 2014). Still, considering the ovBNST of at least males does not contain 

aromatase mRNA, it remains unclear if aromatase protein expression differs between sexes. It is 

possible that pre-synaptic aromatase expression in the ovBNST was affected by circulating 

estrogens. Perhaps during diestrus there was less aromatase present, explaining the greater 

amount of non-responding neurons.  Alternatively, there could be a sex difference in one of the 

downstream stream targets of ER’s. Nonetheless, further research into the cause of LTDGABA in 

both sexes is required.  

 Taken together, we demonstrate an ER-gated bi-directional plasticity at GABA synapses 

within the ovBNST of male rats. This is the first study to demonstrate LFS-induced E2 

production. Furthermore, this study provides the first piece of evidence that frequency-induced 

aromatase activation may not be ubiquitous across all brain regions. The observed sexually 

dimorphic synaptic plasticity at GABA synapses may be due to differences in circulating steroid 

hormones or aromatase expression between the sexes. Future studies will want to further 
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characterize this sex difference at GABA synapses. Further understanding the mechanisms 

underlying inhibitory plasticity may help elucidate the neurological causes mediating the 

acquisition and maintenance of maladaptive compulsive behaviours. To examine if LFS-induced 

synaptic plasticity at GABA synapses is involved in either appetite/metabolism or the 

development of maladaptive behaviours, we examined compulsive drinking in male rats that 

went through the SIP paradigm.  

5.3. Bi-directional plasticity is associated with both a chronic metabolic challenge and the 

maintenance of a compulsive behaviour.  

Accumulating evidence supported the rodent SIP paradigm as a pre-clinical model to study 

the neurobiology of compulsivity (Platt et al., 2008; Moreno and Flores, 2012; Belin-Rauscent et 

al., 2016). Here, by removing the caloric restriction necessary to induce SIP, we saw that although 

excessive drinking vanished, the rats continued to adjunctively check the water spout compulsively 

(i.e. in a time-consuming and repetitive way, without any obvious benefits). Supporting this 

behavioural evidence of compulsivity, we saw that bi-directional plasticity of GABA synapses in 

the BSNT remained ‘locked’ in its food-restricted mode in HD and SIC rats upon caloric 

replenishment. These results confirm my hypothesis that LFS-induced LTPGABA would be altered 

by the development and maintenance of a compulsive behaviour.  

In the rodent SIP paradigm, the development of excessive drinking required long-term 

caloric restriction which acts to increase the rewarding salience of the food pellets (Lockie and 

Andrews, 2013). The synergistic interaction between scheduled delivery of food pellets with their 

enhanced rewarding salience resulted in excessive drinking in rats, in a subject-specific way (Falk, 

1961; Falk, 1967; Falk, 1971; Hooks et al, 1994). Historically, rats are categorized as polydipsic 

when water intake during the 2 hour SIP sessions exceeded 22 hours of home cage drinking (Flory, 

1971). Recently, our laboratory widened this criterion to classify rats as HD if their operant 
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chamber water intake was equal or greater than 50% of intake (Hawken et al., 2013). There was 

neurophysiological evidence supporting this criterion, showing a clear impairment in satiety-state 

dependent bi-directional ovBNST GABA plasticity in HDRefeed compared with LDRefeed rats. In all 

tested LDRefeed rats, acute refeeding following long-term food restriction eliminated LTDGABA, 

mostly reverting LFS-induced GABA plasticity to free-fed sated-state values. In contrast, LFS-

induced bi-directional GABA plasticity in the ovBNST of all HD rats fully resisted acute refeeding 

(i.e. remained dominated by LTDGABA and NC; it did not revert to LTPGABA). 

In an unrelated study to my thesis, an 18 hour FDR uncovers LTDGABA and 40 minutes of 

ad libitum food access reversed this effect. Consequentially, plasticity at ovBNST GABA synapses 

is bi-directional and tightly follows acute satiety states (Hawken et al., unpublished). Likewise, in 

this study, when rats were chronically food restricted the direction of LFS-induced GABA 

plasticity was also satiety-state dependent. This was particularly perceptible in the sub-group of 

