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ABSTRACT 

 

Arginine vasopressin (AVP), a nine amino acid neuropeptide (CYFQNCPRG- NH2) 

fulfills a dual function: (i) in the periphery, AVP acts as a peptide hormone and (ii) in 

the CNS, AVP is a neuromodulatory peptide. AVP produces its effects through 3 

AVP receptors (AVPRs). AVPR1a and AVPR1b are expressed in the CNS and 

periphery, whilst AVPR2 is not found centrally but instead solely expressed in the 

kidneys. Recent evidence revealed a high density of AVP-binding sites in the 

juxtacapsular nucleus of the bed nucleus of the stria terminalis (jxBNST). While in 

other regions of the brain, AVP acts at AVPRs to regulate an array of biological 

processes, including male-typical social behaviours, social memory, stress 

adaptation, fear, anxiety, and fluid homeostasis, its role in the jxBNST remains 

elusive. Furthermore, the neurophysiological properties of AVP in the jxBNST are 

unknown so this study aimed to examine how AVP modulates synaptic transmission 

in the rat jxBNST. The BNST being one of the most notable sexually dimorphic 

brain regions and AVPR expression being influenced by gonadal steroids, we 

investigated the putative influence of sex on the modulatory effects of AVP in the 

jxBNST. Finally, due to AVP being released at a substantially higher concentration 

following periods of water deprivation, we examined changes in AVPs modulatory 

role following water deprivation. Male and female Long Evans rats were euthanized 

and brain slice whole-cell voltage-clamp electrophysiology was done in the jxBNST 

to measure the effects of AVP on synaptic transmission of GABA synapses. 

Exogenous application of AVP produced three responses; either postsynaptic long-
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term potentiation (LTP) of GABAA-inhibitory postsynaptic currents (IPSC), 

postsynaptic long-term depression (LTD) of GABAA-IPSC, or no change in GABAA-

IPSC amplitudes. Interestingly, the proportion of neurons responding in each of 

these ways did not differ between sexes and within females was not estrous cycle-

dependent. Finally, although not statistically significant, 24-hour water deprivation 

abolished GABAA-LTD, an effect that was not a consequence of social isolation. 

Taken together, our data show that AVP modulates GABAA synaptic transmission in 

the jxBNST in fluid homeostasis- but not sex-dependent manner. 
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CHAPTER 1 

– INTRODUCTION – 

 

1.1 Neuropeptides 

 

 Neuropeptides are found throughout the central nervous system (CNS) and 

generally are defined as small protein-like molecules, or peptides that are produced 

and released in the CNS. Compared to classical peptide hormones that are secreted 

from neuroendocrine cells and travel through the blood stream to evoke their effects 

on distant tissues, neuropeptides are secreted from neuronal cells to influence 

neighbouring neurons (Ludwig and Leng, 2006). Once packaged into large dense-

core vesicles, neuropeptides are secreted into the extracellular space in response to 

specific neuronal events, where they are not recycled, unlike conventional 

neurotransmitters such as gamma-aminobutyric acid (GABA) and glutamate 

(Burgoyne and Morgan, 2003). Neuropeptides either exert their influences on nearby 

neurons by acting at metabotropic or G-protein coupled receptors (GPCR) expressed 

on selective populations of neurons or are modified by extracellular peptidases to 

increase or decrease their biological activity (Ludwig and Leng, 2006). 

 

 Compared to classical neurotransmitters, neuropeptides frequently have a 

longer half-life enabling long-lasting effects on neuronal functions (Leng and 

Ludwig, 2008). Classical neurotransmitters generally affect the excitability of other 

neurons, by depolarizing or hyperpolarizing them, whereas neuropeptides have 
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much more diverse effects; amongst other things, they can have effects on excitatory 

transmission, inhibitory transmission, regulation of synaptic transmission, gene 

transcription, and synaptogenesis (Pinnock, 1985; Acuna-Goycolea et al., 2005; 

Zhao, 2002). At present approximately one hundred (100) different peptides are 

known to be released in the mammalian brain by different populations of neurons, 

each involved in a wide range of biological functions, including reward, social 

behaviours, learning, memory, analgesia, and food and water intake (Leng and 

Ludwig, 2008; Pert et al., 1985). Thereby dysregulation of these neuropeptides may 

have long-lasting effects on the neuronal activity and be involved in certain brain 

pathologies. 

 

1.2 Vasopressin  

 

1.2.1 Structure and Function 

 

 The neuropeptide of focus in this thesis is vasopressin, also known as 

antidiuretic hormone (ADH). In most species, vasopressin is a nine amino acid 

neuropeptide containing arginine (CYFQNCPRG- NH2) and is thus also called 

arginine vasopressin (AVP). However, a very similar substance exists in pigs, lysine 

vasopressin (LVP; CYFQNCPKG- NH2), where it serves a similar purpose (Sawyer, 

1958). AVP is found to fulfill a dual function: (i) in the periphery, AVP acts as a 

peptide hormone and (ii) in the CNS, AVP acts as a neurotransmitter and 

neuromodulator (Caldwell et al., 2008).  
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 Vasopressin has two main effects in the periphery; it regulates fluid balance in 

the kidneys and controls vasoconstriction of the blood vessels (Birnbaumer, 2000; 

Jard et al., 1987). While in the CNS, AVP appears to have a role in an array of 

biological processes, including male-typical social behaviours (e.g., intermale 

aggression, territoriality, scent marking, and pair bonding), social memory, stress 

adaptation, fear, and anxiety (Ferris et al., 1997; Ferris et al., 1988; Young and Wang, 

2004; Murgatroyd et al., 2004; Griebel et al., 2003; Donaldson et al., 2010; Carter, 

2007). AVP accomplishes these functions by predominantly activating vasopressin 

receptors (AVPRs). AVPRs belong to a family of GPCRs containing seven 

transmembrane domains. To date, three AVPR subtypes have been discovered, of 

which the vasopressin 1a receptor (AVPR1a) and the vasopressin 1b receptor 

(AVPR1b) are expressed in the CNS and periphery, whilst the vasopressin 2 receptor 

(AVPR2) is not found centrally, instead it is solely expressed in the kidneys, 

consequently will not be discussed in this thesis (Caldwell et al., 2008; Barberis et al. 

1998).  

 

1.2.2 Receptor Distribution 

 

 The AVPR1a is widely distributed throughout the CNS (Johnson et al., 1993). 

Radiolabeled receptor autoradiography shows AVPR1a binding in the lateral septum 

(LS), neocortical layer IV, hippocampal formation, amygdalostriatal area, bed 

nucleus of the stria terminalis (BNST), ventral tegmental area (VTA), substantia 
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nigra, hypothalamus, superior colliculus, dorsal raphe, superior olive, and nucleus of 

the solitary tract (NTS) (Johnson et al., 1993). However, in situ hybridization 

histochemistry reveals prominent AVPR1a messenger ribonucleic acid (mRNA) in 

the LS, hippocampal formation, olfactory bulb, suprachiasmatic nucleus (SCN), 

paraventricular nucleus (PVN), anterior hypothalamus (AH), arcuate nucleus, lateral 

habenula (LHb), VTA, substantia nigra, locus coeruleus (LC), area postrema (AP), 

inferior olive, NTS, and BNST (Szot et al., 1994; Ostrowski et al., 1994; Miller et al., 

1992). In contrast, the AVPR1b does not appear to be as widely distributed as the 

AVPR1a. In situ hybridization histochemistry and immunocytochemistry have 

localized the AVPR1b to prominently the anterior pituitary, but also the CA2 region 

of the hippocampus and a few neurons in the anterior amygdala (Antoni, 1984; 

Young et al., 2006). 

 

1.2.3 Synthesis and Secretion 

 

 All AVP is produced centrally. Peripheral sources of AVP are primarily 

synthesized by magnocellular neurosecretory neurons in the PVN and supraoptic 

nucleus (SON) of the hypothalamus (Caldwell et al., 2008; Swaab et al., 1975; 

Holmes et al., 2003). Upon synthesis, AVP travels down the length of these 

neurosecretory axons through the infundibulum to the posterior pituitary gland, 

where it is stored in vesicles for its eventual release. Upon sexual stimulation, stress, 

uterine dilation, or dehydration, AVP is released (Insel, 2010). To be more specific, 

when dehydrated; caused by either a reduced plasma volume or increased plasma 
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osmolality, AVP is secreted from the posterior pituitary gland into the blood stream 

to act in the kidneys to cause water conservation, consequently increasing urine 

concentration and reducing urine volume (Insel, 2010). At higher concentrations, 

AVP can raise peripheral blood pressure by inducing vasoconstriction (Sklar and 

Schrier, 1983). 