LD rats whereby an acute 18 hour refeed eliminated LTDGABA despite 29 days of food restriction 

and 21 days of SIP training. In contrast, bi-directional plasticity completely resisted 18 hours or 

several days of refeed in HD rats, that is, GABA synapses remained in their depressed (LTDGABA 

or no change) mode. The ‘locked’ state of GABA synapses in caloric replenished compulsive rats, 

indicates their neurons may be less sensitive to metabolic changes. Therefore, we can conclude, 

first, that it is most likely the caloric restriction that uncovered bi-directional plasticity at ovBNST 

GABA synapses in SIP-trained rats. Second, that caloric intake-dependent bi-directional ovBNST 

GABA plasticity predicted the behavioural outcome in the SIP paradigm (HD vs. LD). Third, that 

bi-directional plasticity loosely followed satiety-states in a random sample of rats which can be 

explained by individual differences in the way GABA synapses cope with a chronic caloric 

challenge.  
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The bi-directional ovBNST synaptic plasticity at GABA synapses has the same cellular 

signatures as when the sex steroid hormone system was impaired during AIM 2. In AIM 1 an acute 

metabolic challenge decreased the potency of 1nM E2 in half. It is possible that a cFDR interferes 

with either E2 production or ER expression within the ovBNST. Moreover, perhaps the 

development of a compulsive behaviour caused a greater long-lasting impairment on this 

estrogenic system, prolonging bi-directional plasticity at GABA synapses for upwards of a week 

following caloric replenishment. Although not isolated to the ovBNST, there were no significant 

differences between LD or HD rats in ERα or ERβ mRNA within the alBNST. However, this null 

result does not prove there were no changes in protein expression.  Future studies should examine 

if impairing either aromatase or ER’s in the ovBNST can promote the development of SIP-induced 

compulsivity.    

Food restriction was required to induce excessive drinking in the SIP paradigm, however, 

it remained unclear whether it is also necessary to maintain the maladaptive behaviour. To test this 

possibility, 5 HD rats were refed and that within 3 to 8 days of ad libitum access to food, excessive 

drinking in the operant chamber ceased completely in 4 rats and dropped by 50% in the 5th rat. 

Yet, all the rats continued to adjunctively check the water spout, revealing two distinguishable 

behaviours once SIP was established. First, excessive water intake which was contingent on caloric 

restriction and second, a form of SIC that persisted even if the rats were refed for several days. 

SIC was adjunctive to food pellet delivery, suggesting that although rats were sated, scheduled 

intermittent access to food retained powerful behavioural triggering effects. Future experiments 

should determine whether SIC remains adjunctive with a variable schedule of food pellet delivery. 

It would also be interesting to determine whether food remained necessary or if secondary food 

predicting cues could trigger SIC as well. Together, this data could further support the compulsive 
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nature of SIC. Furthermore, our data demonstrated that bi-directional plasticity of ovBNST GABA 

synapses could not recover from days of free-feeding in all tested SIC rats, suggesting this 

neurophysiological trace was closely related to this compulsive aspect of the SIP paradigm. 

The SIC behaviour meets many of the criteria and mirrors many behaviours for compulsive 

checking in humans and which may consequently display have face validity of the clinical 

condition. First, compulsive checking in humans is time-consuming, repetitive and interferes with 

normal daily life activities (American Psychiatric Association, 2013). In SIC, the water spout 

became the key location in which the rat spent a significant amount of time without any observable 

benefit during the 2 hour SIP sessions. Future experiments could determine whether SIC actually 

significantly narrows the behavioural repertoire of the rats compared with non-SIC rats. Second, 

compulsive checking in humans is triggered either by an anxiety-producing cognitive disturbance 

(fear that the stove will set the home on fire), a physical trigger (physically seeing the stove), or 

both (American Psychiatric Association, 2013; Rachman and de Silva, 1978; Mackenzie et 

al.,1995; Rachman, 2002). SIC was predictably triggered by external sensory cues (presentation 

of food pellets and the availability of the water spout). Currently, there was only one suggested 

animal model of compulsive checking. The quinpirole sensitization model which required repeated 

administration of the D2/D3 agonist to produce a preference to one or two objects/locations 

(Szechtman et al., 1998; Szcechtman et al., 2001). One limitation of this paradigm is the 

requirement of a pharmacological manipulation and according to diagnostic criteria in humans, the 

compulsion must not be attributable to the physiological effects of substances or medications 