 

 In contrast, central AVP is produced in additional brain regions other than 

the PVN and SON. For instance, in all mammals studied to date, there are AVP-

producing neurons located in the preoptic area (POA), AH, and SCN and in some 

species, including rats, there are AVP-immunoreactive (AVP-ir) neurons found in the 

BNST and medial amygdala (MeA). The LS and LHb receive projections from the 

latter two sites (Buijs et al., 1978). 

 

1.2.4 Sexual Dimorphisms 

 

 Androgens and estrogens are known to differentially alter the distribution of 

AVP and/or its receptors between sexes (de Vries et al., 1992; de Vries et al., 1994). 

For instance, in a number of mammalian species, males have an increased number of 

AVP-ir neurons in the LS, LHb, MeA, and BNST compared to females (de Vires and 

Buijs, 1983; de Vires et al., 1984; de Vires and al-Shamma, 1990; Wang et al., 1993; 

Miller et al., 1989). In fact, the AVP neurons in the BNST are some of the most 

notable gonadal steroid-dependent regions of the brain, with males possessing more 

AVP neurons than females (de Vries et al., 1994). Moreover, gonadectomized males 
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and females have decreased AVP expression, whereas administration of testosterone 

reverses these changes (de Vires and Buijs, 1983; de Vries et al., 1994; Wang et al., 

1993). 

 

Studies are more uncertain as to the effects of circulating gonadal hormones 

on AVPRs. For instance, Tribollet et al. (1990) has shown that AVPR binding 

remains unaffected in adult rats in response to alterations in gonadal steroid 

concentrations, whereas Funanashi et al. (2000) showed that adolescent female rats 

have increased AVPR1a when given estrogens (Tribollet et al., 1990; Funanashi et al., 

2000). However, what remains undisputed is that in most mammals, males typically 

have a higher density of AVPR1a compared to females (Dubois-Dauphin et al., 1991; 

Bloch and Gorski, 1988; Dubois-Dauphin et al., 1996). Together this suggests that in 

addition to AVP expression, AVPR1a is also sensitive to circulating gonadal 

hormones. In contrast, AVPR1b does not appear to be regulated in an analogous 

manner. Overall, while sex differences exist in regards to gonadal steroid-dependent 

regulation of AVP and its receptor, little is known about its effect on modulating 

synaptic transmission. 

 

1.2.5 Role in Fluid Homeostasis 

 

 Thirst is a component of the homeostatic mechanism that maintains body 

water within narrow limits and consequently is fundamental to survival (McKinley 

and Johnson, 2004; Anderson, 1978). The importance of AVP in the thirst drive and 
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more importantly maintaining fluid homeostasis can not be understated by the fact 

that the posterior pituitary gland stores extensive amounts of AVP, allowing for more 

than a week’s supply under conditions of prolonged dehydration (Verbalis, 2003). To 

date several questions regarding the regulation of fluid homeostasis remains 

unanswered, for instance, the role of AVP neurons and receptors in the BNST. The 

understanding of this neural circuitry has the potential to help with the treatment of 

pathophysiological disorders involving altered thirst states, such as patients who 

suffer from psychogenic polydipsia (abnormally extensive thirst, even when satiated), 

who are at risk of water intoxication, that if left untreated results in fatality (DiMaio 

and DiMaio, 1980). However, the proposed model for the generation of thirst and 

thereby regulation of fluid homeostasis starts in the lamina terminalis, specifically the 

subfornical organ (SFO) and organum vasculosum of the lamina terminalis (OVLT), 

which are directly sensitive to the osmotic and hormonal composition of blood 

(McKinley et al., 2004). In response to hyperosmolality, neurons in the SFO and 

OVLT project to the median preoptic nucleus (MnPO) to activate both excitatory 

and inhibitory interneurons that ultimately terminate on the PVN to increase AVP 

release (Bourque, 2008). Other areas play an inhibitory role, namely the AP, NTS, 

and lateral parabrachial nucleus (LPBN), receive afferent information from arterial 

baroreceptors. Pathways from this hindbrain inhibitory complex share bi-directional 

connections with forebrain structures, such as the lamina terminalis and lateral 

hypothalamus (LH), which have been implicated in thirst (McKinley and Johnson, 

2004). Additional midbrain nuclei, for instance, neurons in the median raphé that 

terminate in the SFO or LH may act constitutively to inhibit thirst, preventing a 
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hyperdipsic state (McKinley et al., 2006). It is likely that within this network of 

neurons that the conscious perception of thirst is generated and eventually gives rise 

to water intake (McKinley and Johnson, 2004). 

 

1.2.6 Role in Modulating Synaptic Transmission 

 

 Most of the anatomical, pharmacological, and transgenic animal models have 

examined the role of AVP in the regulation of various social behaviours. More 

specifically, AVP plays a prominent role in the regulation of aggression, pair 

bonding, social memory, stress adaptation, fear, and anxiety (Ferris et al., 1997; 

Ferris et al., 1988; Young and Wang, 2004; Murgatroyd et al., 2004; Griebel et al., 

2003; Donaldson et al., 2010; Carter, 2007). Despite the emphasis on behaviour, few 

studies have examined AVP from an electrophysiological perspective. Nonetheless, 

studies demonstrate the diversity of effects AVP has on both glutamate and GABA 

synaptic transmission in several areas of the CNS, including the SON, hippocampus, 

and PVN (Kombian et al., 2000; Mizuno et al., 1984; Hermes et al., 2000). 

 

 A study by Kombian et al. (2000), examined the possible action of AVP in 

modulating excitatory synaptic transmission in the SON. AVP (2µM) was bath 

applied and synaptic currents were evoked in magnocellular neurons in the SON, 

resulting in a decreased excitatory post-synaptic current (EPSC) in the majority of 

neurons (Kombian et al., 2000). They further demonstrated no effects on the evoked 

inhibitory post-synaptic current (IPSC) (Kombian et al., 2000). The combined effect 
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of reducing excitation and leaving inhibition intact means a net decrease in 

excitation within the SON (Kombian et al., 2000). These results were mimicked by 

in-vivo experiments, showing that AVP attenuates the firing rates of magnocellular 

neurons in the SON (Gouzènes et al., 1998). 

  

 Some efferent fibers from vasopressin-producing neurons in the PVN 

terminate on dendrites in the hippocampus. To mimic its release, Mizuno et al. 

(1984) bath applied AVP (1µM) into the ventral CA1 region of the hippocampus and 

saw opposite effects as described above (Mizuno et al., 1984). In contrast to the SON, 

the majority of neurons in the ventral CA1 region of the hippocampus exhibited an 

increase in spike discharge, combined with an increase in the number and amplitude 

of spontaneous excitatory post-synaptic potentials (EPSPs), leading to a higher 

frequency of action potentials (Mizuno et al., 1984).  

 

 Another study showed that AVP (500nM) acts on magnocellular neurons in 

the hypothalamic PVN to increase GABAergic inhibition (Hermes et al., 2000). Most 

cells responded with an increase in the frequency of inhibitory post-synaptic 

potentials (IPSPs) and IPSCs with no effect on excitatory post-synaptic events 

(Hermes et al., 2000). In addition, effects were mimicked using a selective AVPR1a 

agonist, vasotocin [Phe2, Orn8] and blocked by an AVPR1a antagonist, [β-Mercapto- 

β, β-cyclopentamethylenepropionyl1, O-Me-Tyr2, Arg8]-VP (Hermes et al., 2000). 

Taken together, these studies suggest that neuronal responses to AVP not only 
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depend on the type and affinity state of the AVPR expressed on the neuron, but also 

on the cell type and brain region studied.  

 

1.3 The BNST and AVP 

 

 The BNST is a highly interconnected cluster of approximately twelve (12) 

nuclei, surrounding the caudal part of the anterior commissure, deep in the cerebral 

hemispheres (Dumont, 2009). Altogether, the BNST seems to act as a coordinating 

and relay center, where descending cortical information meets ascending 

interoceptive (e.g., energy and fluid levels and sexual hormone levels) and 

exteroceptive (olfaction, touch, and gustatory) information regarding changes to 

homeostasis (Dumont, 2009). The BNST has extensive projections to motor regions 

in the hindbrain that may contribute to the coordinated behavioural and 

physiological response necessary for maintaining homeostasis, involving 

neuroendocrine, autonomic, and somatic motor systems (Dumont, 2009). To date, 

studies have implicated the BNST in the physiology of fear, pain, social behaviours, 

goal-directed behaviours, and food and fluid intake, as well as associated 

psychopathologies, such as anxiety, addiction, anorexia, and polydipsia (Dong et al., 

2001a; Dong et al., 2001b; Dong and Swanson, 2003; Dong and Swanson, 2006; 

Saggu and Lundy, 2007). 

 

The BNST is one of the most notable sexually dimorphic brain regions – 

including volume and neuronal populations differences between males and females – 
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and is a target for gonadal steroids (del Abril et al., 1987). In fact, there is evidence of 

male rats possessing two to three times more AVP-ir neurons in the BNST compared 

to females (Miller et al., 1989; de Vries and Boyle, 1998). Further, following 

gonadectomy, there is a decline in AVP-ir neurons in the BNST, whereas 

administration of testosterone to female and gonadectomized male rats has an 

opposing effect; increased density of AVP neurons (Miller et al., 1992; de Vries et al., 

1994; Wang et al., 1993). Similar trends exist for the AVPR1a receptor, with males 

having higher AVPR1a expression than females (Bloch and Gorski, 1988; Young et 

al., 2000; Clancy et al., 1994).  

 

 The BNST is primarily composed of GABAergic medium spiny neurons, 

however there is a distinct population of glutamatergic projection neurons (Georges 

and Aston-Jones, 2002). In addition, the neurons both synthesize and express 

receptors for a variety of neuropeptides, including corticotropin releasing factor 

(CRF), neurotensin (NT), and intriguingly AVP (Walter et al., 1991; Johnson et al., 

1993). Specifically, the neurons in the posterior division of the BNST (pBNST) 

synthesize AVP and send efferent projections to the LS and LHb (Buijs et al., 1978). 

Furthermore, Veinante and Freund-Mercier (1997), revealed a high density of AVP-

binding sites within a specific nuclei of the BNST, the juxtacapsular nucleus of the 

anterior division (jxBNST; Figure 1.1; Veinante and Freund-Mercier, 1997). While 

little is known about the direct neural circuitry of the jxBNST, it is suggested to 

receive inputs from the posterior basolateral amygdala (pBLA), postpiriform 

transition area (TR), ventrolatereal periaqueductal gray (vlPAG), and VTA, while 
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primarily projecting to the substantia innominata (SI), medial central amygdala 

(mCEA), but also to the caudoputamen (CP), anterior basolateral amygdala (aBLA), 

and substantia nigra pars compacta (SNc) (Dong et al., 2000). These projections 

suggest a role for the jxBNST in integrating autonomic and visceral activity for 

adaptive behaviours (Dong et al., 2000). Given the co-existence of AVPRs and 

GABAergic medium spiny neurons in the jxBNST, it suggests a role for the action of 

AVP in the intrinsic neural network of the jxBNST, in particular with modulation of 

GABAergic synaptic transmission.  

 

1.4 Hypothesis 

 

 While it is known that AVPRs are present within the jxBNST, little is know 

about its functional role (Veinante and Freund-Mercier, 1997). It has been speculated 

that AVP pathways in the BNST are involved in the regulation of male copulatory 

behaviour, gonadotropin secretion, and antipyresis (Bohus, 1977; Kawkami and 

Kimura, 1974; Ruwe et al., 1985). However, due to AVP playing a prominent role in 

osmoregulation in other regions of the brain, including the PVN, SFO, OVLT, NTS, 

LPBN, preoptic region, and septal region, we sought to examine the effects of AVP 

and AVPR in the jxBNST with respect to osmoregulation (Kondo et al., 2004; 

McKinley et al. 1983; Arima et al., 1998; King and Baetschi, 1991; Bourque et al., 

1994). More specifically, due to the high density of AVPRs a in the jxBNST, we 

hypothesized that AVP acts at AVPRs to modulate GABAergic synaptic 
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transmission and a disruption in fluid homeostasis may alter its modulatory role. We 

accomplished this using the following specific hypotheses: 

1 AVP modulates inhibitory synaptic transmission in the jxBNST; 

2 AVP has a sexually dimorphic effect in the jxBNST; and 

3 Water restriction alters AVPs modulatory role. 
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Figure 1.1. Coronal section through the anterior portion of the BNST demonstrating 
the AVP-binding sites in the jxBNST, juxtacapsular bed nucleus of the stria 
terminalis. Dotted lines outline both the: *, lateral ventricle; and aco, anterior 
commissure. Scale bar = 500µm (adapted from Veinante and Freund-Mercier, 1997). 

jxBNST 

aco 
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CHAPTER 2 

– METHODS – 

 

2.1 Subjects 

 

 Twenty-six adult male Long Evans rats weighing between 225-275g at arrival 

and 14 adolescent female Long Evans rats weighing between 125-175g, were pair 

caged and housed in a sex specific colony rooms under reverse light cycle (12 hours 

of dark at 7am followed by 12 hours of light at 7pm). Upon arrival to the facility, the 

rats were allowed to acclimatize for a minimum of seven days, in which they were 

provided rat chow and water ab libitum in the home cages. Seventeen of the 26 male 

rats were separated into individual cages. Prior to electrophysiological recordings, 

eight (8/17) underwent 24-hour water deprivation and the remainder (9/17) were 

time-matched on a basis of social isolation. All rats were obtained from Charles 

River Laboratories (Senneville, QC) and housed in Queen’s Animal Care Facility 

where colony rooms were maintained at approximately 21°C. All experiments 

conducted were in accordance with the Canadian Council of Animal Care guidelines 

for use of animals in experiments and approved by the Queen’s University Animal 

Care Committee under Protocols #2014-1537 and #2014-1539. 

 

 

 

 



	 16	

2.2 Vaginal Smearing 

 

 For the duration of the experiment, female rats underwent vaginal smears. 

This consisted of first moistening a cotton swab by slightly dipping the tip into a 

beaker of distilled water and then carefully inserting the tip of the cotton swab into 

the rat’s vagina. With a continuous rotational motion, the swab was removed and 

vaginal cells transferred to a clean, pre-labelled glass slide. Animals were vaginally 

smeared twice daily (at 8am and 4pm) until they showed two successive estrus 

cycles. They were then continually smeared until the desired phase (diestrus or 

estrus), was identified based on the relative ratio of nucleated epithelial cells, 

cornified squamous epithelial cells, and leukocytes, at which point rats were used for 

electrophysiology (McLean, et al., 2012). A total of 14 female rats underwent vaginal 

smears and in the end 7 were used in the diestrus phase and 7 in the estrus phase. 

 

2.3 Drugs 

 

 DNQX, an α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) 

receptor antagonist was obtained from Tocris Bioscience (now R&D Systems; 

Minneapolis, Minnesota). DNQX was prepared in dimethyl sulfoxide (DMSO; 

100% (Fisher Scientific; Ottawa, Ontario) to form a stock solution of 100 mM. 

[Arg8]-Vasopressin (AVP) was obtained from R&D Systems. Stock solution of AVP 

(0. 3 mM) was made in double-distilled water and frozen. On the day of 

electrophysiological recording, DNQX and AVP were further dissolved in 
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physiological solutions to achieve a desired concentration of 50 µM and 1 µM 

respectively. 

 

2.4 Electrophysiology 

 

2.4.1 Brain Slice Preparation  

 

At the time of brain slice preparation, both male and female rats were adult, 

weighing between 275-350g. Using isoflurane (5% at 5 L/min) the rats were deeply 

anesthetized and brains extracted swiftly (1-1.5 min) and kept in ice cold 

physiological solution containing the following (in mM): 126 NaCl, 2.5 KCl, 1.2 

MgCl2, 6 CaCl2, 1.2 NaH2PO4, 25 NaHCO3, and 12.5 D-glucose (all chemicals 

obtained from Fisher Scientific) equilibrated with carbogen (95% O2/5% CO2). A 

vibrating microtome (VT-100; Leica) was used to cut the brains into coronal slices 

(250 µm) while maintained in physiological solution at 2°C throughout the 

procedure. Slices containing the jxBNST were incubated at 34°C for a minimum 

duration of 60 minutes and transferred to and fixed in a chamber using a grid of 

parallel nylon threads, whilst constantly periperfused (3 mL/min) with physiological 

solution maintained at 34°C. 

 

2.4.2 Whole-Cell Voltage-Clamping  

 

 Whole-cell voltage-clamp recordings were made using micropipettes (3.5 mΩ) 
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filled with a solution (pH adjusted with KOH until it was between 7.2 and 7.4) 

containing the following (in mM): 70 K+-gluconate, 80 KCl, 1 EGTA, 5 HEPES, 2 

MgATP, 0.3 GTP, and 1 P-creatine. Osmolarity for the physiological solution in the 

periperfused bath and microelectrode was measured and maintained at a difference 

of 20 mOsm (approximately 300 and 280 mOsm respectively). All recordings were 

restricted to the jxBNST (Figure 2.1), visually aided by an upright transmitted light 

microscope (BX-51W1; Olympus) equipped with a Dolt-Gradiant-Contrast-System 

(Luigs Neumann). With tungsten bipolar electrodes placed approximately 100-500 

µm dorsal from the recorded neurons, postsynaptic currents were evoked while 

jxBNST neurons were voltage clamped at -70 mV and paired electrical stimuli were 

applied at 0.1 Hz. GABAA-IPSCs were pharmacologically isolated with DNQX, 

applied through the perfusion apparatus. Recordings were acquired using 

Multiclamp 700B amplifier and an InstruTech, ITC-18 digitizer. Data was conduced 

and analyzed with Axograph 1.5 (Axograph Scientific) running on Apple computers. 