(American Psychiatric Association, 2013). SIC may be a potentially more naturalistic alternative 

to study the neurobiology of compulsive checking. 
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Considering the potential role of the ovBNST in energy homeostasis, we expected robust 

neurophysiological alterations in a paradigm such as SIP, that requires a long-term caloric 

challenge (Jennings et al., 2013). From a circuitry perspective, the ovBNST receives its main 

excitatory inputs from the PVT (Moga et al., 1995; Li and Kirouac, 2008). The PVT is important 

in energy homeostasis and is involved in anticipatory-feeding behaviours following low caloric 

intake (Nakahara et al., 2004; Kelley et al., 2005; de Vasconcelos et al., 2006). Moreover, of all 

the inputs of the ovBNST it contains the most aromatase mRNA (Wagner & Morrell, 1996). In 

return in at least mice, the ovBNST sends a monosynaptic GABA projection to the LH to regulate 

feeding behaviours (Jennings et al., 2013). The possible role of the LH in encoding learned 

responses in association with reward associated cues could also influence the establishment of the 

SIP/SIC action that becomes habitual/compulsive in nature (Nakamura et al., 1987; Nieh et al., 

2015). Accordingly, the ovBNST is robustly and bi-directionally connected with the CEA which 

may also play a part in transitioning the SIP behaviours from habit to compulsion: the integrity of 

the indirect CEA influence to the dorsal lateral striatum is critical for compulsive behaviours 

expression (Everitt and Robbins, 2016). 

In support of the PVT being involved in HD induced bi-directional ovBNST GABA 

plasticity, the only major glutamatergic input to have their estrogenic system affected is the PVT. 

In the PVT of HD rats, there was significantly more aromatase mRNA, suggesting that either cFDR 

or the maintenance of a compulsive behaviour can potentially affect E2 synthesis. mRNA in the 

CEA was not examined because, like the ovBNST, it does not contain any aromatase mRNA, and 

thus could not be a major source of aromatase (Zhao et al., 2007). There was a decrease in 

aromatase mRNA in HD rats within the alBNST, however, considering the ovBNST does not 
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contain aromatase mRNA, this may be due to changes in other BNST subregions (Zhao et al., 

2007).  

The ovBNST is also positioned to exert powerful regulation of the HPA axis through a di-

synaptic connection with the (PVN) through the fuBNST. Since compulsive behaviours, in 

general, and the SIP paradigm are linked with chronic stress and pathological anxiety states, it was 

possible that dysregulated ovBNST function may contribute significantly in these phenomena. 

There is evidence that the ovBNST contributes in adaptive and maladaptive anxiety states, yet the 

consequences of altered satiety-state dependent bi-directional GABA plasticity observed with SIP 

and SIC on ovBNST input-output neurophysiology is unknown (Kim et al., 2013; Normandeau et 

al., 2018). Due to the large percentage of neurons shifted towards either LTDGABA or NC, it is 

likely that at least GABA interneurons in the ovBNST are affected. 

This study revealed a robust neurophysiological trace of excessive drinking and 

compulsive checking in susceptible rats. Further experiments should confirm whether 

dysregulated GABA plasticity in the ovBNST was the cause or consequence of the behavioural 

phenomena, and accordingly, either a potential therapeutic target or predictive marker of 

compulsivity in rodents. Moreover, time spent at the water spout could be the primary variable to 

consider when investigating compulsivity using the SIP rodent model. Because SIC resisted 

removal of the caloric challenge and remained adjunctive to food pellet delivery, it could 

represent a powerful pre-clinical measure of cue-triggered compulsive behaviours. To further 

investigate if caloric restriction was causing changes to the PVT that alter synaptic transmission 

within the ovBNST, we examined the circuit in anesthetized rats.  
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5.4. Caloric restriction inhibits PVT-ovBNST innervation 

 Using in vivo electrophysiology in anesthetized male rats, ovBNST basal firing frequency 

and action potential width was characterized. ovBNST neurons receiving glutamatergic inputs 

from the PVT have more than double the firing rate than neurons that do not.  Moreover, an 

acute 24 hour caloric restriction significantly reduced the basal firing frequency of PVT 

responding neurons. Importantly, PVT innervated neurons in the striatum did not have a 

statically different basal firing rate following 24 hour FDR, indicating that this effect may be 

unique to the ovBNST. These results support my hypothesis that the PVT-ovBNST pathway 

would be sensitive to a metabolic challenge.  

 The ovBNST is thought to be a convergence node for both ascending and descending for 

exteroceptive and interceptive information. Notably, it is theorized that the ovBNST responds in 

the face of a metabolic challenge (Dong et al., 2001b).   Both an acute and chronic FDR caused a 

LFS-induced bi-directional plasticity of GABA synapses within the ovBNST (Hawken et al., 

unpublished; AIM 3). Therefore, it was hypothesized that an acute metabolic challenge may 

increase basal activity within the ovBNST. However, the opposite result was found, an acute 

metabolic challenge more than halved the overall basal activity within the ovBNST.  

Specifically, only neurons receiving glutamate from the PVT were affected. Interestingly, some 

neurons became completely silent following 24 hour FDR and were only found by stimulating 

the PVT. One possibility for this confounding finding is that the rats were anesthetized. Perhaps 

the PVT reduces innervation of the ovBNST to reduce noise. In a 24 hour FDR freely-moving rat 

the presentation of food may significantly increase basal activity of PVT innervated neurons. 

Therefore, the reduction of basal activity within the ovBNST may be an adaptive response to 

promote food seeking or taking behaviour.  
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 The reduction in PVT responding ovBNST neurons may explain the bi-directional 

plasticity observe in cFDR rats. If the PVT is the main source of aromatase in the ovBNST, a 

reduction in PVT innervation may correspond to a reduction in brain derived de novo E2 in 

response to LFS. Less E2 production within the ovBNST may be a cause of the caloric deficit 

induced LTDGABA observed following LFS. In further support of aromatase located in PVT 

axons being affected by a caloric restriction, approximately 61% of neurons were innervated by 

the PVT in naïve animals. In AIM 2 both our LET experiments that blocking aromatase 

interfered with LTPGABA in 66% of neurons. Therefore, it is possible that E2 only gates bi-

directional plasticity of GABA synapses in the ovBNST in PVT innervated neurons.  

Considering E2 is an anorectic and can reduce food consumption, change in aromatase 

containing axons could mean a shift towards a more androgen mediated response (Geary et al., 

2001; Thammacharoen et al., 2007; Nunez et al., 1980; Butera et al., 1989; Dagnault et al., 

1997). Androgens are generally orexigenic and the PVT may determine the balance of sex 

steroids within the ovBNST in the face of a caloric deficit (Movérare-Skrtic et al., 2012; Chai et 

al., 1999; Gentry and wade, 1976). If aromatase projection neurons from the PVT are sensitive to 

changes in metabolic state, it is possible a change in their function is responsible for the bi-

directional electrophysiological signature found in compulsive rats. Future patch-clamp in slice 

studies can further test these hypotheses by using anterior grade fluorescent beads to examine 

only neurons innervated by the PVT. Moreover, co-labelling PVT neurons and aromatase will 

confirm if the this is a pre-synaptic source of aromatase.  

 It is possible there was a reduction in basal firing frequency due to a decrease in post-

synaptic AMPA receptors. If there was a significant reduction in AMPA and not NMDA 

receptors there would be a change by examining the AMPA/NMDA ratio. However, the 
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AMPA/NMDA ratio was unaffected. Future studies may want to isolate the AMPA receptor and 

conduct a current-voltage curve to determine fully if it is unaffected by caloric restriction. There 

were no changes in NMDA kinetics, suggesting that a 24 hour FDR does not likely affect their 

subunit composition. However, it remains possible that an acute caloric restriction may 

downregulate the total number of NMDA receptors alongside AMPA receptors.  

Half-spike width can be a measure to determine the type of neuron examined (Bean, 

2007). In both conditions the average spike width ranged from 0.9-1.3ms. Considering that 

roughly 44% of ovBNST neurons are common spiny interneurons, it is possible that this is their 

action potential signature (Larriva-Sahd, 2006). This finding is consistent with current-clamp in 

slice recordings illustrating that alBNST neurons have a half-spike width on average of 0.95-

1.1ms (Hammack et al., 2007). Additionally, there were no differences in half-spike-width 

following 24 hour FDR, indicating there was potentially no evident changes in post-synaptic 

kinetics. Although, not a main objective of this study, 4% of neurons respond to somatic pain in 

the foot caused by an electric stimulation. Moreover, in response to a toe-pinch on average 4-5 

neurons in the ovBNST activate as measured by the immediate early gene c-fos (Morano et al., 

200). It is therefore likely that only a very specific subset of neurons in the ovBNST are involved 

in integrating information on somatic pain. It remains to be determined if the ovBNST processes 

visceral pain.  