 

2.4.3 Effect of AVP on GABAA-IPSCs  

 

 A total of 72 neuronal recordings from 26 male and fourteen 14 female rats 

were used in GABAA-IPSC recordings. A total of 9 naive, 8 24-hour water deprived, 

and 9 time-matched socially isolated male rats were used and 14 naive female rats, 7 

in the diestrus and 7 in the estrus phase were used for these recordings. A 

micropipette containing (in mM): 70 K+-gluconate, 80 KCl, 1 EGTA, 5 HEPES, 2 

MgATP, 0.3 GTP, and 1 P-creatine, was used to obtain the whole-cell voltage-clamp 
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recordings in the jxBNST. Paired electrical stimuli (10-100 µA, 0.1 ms duration, 20 

Hz) were applied at 0.1 Hz. GABAA-IPSCs (Gamma-aminobutyric acid receptor A-

inhibitory post-synaptic currents) were pharmacologically isolated with DNQX (50 

µM), an AMPA receptor antagonist, applied through the perfusion apparatus. In 

addition, neurons were voltage clamped at -70 mV to preserve the Mg2+ blockade of 

N-methyl-D-aspartate (NMDA) receptors. Following a 5-minute baseline, AVP was 

bath applied for 5 minutes (1 µM) and was washed for a minimum duration of 25 

minutes. AVP-induced change in GABAA-IPSC peak amplitude was recorded and 

measured.  

 

2.5 Data Analysis 

 

 All analysis was done using Statistical Package for the Social Sciences (IBM 

SPSS) Version 20. Measurement of the peak amplitude of evoked GABAA-IPSCs 

were completed using Axograph X. Recordings that exhibited changes in recording 

conditions; a substantially increasing or decreasing baseline, a change of more than 

twenty percent (20%) in series resistance, or changes in the health of the neurons 

were not including in the analysis due to the fact that the amplitude of the currents 

may have been influenced by any of these factors. 

 

 Peak amplitudes for each minute of recording were evaluated as a percent 

change from baseline. This was calculated by creating an averaged amplitude value 

for the first five minutes of baseline recording, then creating a percent change score 
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for the first potential of each evoked pair from that baseline value. Neurons were 

classified as GABAA-LTP (gamma-aminobutyric acid receptor a-long-term 

potentiation), GABAA-LTD (gamma-aminobutyric acid receptor a-long-term 

depression), or no change on the basis of paired samples t-tests, which compared five 

minutes of baseline (minute 1 to 5) and five continuous minutes of peak amplitude. 

For sample traces of each of these neuronal recording classifications see Figure 2.2. 

When significant results were obtained, neurons were classified as GABAA-LTP (t-

test statistic < 0; p < 0.05) and GABAA-LTD (t-test statistic > 0; p < 0.05). Likewise 

when non-significant results were obtained, neurons were classified as no change (p 

> 0.05). To further classify the neurons, a one-way analysis of variance (ANOVA) 

was used to determine if the five minutes of baseline (minute 1 to 5) differed between 

classifications.  

 

 Paired-pulse ratios (PPRs) were calculated by dividing the second peak 

amplitude by the first peak amplitude obtained from the paired electrical stimuli. 

PPRs were compared pre- and post-AVP application using a paired samples t-test. 

 

Contingency tables were generated that compared the number of neurons that 

underwent GABAA-LTP, GABAA-LTD, and no change between conditions. Due to 

the small sample sizes, Fisher’s exact tests were conducted to examine the 

association between the conditions (naive adult males, diestrus females, estrus 

females, 24-hour water deprivation, and time-matched social isolation) and neuronal 

classifications (GABAA-LTP, GABAA-LTD, and no change). To further compare the 
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main effects, two-proportion z-tests were performed to determine whether the 

proportion of responding cells (GABAA-LTP and GABAA-LTD) was similar 

between conditions. 
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Figure 2.1. An atlas image depicting the jxBNST.  aco, anterior commissure; BNST, 
bed nucleus of the stria terminalis; int, internal capsule; jx, juxtacapsular nucleus of 
the bed nucleus of the stria terminalis; ov, oval nucleus of the bed nucleus of the stria 
terminalis; and VL, lateral ventricle. 
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																																			pre	 	 	 	 	 	 	post				
										①		 								②																																															①	 	 					② 

 
Figure 2.2. Sample traces demonstrating each of the three possible neuronal 
classifications prior to (pre) and following (post) AVP application. Traces are 
obtained by conducting a constant intensity of paired electrical stimuli applied at 0.1 
Hz. Five minutes of baseline (pre) and five continuous minutes of peak amplitude 
(post) were averaged to obtain the traces. ① and	② denote the first and second 
synaptic event obtained from the paired electrical stimuli. Blue, GABAA-LTP; light 
gray, no change; and light brown, GABAA-LTD. 
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CHAPTER 3 

– RESULTS – 

 

3.1 AVP application increased, decreased, or had no effect on GABAA synaptic 

transmission in the jxBNST of naive adult male rats 

 

 To investigate whether AVP modulates GABAA synaptic transmission in the 

jxBNST of naive adult male rats, we measured the effects of a 5 minute application 

of AVP (1 µM) on GABAA-IPSCs amplitude over time. To determine if the GABAA-

IPSC amplitudes were significantly different pre- and post-AVP application, a paired 

samples t-test was conducted on the 17 recorded neurons, comparing the five 

minutes of baseline (minute 1 to 5) and five continuous minutes of peak amplitude 

(Table 3.1). There was a significant difference in 58.8% (10/17) of neurons, of which 

6 neurons were classified as GABAA-LTP and 4 as GABAA-LTD (Figure 3.1). The 

remainder of neurons (7/17) had no change in their GABAA-IPSC amplitude. To 

confirm that these classifications were not a result of recording conditions, a one-way 

ANOVA was used to determine if the five minutes of baseline (minute 1 to 5) 

differed between classifications. There was no significant differences, F(2,14) = 

0.1724, p = 0.8434, between the GABAA-LTP (x̅ = -0.711, s = 0.641), GABAA-LTD 

(x̅ = -0.604, s = 0.235), and no change groups (x̅ = -0.563, s = 0.208). Together, these 

results suggest that GABAA synaptic transmission in the jxBNST of naive adult male 

rat can be modulated to experience (i) LTP, (ii) LTD, or (iii) remain unchanged in 

response to AVP application.  
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 We further wanted to determine if the changes in GABAA synaptic 

transmission were occurring due to pre- or post-synaptic changes. To determine this, 

we calculated PPRs for each of the neurons that underwent GABAA-LTP and 

GABAA-LTD and a paired samples t-test was conducted that compared the PPRs 

(second peak amplitude divided by the first peak amplitude), pre- and post-AVP 

application (Figure 2.2; Figure 3.2). We found that there was no statistically 

significant difference pre- and post-AVP application, t = -1.0145, p = 0.3370 (x̅1 = 

0.9429, x̅2 = 0.9247). Therefore, it is likely that changes are occurring on the 

postsynaptic neuron in response to AVP application to cause GABAA-LTP or 

GABAA-LTD. 

 

3.2 Modulation of GABAA synaptic transmission in the jxBNST by AVP is not 

sexually dimorphic 

 

 To investigate whether the response in the jxBNST is specific to adult male 

rats, we measured the effects of AVP application in the jxBNST of naive female rats 

in both the diestrus (nR=7) and estrus (nR=7) phases, on the amplitudes of evoked 

GABAA-IPSCs over time. To determine if the GABAA-IPSC amplitudes was 

significantly different pre- and post-AVP application, a paired samples t-test was 

conducted on 26 recorded neurons; of which 14 were in the diestrus phase and 12 in 

the estrus phase, that compared five minutes of baseline (minute 1 to 5) and five 

continuous minutes of peak amplitude (Table 3.2; Table 3.3). With respect to 
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diestrus females, there was a significant difference in 57.1% (8/14) of neurons, of 

which 5 neurons were classified as GABAA-LTP and 3 as GABAA-LTD (Figure 3.3). 

The remainder (6/14) exhibited no difference in their GABAA-IPSC amplitude. 

Similar results were found in their counterpart, estrus females, where we found a 

significant difference in 50% (6/12) of neurons, of which 4 were classified as 

GABAA-LTP and 2 as GABAA-LTD (Figure 3.4). The remainder of neurons (6/12) 

had no change in their GABAA-IPSC amplitudes. To confirm that these 

classifications were not a result of recording conditions, a one-way ANOVA was 

used to determine if the five minutes of baseline (minute 1 to 5) differed between 

classifications. There was no significant difference, F(2,23) = 0.9033, p = 0.4191, 

between the GABAA-LTP (x̅ = -0.529, s = 0.253), GABAA-LTD (x̅ = -0.745, s = 

0.511), and no change groups (x̅ = -0.714, s = 0.344). 