Having characterized the effects of an acute metabolic challenge on the PVT-ovBNST 

input, future studies will need to confirm that aromatase is affected. This study was the first to 

examine the PVT-ovBNST input and it further confirms that the ovBNST is affected by energy 

deficits (Dong et al., 2001b). Further understanding this pathway may help confirm the 
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ovBNST’s place in an appetite/metabolism circuit. Moreover, this pathway provides a unique 

opportunity to further elucidate the function of aromatase within the brain.  

5.5. Limitations 

 Whole-cell voltage clamp electrophysiology is a powerful tool to examine the 

pharmacological effects of estradiol. However, there remains several major limitations to our 

interpretations of these results. While our evidence demonstrates that IPSC’s within the ovBNST 

are sensitive to a change in the metabolic state, it does not directly tie these changes to either 

appetite or metabolism. Future studies will have to determine if estradiol or LFS can alter 

appetite or metabolism related behaviours and physiological changes. Another major limitation is 

that while our pharmacological agents (e.g. LET) have been well characterized it is always a 

possibility that in a new brain region they may have unknown pharmacological affects. While 

my electrophysiological findings indicate it is likely aromatase located in the PVT is sensitive to 

a metabolic challenge, I do not definitively prove this. Future studies will need to examine if 

aromatase protein located in the ovBNST is altered following either a 24 hour FDR and chronic 

food restriction. Furthermore, to confirm that it is PVT innervated neurons in the ovBNST that 

are affected by a metabolic challenge anterior grade florescent tracers should be in the future. 

5.6. Summary of Discussion 

 This thesis characterizes the effects of estrogens on inhibitory synaptic transmission in 

both sexes. Moreover, synaptic plasticity at GABA synapses in the ovBNST was sexually 

dimorphic. In male’s bi-directional plasticity was gated by brain-derived estrogens, whereas in 

females, ovarian produced steroid hormones interfered with a bi-directional plasticity. In at least 

males, this bi-directional plasticity of GABA synapses was a neurophysiological signature in rats 

that developed compulsive behaviours. In male rats, both a caloric deficit and the development of 
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compulsive behaviours caused a bi-directional plasticity of GABA synapses, suggesting an effect 

on the brains estrogenic system. In fact, measurements of mRNA and electrophysiological 

features in slice patch-clamp electrophysiology indicated that aromatase expression or function 

may be affected by a caloric deficit or the development of a compulsive behaviour. Based on my 

findings using in vivo electrophysiology in anesthetized rats, it was likely that pre-synaptic 

aromatase found in the PVT is sensitive to these behavioural changes. 

 Based on these findings, a potential mechanism for how brain derived estrogens gate bi-

directional GABA synaptic plasticity in males is proposed. First, in naïve conditions 

constitutively active endocannabinoids binding to CB1s likely inhibit presynaptic GABA release 

(Fig 5.1). Second following LFS, androgens likely bind to presynaptic AR’s found in PVT axons 

to promote the aromatization of testosterone into E2. E2 is then released and binds to a 

combination of ERα and GPER. Based on the PPR’s, CV and TAU, GPER is likely principally 

responsible for the increase in GABAA decay, where as, ERα is likely responsible for inhibiting 

CB1 blockade of pre-synaptic GABA release. Increased GABA release combined with kinetic 

changes to GABAA causes LTPGABA (Fig 5.2). Finally, a caloric restriction appears to alter PVT 

inputs into the ovBNST, thus reducing the production of brain derived E2. Without the effects of 

ERα and GPER there is likely changes in GABAA and presynaptic GABA release that promote 

LTDGABA (Fig 5.3). Thus, brain derived estrogens can gate bi-directional GABA synaptic 

plasticity in the face of a caloric deficit. This change in synaptic transmission may be involved in 

the development and maintenance of maladaptive compulsive behaviours.   

Further understanding the neurophysiological function of estrogens will enhance our 

knowledge of a system that is responsible for a variety of mental health problems. Notably, 

interfering with estrogens has a profound impact on the neurophysiology of ovBNST neurons 
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and may be responsible for the maintenance of maladaptive compulsive behaviours. Elucidating 

the role of brain derived estrogens in the regulation of synaptic transmission within the ovBNST 

will provide valuable insight into hormonal treatments for eating, anxiety and compulsion related 

disorders. 
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Figure 5.1. Diagram of CB1 mediated suppression of pre-synaptic GABA release. 1) ovBNST 

neurons produce endocannabinoids that bind to presynaptic CB1 receptors. 2) CB1 receptors 

suppress GABA release on ovBNST neurons. 
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Fig 5.2. Diagram of the hypothesized mechanism behind LFS-induced LTPGABA. 1) LFS causes 

androgens to bind to presynaptic AR’s found in PVT axons to promote the aromatization of 

testosterone into E2. 2) E2 is released and binds to a combination of ERα and GPER. 3) GPER 

causes changes to the GABAA kinetics. 4) ERα inhibits CB1 blockade of presynaptic GABA 

release. 5) Increased GABA release binds to GABAA and produces LTPGABA. 
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5.3. Diagram of hypothesized brain derived E2 gated bi-directional GABA synaptic plasticity. 1) 

A caloric deficit reduces PVT aromatase inputs to the ovBNST. 2) Without brain derived E2, 

endocannabinoids bind to pre-synaptic CB1 receptors. 3) Activation of CB1 receptors reduce 

GABA release causing LTDGABA. 4) This impairment in aromatase activity either is a 

neurophysiological marker or promotes the development or maintenance of compulsive 

behaviours. 
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Appendix A. In vivo patch-clamp electrophysiology placement. Schematic illustrating 

stimulating and recording electrodes placements within the (A) the rat ovBNST (adapted from 

Paxinos & Watson, 2005) and (B) the mouse ovBNST (adapted from Paxinos & Franklin, 2008), 

and (C)the rat prBNST. 
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Pair Pulse Ratio (PPR) The PPR is a measure of neurotransmitter release probability. 

If the second pulse peak IPSC is reduced compared to the first 

pulse response following either LFS or the steroid hormone 

manipulations, it is an indication of depletion of pre-synaptic 

GABA. This effect indicates an increase in the release 

probability of GABA. 

Coefficient of Variation (CV) We calculated the CV to measure neurotransmitter release 

efficacy. If the variability of the IPSC response is reduced 

following either LFS or the steroid hormone manipulations it 

an indication of an increase in pre-synaptic GABA release 

efficacy. 

Decay Time Constant (Tau) The decay time constant is a measure used to examine post-

synaptic kinetic changes to either the GABAA or NMDA 

receptor. It is measured by examining the time (ms) it takes 

for the peak response of the first pulse to decay by 66% of the 

initial response. The Tau represents a time point in which each 

receptor has a 50% chance to be closed.  

LTPGABA We classify LTPGABA as neurons that potentiate at minimum 

20% compared to their baseline. This percent change was 

previously determined by our laboratory using one sample t-

tests. 

NC We classify NC as neurons that do not change by at least 20% 

compared to their baseline. This percent change was 

previously determined by our laboratory using one sample t-

tests. 

LTDGABA We classify LTDGABA as neurons that depress at minimum 

20% compared to their baseline. This percent change was 

previously determined by our laboratory using one sample t-

tests.  

Dose Response Curve A dose response curve was conducted to characterize the 

pharmacological response of E2. The dose response curve 

provides the differences in E2 potency and efficacy between 

male and females. The peak response of E2 was the same 

between sexes indicating no change in efficacy. However, the 

EC50 (half maximal response) was significantly low in 

females. This is an indication that the potency of E2 was 

greater in females compared to males.  

 

Appendix B. Detailed explanation of neurophysiological measures.  
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Appendix C. Stimulator and recording electrode placements in the PVT and ovBNST. (A) 

placement of the stimulator in the PVT. (B) Placement of the recording electrode within the 

ovBNST. Images were adapted from Paxinos & Watson, 2005. 
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Appendix D. Placements and example of action potentials for in vivo anesthetized 

electrophysiology. (A) Schematic of the placements of the stimulator and recording electrode in 

the ovBNST and PVT. (B) Example lesion of the PVT from the stimulator. (C) Example blue 

spot indicating placement of the recording electrode in the ovBNST. (D) An example raster 

demonstrating PVT induced activation of the ovBNST. (E) Example of PVT stimulated action 

potential in the ovBNST. (F) Example of an action potential within the ovBNST.  

  