 

 To further examine the relationship, a Fisher’s exact test was conducted to 

compare the number of neurons that underwent GABAA-LTP, GABAA-LTD, and 

no change in the jxBNST, between naive males, diestrus females, and estrus females. 

There was a no significant difference between the number of cells that underwent 

GABAA-LTP, GABAA-LTD, and no change, p>0.9999 (Table 3.4). These results 

suggest that AVPs modulatory effect on GABAA synaptic transmission does not 

appear to be sexually dimorphic or estrus cycle-dependent in the jxBNST. 
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3.3 Twenty four hour water deprivation abolishes AVP-induced GABAA-LTD in 

the jxBNST of adult male rats 

 

 Given that AVP plays a role in fluid homeostasis we sought to examine 

whether AVP’s modulatory role on GABAA plasticity in the jxBNST can be altered 

as a result of water deprivation. To examine this we measured the effects of AVP 

application in the jxBNST of adult male rats who had been water deprived for 24 

hours, on the amplitudes of evoked GABAA-IPSCs over time. To determine if the 

GABAA-IPSC amplitudes was significantly different pre- and post-AVP application, 

a paired samples t-test was conducted on 15 recorded neurons, comparing five 

minutes of baseline (minute 1 to 5) and five continuous minutes of peak amplitude 

(Table 3.5). There was a significant difference in 46.7% (7/15) of neurons, of which 

all were classified as GABAA-LTP (Figure 3.5). The remainder of neurons (8/15) 

had no change in their GABAA-IPSC amplitude. To confirm that these classifications 

were not a result of recording conditions, a one-way ANOVA was used to determine 

if the five minutes of baseline (minute 1 to 5) differed between classifications. There 

was no significant difference, F(1,13) = 1.6663, p = 0.5633, between the GABAA-

LTP (x̅ = -0.512, s = 0.192) and no change group (x̅ = -0.718, s = 0.380). 

 

 To further examine the main effect, a Fisher’s exact test was conducted to 

compare the number of neurons that underwent GABAA-LTP, GABAA-LTD, and 

no change, between the naive adult males and the 24-hour water deprived adult 

males. Although there was no significant difference between the number of cells that 
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underwent GABAA-LTP, GABAA-LTD, and no change, p = 0.209 (Table 3.6), it 

appears that the act of water deprivation abolishes GABAA-LTD, while the relative 

proportion of responding cells (GABAA-LTP and GABAA-LTD): non-responding 

cells (no change in GABAA-IPSC amplitude) remained unaffected, z = 0.6877, p = 

0.4902. 

 

3.4 Abolition of AVP-induced GABAA-LTD in the jxBNST of 24-hour water 

deprived rats is not due to their social isolation 

 

 Given the nature of the water deprivation experiment, male rats were socially 

isolated for at least the 24-hour water deprivation period. In addition, AVP has been 

implicated in social behaviours and anxiety (Carter et al., 2008; Pan et al., 2009; 

Weintraub et al., 2010).  Thus we wanted to ensure the abolishment of AVP-induced 

GABAA-LTD was due to the 24-hour water deprivation and not a consequence of 

the social isolation (an acute social stressed). In order to examine this we time-

matched socially isolated male rats and measured the effects of AVP application in 

the jxBNST on the amplitudes of evoked GABAA-IPSCs over time. To determine if 

the GABAA-IPSC amplitudes were significantly different pre- and post-AVP 

application, a paired samples t-test was conducted on 14 recorded neurons, 

comparing five minutes of baseline (minute 1 to 5) and five continuous minutes of 

peak amplitude (Table 3.7). There was a significant difference in 42.9% (6/14) of 

neurons, of which 4 neurons were classified as GABAA-LTP and 2 as GABAA-LTD 

(Figure 3.6). The remainder of neurons (8/14) had no change in their GABAA-IPSC 
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amplitude. To confirm that these classifications were not a result of recording 

conditions, a one-way ANOVA was used to determine if the five minutes of baseline 

(minute 1 to 5) differed between classifications. There was no significant difference, 

F(2,11) = 0.1025, p = 0.9034, between the GABAA-LTP (x̅ = -0.822, s = 0.488), 

GABAA-LTD (x̅ = -0.767, s = 0.171), and no change groups (x̅ = -0.717, s = 0.349). 

 

 To further examine the main effect, a Fisher’s exact test was conducted to 

compare the number of neurons that underwent GABAA-LTP, GABAA-LTD, and 

no change, between the 24-hour water deprived and the time-matched socially 

isolated adult male rats. Although there was no significant difference between the 

number of cells that underwent GABAA-LTP, GABAA-LTD, and no change, p = 

0.3319 (Table 3.8). Despite this, these results suggest that the abolishment of 

GABAA-LTD following a 24-hour water deprivation is not due to the social 

isolation, as GABAA-LTD remains present in the time-matched social isolation 

group in a similar proportion to naive adult males, z = 0.6483, p = 0.5157. Further, a 

Fisher’s exact test was conducted to demonstrate that the number of neurons that 

underwent GABAA-LTP, GABAA-LTD, and no change, between naive adult males 

and time-matched social isolation was not statistically different, p = 0.7112 (Table 

3.9). 
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Figure 3.1. Effect of 5-minute bath application of AVP (1 µM) on the amplitude of 
electrically evoked jxBNST GABAA-IPSCs as a function of time in naive adult male 
rats (nR=9). Evoked events were binned (1 minute; 6 events) and data points and 
error bars represent means ±SEM across all recorded neurons. Pie Graph: 
Represents the proportion of neurons (nN=17) that underwent GABAA-LTP (blue; 
6/17), GABAA-LTD (light brown; 4/17), and no change (light gray; 7/17). 
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Figure 3.2. Paired-pulse ratio of electrically evoked jxBNST GABAA-IPSCs (10-100 
µA, 0.1 ms duration, 20 Hz; applied at 0.1 Hz) in naive adult male rats prior to (pre) 
and following (post) AVP application. Each dot represents the average of five 
minutes of baseline (pre) and five continuous minutes of peak amplitude (post). Blue, 
GABAA-LTP; and light brown, GABAA-LTD. 
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Figure 3.3. Effect of 5-minute bath application of AVP (1 µM) on the amplitude of 
electrically evoked jxBNST GABAA-IPSCs as a function of time in adult female 
diestrus rats (nR=7). Evoked events were binned (1 minute; 6 events) and data points 
and error bars represent means ±SEM across all recorded neurons. Pie Graph: 
Represents the proportion of neurons (nN=14) that underwent GABAA-LTP (blue; 
5/14), GABAA-LTD (light brown; 3/14), and no change (light gray; 6/14). 
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Figure 3.4. Effect of 5-minute bath application of AVP (1 µM) on the amplitude of 
electrically evoked jxBNST GABAA-IPSCs as a function of time in adult female 
estrus rats (nR=7). Evoked events were binned (1 minute; 6 events) and data points 
and error bars represent means ±SEM across all recorded neurons. Pie Graph: 
Represents the proportion of neurons (nN=12) that underwent GABAA-LTP (blue; 
4/12), GABAA-LTD (light brown; 2/12), and no change (light gray; 6/12). 
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Figure 3.5. Effect of 5-minute bath application of AVP (1 µM) on the amplitude of 
electrically evoked jxBNST GABAA-IPSCs as a function of time in 24-hour water 
deprived adult male rats (nR=8). Evoked events were binned (1 minute; 6 events) and 
data points and error bars represent means ±SEM across all recorded neurons. Pie 
Graph: Represents the proportion of neurons (nN=15) that underwent GABAA-LTP 
(blue; 7/15) and no change (light gray; 8/15). 
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Figure 3.6. Effect of 5-minute bath application of AVP (1 µM) on the amplitude of 
electrically evoked jxBNST GABAA-IPSCs as a function of time in time-matched 
socially isolated adult male rats (nR=9). Evoked events were binned (1 minute; 6 
events) and data points and error bars represent means ±SEM across all recorded 
neurons. Pie Graph: Represents the proportion of neurons (nN=14) that underwent 
GABAA-LTP (blue; 4/14), GABAA-LTD (light brown; 2/14), and no change (light 
gray; 8/14). 
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Figure 3.7. Summary of the percentage of neurons that underwent GABAA-LTP 
(blue), no change (light gray), and GABAA-LTD (light brown) for each of the 
following conditions: naive adult males in jxBNST, diestrus adult females in 
jxBNST, estrus adult females in jxBNST, 24-hour water deprived adult males in 
jxBNST, and time-matched socially isolated adult males in jxBNST.  
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Table 3.1. Paired samples t-tests conducted on the seventeen (17) recorded neurons 
in the jxBNST of naive adult males, which compared five minutes of baseline 
(minute 1 to 5) and five continuous minutes of peak amplitude. When significant 
results were obtained, neurons were classified as GABAA-LTP (blue; t-test statistic < 
0; p < 0.05) and GABAA-LTD (light brown; t-test statistic > 0; p < 0.05). Likewise 
when non-significant results were obtained, neurons were classified as no change 
(light gray; p > 0.05). 
 
 
 
 
 
 
 
 
 
 

Cell 
No. 

Mean Baseline 
Amplitude (nA)  
(minute 1 to 5) 

Mean Peak 
Amplitude (nA) 

(5 minutes) 

Difference 
(mean baseline 

amplitude – 
mean peak 
amplitude) 

Standard 
Deviation 

t-test 
Statistic 

p-value 

1 -0.346617633 -0.349175333 -0.0025577 0.49 -0.11 0.913167 
2 -0.606232167 -0.570800233 0.035431933 0.35 1.77 0.087242 
3 -0.261089267 -0.3273474 -0.066258133 0.08 -7.1 0.00001 
4 -0.9557988 -1.177599 -0.2218002 1.18 -6.03 0.00001 
5 -0.751083276 -0.483058833 0.268024443 3.23 4.41 0.00013 
6 -1.902478333 -2.516255333 -0.613777 0.58 -23.86 0.00001 
7 -0.526650633 -0.796314233 -0.2696636 0.43 -12.08 0.00001 
8 -0.6528661 -0.625676567 0.027189533 1.63 0.63 0.533627 
9 -0.254849967 -0.2390806 0.015769367 0.25 0.93 0.360048 

10 -0.376568967 -0.244001433 0.132567533 0.35 12.07 0.00001 
11 -0.3885028 -0.2599778 0.128525 0.03 23.61 0.00001 
12 -0.734351667 -0.5180521 0.216299567 1.58 5.23 0.00013 
13 -0.7654601 -0.741054067 0.024406033 2.31 0.47 0.64187 
14 -0.6671969 -0.6544574 0.0127395 0.76 0.43 0.668902 
15 -0.937636033 -1.015422867 -0.077786833 1.84 -1.69 0.101752 
16 -0.219606533 -0.467149533 -0.247543 0.36 -12.14 0.00001 
17 -0.400020067 -0.658969833 -0.258949767 0.65 -9.48 0.00001 
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Cell 
No. 

Mean Baseline 
Amplitude (nA) 
(minute 1 to 5) 

Mean Peak 
Amplitude (nA) 

(5 minutes) 

Difference 
(mean baseline 

amplitude – 
mean peak 
amplitude) 

Standard 
Deviation 

t-test 
Statistic 

p-value 

1 -0.766871233 -0.803062567 -0.036191333 1.12 -1.01 0.320849 
2 -1.334108 -1.347443 -0.013335 0.49 -0.56 0.578927 
3 -0.448245633 -0.223599833 0.2246458 0.1 20.92 0.00001 
4 -0.5764714 -0.4156042 0.1608672 0.41 7.3 0.00001 
5 -0.4460544 -0.4579574 -0.011903 0.47 -0.51 0.613846 
6 -0.2535756 -0.978886267 -0.725310667 0.15 -55.89 0.00001 
7 -0.4648438 -0.318166713 0.146677087 0.46 6.35 0.00001 
8 -1.208025667 -1.1510741 0.056951567 1.07 1.62 0.115581 
9 -0.9554926 -0.8984118 0.0570808 0.88 1.8 0.082476 

10 -0.316966667 -0.419908333 -0.102941667 0.77 -3.47 0.001656 
11 -0.561510633 -0.885112767 -0.323602133 0.3 -17.39 0.00001 
12 -0.7453095 -0.924376667 -0.179067167 0.84 -5.78 0.00001 
13 -0.5166533 -0.5038631 0.0127902 0.36 0.63 0.532264 
14 -1.009330167 -1.573794667 -0.5644645 2.47 -10.58 0.00001 

 
Table 3.2. Paired samples t-tests conducted on the fourteen (14) recorded neurons in 
the jxBNST of adult diestrus females, which compared five minutes of baseline 
(minute 1 to 5) and five continuous minutes of peak amplitude. When significant 
results were obtained, neurons were classified as GABAA-LTP (blue; t-test statistic < 
0; p < 0.05) and GABAA-LTD (light brown; t-test statistic > 0; p < 0.05). Likewise 
when non-significant results were obtained, neurons were classified as no change 
(light gray; p > 0.05). 
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Cell 
No. 

Mean Baseline 
Amplitude (nA) 
(minute 1 to 5) 

Mean Peak 
Amplitude (nA) 

(5 minutes) 

Difference 
(mean baseline 

amplitude – 
mean peak 
amplitude) 

Standard 
Deviation 

t-test 
Statistic 

p-value 

1 -0.4696727 -0.5982083 -0.1285356 0.61 -4.86 0.000037 
2 -0.429205767 -0.909135467 -0.4799297 0.39 -22.81 0.00001 
3 -0.7318275 -0.758439167 -0.026611667 0.54 -1.07 0.292744 
4 -0.570711867 -0.604441767 -0.0337299 0.39 -1.59 0.121916 
5 -0.260872367 -0.2492891 0.011583267 0.3 0.62 0.539831 
6 -0.846483333 -0.858984 -0.012500667 1.24 -0.33 0.74338 
7 -0.205900673 -0.210716293 -0.00481562 0.17 -0.35 0.731073 
8 -0.706597333 -0.905927567 -0.199330233 1.38 -5.01 0.000025 
9 -0.582427133 -0.461812533 0.1206146 0.64 4.44 0.000119 

10 -1.651507667 -1.377080667 0.274427 2.04 5.67 0.00001 
11 -0.270375033 -0.5066043 -0.236229267 0.29 -12.89 0.00001 
12 -0.724349333 -0.711699233 0.0126501 1.93 0.27 0.789953 

 
Table 3.3. Paired samples t-tests conducted on the twelve (12) recorded neurons in 
the jxBNST of adult estrus females, which compared five minutes of baseline 
(minute 1 to 5) and five continuous minutes of peak amplitude. When significant 
results were obtained, neurons were classified as GABAA-LTP (blue; t-test statistic < 
0; p < 0.05) and GABAA-LTD (light brown; t-test statistic > 0; p < 0.05). Likewise 
when non-significant results were obtained, neurons were classified as no change 
(light gray; p > 0.05). 
 
 

 Male 
Diestrus 
Female 

Estrus 
Female Row Total 

GABAA-LTP 6 5 4 15 
GABAA-LTD 4 3 2 9 

No change 7 6 6 19 
Column Total 17 14 12 43 

 
Table 3.4. Contingency table displaying the number of neurons that underwent 
GABAA-LTP, GABAA-LTD, and no change in the jxBNST of naive adult males, 
diestrus females, and estrus females, p > 0.9999. 
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Cell 
No. 

Mean Baseline 
Amplitude (nA) 
(minute 1 to 5) 

Mean Peak 
Amplitude (nA) 

(5 minutes) 

Difference 
(mean baseline 

amplitude – 
mean peak 
amplitude) 

Standard 
Deviation 

t-test 
Statistic 

p-value 

1 -0.498489633 -0.463429833 0.0350598 0.43 1.57 0.127105 
2 -0.283768567 -0.6385324 -0.354763833 0.3 -19.05 0.00001 
3 -0.686325233 -1.067375633 -0.3810504 0.31 -20.1 0.00001 
4 -1.1263155 -1.1673745 -0.041059 0.94 -1.25 0.222315 
5 -0.1883334 -0.17139854 0.01693486 0.12 1.45 0.15817 
6 -0.584110633 -0.909317067 -0.325206433 0.66 -11.82 0.00001 
7 -0.204201367 -0.349416633 -0.145215267 0.17 -10.39 0.00001 
8 -0.539614667 -0.910881533 -0.371266867 1.02 -10.87 0.00001 
9 -0.251377867 -0.2717559 -0.020378033 0.19 -1.38 0.177783 

10 -0.688336867 -1.18559 -0.497253133 0.25 -29.37 0.00001 
11 -1.188411 -1.165894833 0.022516167 2.21 0.45 0.658668 
12 -0.5997709 -0.879786533 -0.280015633 0.2 -18.54 0.00001 
13 -0.811578133 -0.759619867 0.051958267 0.99 1.54 0.134305 
14 -0.701384567 -0.7154626 -0.014078033 0.62 -0.53 0.601713 
15 -0.978950667 -0.985251333 -0.006300667 0.8 -0.21 0.836505 

 
Table 3.5. Paired samples t-tests conducted on the fifteen (15) recorded neurons in 
the jxBNST of 24-hour water deprived adult males, which compared five minutes of 
baseline (minute 1 to 5) and five continuous minutes of peak amplitude. When 
significant results were obtained, neurons were classified as GABAA-LTP (blue; t-test 
statistic < 0; p < 0.05) and GABAA-LTD (light brown; t-test statistic > 0; p < 0.05). 
Likewise when non-significant results were obtained, neurons were classified as no 
change (light gray; p > 0.05). 
 
 

 
Naive 

24 hr. 
Water 

Deprivation 
Row Total 

GABAA-LTP 6 7 13 
GABAA-LTD 4 0 4 

No change 7 8 15 
Column Total 17 15 32 

 
Table 3.6. Contingency table displaying the number of neurons that underwent 
GABAA-LTP, GABAA-LTD, and no change in the jxBNST of naive adult males and 
24-hour water deprived adult males, p = 0.209. 
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Cell 
No. 

Mean Baseline 
Amplitude (nA) 
(minute 1 to 5) 

Mean Peak 
Amplitude (nA) 

(5 minutes) 

Difference 
(mean baseline 

amplitude – 
mean peak 
amplitude) 

Standard 
Deviation 

t-test 
Statistic 

p-value 

1 -0.626671185 -0.631725593 -0.005054407 0.5 -0.19 0.851499 
2 -0.6984738 -0.947853767 -0.249379967 0.57 -9.76 0.00001 
3 -0.505951467 -0.5281846 -0.022233133 0.49 -0.93 0.358308 
4 -0.489562567 -0.7790078 -0.289445233 0.58 -11.17 0.00001 
5 -0.574386893 -0.543985821 0.030401071 0.99 0.84 0.409166 
6 -0.366340033 -0.371735867 -0.005395833 0.26 -0.31 0.756841 
7 -0.8878545 -0.479674733 0.408179767 2.01 8.49 0.00001 
8 -1.397204633 -1.390350333 0.0068543 2.17 0.34 0.735964 
9 -0.646521067 -0.4166004 0.229920667 0.41 10.59 0.00001 

10 -1.543003333 -1.967000333 -0.423997 1.68 -9.66 0.00001 
11 -0.4273975 -0.4271737 0.0002238 0.7 0.01 0.993744 
12 -0.558562067 -0.770905667 -0.2123436 0.2 -13.95 0.00001 
13 -0.799552367 -0.850532433 -0.050980067 0.93 -1.56 0.129225 
14 -1.041299033 -1.0234887 0.017810333 2.04 0.37 0.715379 

 
Table 3.7. Paired samples t-tests conducted on the fifteen (15) recorded neurons in 
the jxBNST of time-matched socially isolated adult males, which compared five 
minutes of baseline (minute 1 to 5) and five continuous minutes of peak amplitude. 
When significant results were obtained, neurons were classified as GABAA-LTP 
(blue; t-test statistic < 0; p < 0.05) and GABAA-LTD (light brown; t-test statistic > 0; 
p < 0.05). Likewise when non-significant results were obtained, neurons were 
classified as no change (light gray; p > 0.05). 
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 24 hr. 
Water 

Restriction 

Time-
Matched 

Social 
Isolation 

Row Total 

GABAA-LTP 7 4 11 
GABAA-LTD 0 2 2 

No change 8 8 16 
Column Total 15 14 29 

 
Table 3.8. Contingency table displaying the number of neurons that underwent 
GABAA-LTP, GABAA-LTD, and no change in the jxBNST of 24-hour water 
deprived adult males and time-matched socially isolated adult males, p = 0.3319. 
 
 

 

Naive 

Time-
Matched 

Social 
Isolation 

Row Total 

GABAA-LTP 6 4 10 
GABAA-LTD 4 2 6 

No change 7 8 15 
Column Total 17 14 31 

 
Table 3.9. Contingency table displaying the number of neurons that underwent 
GABAA-LTP, GABAA-LTD, and no change in the jxBNST of naive adult males and 
time-matched socially isolated adult males, p = 0.7112. 
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CHAPTER 4 

– DISCUSSION – 

 

 The current thesis reveals that neurons in the jxBNST modulate their 

inhibitory synaptic transmission in response to the application of AVP. More 

specifically, neurons respond in one of three possible ways; either the GABAA-IPSC 

amplitude increased, termed GABAA-LTP; the GABAA-IPSC amplitude decreased, 

termed GABAA-LTD; or the GABAA-IPSC amplitude remained the same, termed no 

change. Interestingly, despite what we hypothesized, we demonstrate that the 

proportion of neurons that respond in each of these categories does not differ 

between sexes and within females is not estrus cycle-dependent. Finally, we 

demonstrate the abolition of GABAA-LTD following a 24-hour water deprivation 

period that is not a consequence of social isolation. 

 

4.1 AVP Modulates Inhibitory Synaptic Transmission in the jxBNST 

 

 We used whole-cell voltage-clamping electrophysiology to record changes in 

GABAA synaptic transmission in the jxBNST. We found that in response to a five-

minute application of AVP (1µM), jxBNST neurons either underwent GABAA-LTP, 

GABAA-LTD, or remained unaffected. Considering the wide range of biological 

processes both AVP and the jxBNST are involved in; amongst other things they play 

a role in male-typical social behaviours, social memory, stress adaptation, fear, 

anxiety, pain, goal-directed behaviours, and food and fluid intake, it is not surprising 
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that the neurons in the jxBNST responded in one of three possible ways to 

exogenous AVP application (Ferris et al., 1997; Ferris et al., 1988; Young and Wang, 

2004; Murgatroyd et al., 2004; Griebel et al., 2003; Donaldson et al., 2010; Carter, 

2007; Dong et al., 2001a; Dong et al., 2001b; Dong and Swanson, 2003; Dong and 

Swanson, 2006; Saggu and Lundy, 2007). 

 

Together our results suggest a few possible scenarios. First, not all neurons in 

the jxBNST may possess the necessary receptor to respond to AVP, which may 

account for only 58.8% (10/17) neurons respond (either GABAA-LTP or GABAA-

LTD) to its application. Other studies have concluded similar results in the CA1 

region of the hippocampus, SON and PVN (Mizino et al., 1984; Kombian et al., 2000; 

Hermes et al., 2000). For instance, Mizino et al. (1984) showed that while 81% 

(13/16) of ventral CA1 neurons were excited by AVP application, only 29% (2/7) of 

dorsal CA1 neurons responded (Mizino et al., 1984). Immunoctyochemical studies 

verify these proportions, in that AVP neurons in the PVN send efferent fibers that 

terminate on dendrites in the ventral hippocampus, but not the dorsal hippocampus 

(Buijs and Swaab, 1979; Buijs, 1980). In addition, 83% (35/42) of neurons in the 

SON and 58% (22/38) of neurons in the PVN respond to AVP application (Kombian 

et al., 2000; Hermes et al., 2000). Our results in the ovBNST further support this 

notion. The ovBNST is in close proximity to the jxBNST and of similar neuronal 

composition, despite this, neurons in this region are devoid of AVPR. Thereby, as 

expected 100% (9/9) of neurons did not respond to AVP application, in other words, 

there was no change in their GABAA-IPSC amplitude. However to definitely 



	 45	

conclude that the modulation of the inhibitory transmission in the jxBNST is 

mediated by AVPR, an antagonist should be utilized throughout the recordings. 

Theoretically, the AVPR antagonist will block the responding neurons from 

undergoing GABAA-LTP or GABAA-LTD, resulting in a similar response as seen in 

the ovBNST. 

 

It is also plausible that the neurons of each response belong to a different 

subpopulation of neurons in the jxBNST that project to distinct brain regions. Dong 

et al. (2000) suggests that jxBNST neurons use five distinct pathways, including the 

(i) rostrodorsal pathway, (ii) ventral pathway, (iii) stria terminalis pathway, (iv) ansa 

peduncularis pathway, and (v) descending (medial forebrain bundle) pathway (Dong 

et al., 2000). Bundles of axons leave the jxBNST and course through one of these 

pathways to primarily innervate the SI and mCEA, but also the CP, aBLA, and SNc 

(Dong et al., 2000). From these sites, it would suggest that the jxBNST is in a 

position to modulate both autonomic and somatic motor systems (Figure 4.1). More 

specifically, the jxBNST sends direct projections to the mCEA, subcommissural zone 

of the BNST (scBNST), and caudal anterolateral area of the BNST (alBNST), all of 

which send projections to brainstem autonomic areas (Veening et al., 1984). On the 

other hand, the jxBNST may modulate the somatomotor system, through its 

projections to the aBLA, CP, and its most dense projection to the SI (Dong et al., 

2000). The former provides inputs to premotor and motor cortical areas, while the 

latter has been suggested to regulate the somatomotor system through direct 

projections to the mesencephalic and subthalamic locomotor regions (de Olmos et al., 
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1985; Sripanidkulchai et al., 1984; Krettek and Price, 1977; Swanson et al., 1984). 

Taking our results into consideration, it would seem that the two roles of the jxBNST 

might be responsible for the responses seen from AVP application. For instance, 

neurons that underwent GABAA-LTP may project to regions involved in modulating 

the autonomic system, whereas the somatomotor system may be modulated by the 

neurons that underwent GABAA-LTD, or vice versa. This notion is further supported 

by the fact we found GABAA synaptic transmission to be modulated postsynaptically 

by AVP. However, to fully appreciate the role of the modulated inhibitory 

transmission in the jxBNST, additional experiments are necessary. For instance, 

using a double-labeling fluorescent retrograde tracer experiment (Swanson et al., 

1982; Dumont and Williams, 2004). Microinjection of two distinct fluorescent 

retrograde tracers should be performed on the same animal; in this instance, one 

should be microinjected into the mCEA and the other into the SI, the areas that 

receive dense projections from the jxBNST and involved in autonomic and 

somatomotor responses respectively (Dong et al., 2000). Following microinjections, 

adequate time should be allowed for the retrograde tracers to travel to the jxBNST. 

From here, fluorescent labelled neurons can be whole-cell voltage-clamped using a 

similar protocol as this thesis, except now we would know where the recorded 

neurons project and can determine if either GABAA-LTP or GABAA-LTD are 

projecting to these distinct brain regions (Dumont and Williams, 2004). 
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4.2 AVP Does Not Have a Sexually Dimorphic Effect 

 

 To date studies have demonstrated differences in the distribution of AVP and 

its receptor between sexes (de Vries et al., 1992; de Vries et al., 1994). In addition, the 

BNST has become one of the most notable sexually dimorphic brain regions (de 

Vries et al., 1994; Pezuk et al., 2008; Grossmann et al., 2002). For instance, males 

typically have an increased number of AVP-ir neurons in the BNST compared to 

females, in addition to having a higher expression of AVPR (de Vries et al., 1994; 

Dubois-Dauphin et al., 1991; Bloch and Gorski, 1988; Dubois-Dauphin et al., 1996). 

We therefore hypothesized that these reported differences would translate to 

differences in the modulation of inhibitory synaptic transmission in the jxBNST 

between sexes. We conducted whole-cell voltage-clamp electrophysiology on 

neurons recorded from rats in the diestrus and estrus phases and measured changes 

in GABAA-IPSC amplitude over time. These phases were selected for their 

differences in behavioural and hormonal measures, including appetite, drug self-

administration, locomotive activity, drinking behaviour, and estradiol levels (Asarian 

and Geary, 2006; Roberts et al. 1989; Quinones-Jenab et al. 1999; Findlay, 1979). 

Despite the surge of estradiol in the proestrus phase that lasts well into the estrus 

phase, we saw no difference in the proportion of responding neurons between the 

diestrus (57.1%; 8/14) and estrus (50%; 6/12) phases. In addition, there was no 

difference when compared to the proportion of responding neurons in males (58.8%; 

10/17). Together these results suggest that AVPs modulatory role on GABAA 

synaptic transmission appears to be estradiol-independent and even gonadal steroid-



	 48	

independent for that matter. Thereby there is no evidence for a sexually dimorphic 

effect for AVP in the jxBNST. However, further research conducted on 

gonadectomized male and female rats, in addition to hormone replacement therapy, 

may provide some insight into the exact nature of the differences in distribution of 

AVP and its receptor between sexes and the electrophysiological significance.  

 

4.3 Water Deprivation Abolishes AVP-induced GABAA-LTD in the jxBNST 

 

 Based on previous research that has strongly implicated AVP in maintaining 

body water within narrow limits and our results that demonstrated three possible 

responses to AVP application in the jxBNST, we sought to examine the effects of 

water deprivation on AVPs role in modulating inhibitory synaptic transmission in 

the jxBNST (Johnson et al., 1996; McCann et al., 2002; McKinley et al., 2001; 

McKinley and Johnson, 2004; Anderson, 1978). We chose to examine the responses 

of neurons in the jxBNST to a bath application of AVP following a 24-hour water 

deprivation period supported by studies demonstrating substantial release of AVP in 

the PVN, SON, septum, dorsal hippocampus, arcuate nuclei (ARC), OVLT, SCN, 

amygdala, and BNST following either water deprivation or osmotically stimulated 

dehydration (Goazigo et al., 2004; Negro-Vilar and Samson, 1979; Epstein et al., 

1983; Landgraf et al., 1988; Rowland, 1998; Xu and Herbert J., 1994). To determine 

if this water deprivation-induced release of AVP alters AVPs modulatory role in the 

jxBNST, we used whole-cell voltage-clamp electrophysiology to measure changes in 

GABAA-IPSC amplitudes following a 24-hour period of water deprivation in male 
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rats. We found that there we no statistically significant difference in the proportion of 

neurons that underwent each response (either GABAA-LTP, GABAA-LTD, or no 

change) compared to naive male rats. However, our results do suggest that following 

24 hours of water deprivation, there appears to be an abolishment of GABAA-LTD in 

the jxBNST in response to AVP application.  

 

 While the exact reason for the abolishment of GABAA-LTD remains elusive, 

we offer the following explanation. To start, it is well established that the majority of 

neuropeptides regulate the expression of their receptors; typically prolonged exposure 

to an agonist (or conditions that increase the natural release of the neuropeptide) 

produces desensitization and/or down-regulation of the target receptor, whereas 

prolonged exposure to an antagonist (or conditions that decrease the release of the 

neuropeptide) results in the sensitization and/or up-regulation of the target receptors 

(Catt et al., 1979; Klein et al., 1989). However, AVP acts in its own unique way, 

whereby it has been shown to have a self-sensitization effect; AVP exposure 

significantly increases the receptiveness of the rat brain to itself (Burnard et al., 1986; 

Balaban et al., 1988; Poulin and Pittman, 1993). In several studies, this sensitization 

effect caused enhanced motor responses to AVP, where upon re-application evoked 

minor motor disturbances in rats, including prostration, pauses, and ataxia (Poulin 

and Pittmann, 1993). Due to the jxBNSTs direct connect to motor regions; it seems 

plausible that this receptor sensitization is not only occurring, but causing a shift in 

neural plasticity, away from GABAA-LTD. Poulin and Pittmann (1993), further 

explain the neuronal mechanisms underlying the sensitization process (Poulin and 
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Pittmann, 1993). They found that AVP receptor number and binding affinity 

remained unaffected in sensitized rats. However there was increased 

phosphatidylinositol (PI) hydrolysis, leading to an enhanced inositol monophosphate 

(IP1) production, an important process in the intracellular action of AVP (Poulin and 

Pittmann, 1993; Birnbaumer, 2000). Our results support this explanation, as it was 

found that jxBNST inhibitory synaptic transmission was modulated postsynaptically. 

We suggest that following a period of water deprivation, the AVP that is released 

centrally, at a substantially higher concentration, primes and/or initiates the 

sensitization process. Following bath application of AVP (re-exposure), there is an 

increased responsiveness of the AVPR, ultimately promoting GABAA-LTP over 

GABAA-LTD. In order to confirm this hypothesis, an alternative method of AVP-

induced sensitization should be conducted. For instance, rather than a 24-hour water 

deprivation experiment, male rats could undergo repeated intracranial injections of 

AVP via a cerebral cannula into the jxBNST. Once AVP sensitization is apparent, 

through motor disturbances (Burnard et al., 1986; Balaban et al., 1988; Poulin and 

Pittmann, 1993), whole-cell voltage-clamp electrophysiology will be used to confirm 

the abolishment of GABAA-LTD, following re-exposure of AVP via bath 

application. 

 

 In addition to AVPs roles already discussed, AVP has been implicated in 

social behaviours and anxiety (Carter et al., 2008; Pan et al., 2009; Weintraub et al., 

2010). In addition, due to the nature of the experiment, male rats were socially 

isolated for a minimum of 24 hours during the water deprivation period. As such, we 
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needed to ensure our results were due to the act of water deprivation and not a 

consequence of the social isolation (shown to be an acute social stress) (Carter et al., 

2008). We therefore chose to time-match socially isolate a group of male rats and 

conduct whole-cell voltage-clamp electrophysiology in the presence of a 5-minute 

bath application of AVP and record changes in GABAA-IPSC amplitudes over time. 

As we hypothesized, there was a re-emergence of GABAA-LTD in the time-matched 

socially isolated rats, at a proportion that is similar to naive males (14.3%, 2/14 

neurons; and 23.5%, 4/17 neurons, respectively). Together these results solidify the 

notion that inhibitory synaptic transmission is modulated by AVP in the jxBNST and 

water deprivation seems to shift the neural plasticity of the jxBNST away from 

GABAA-LTD. 

 

4.4 Limitations 

 

 The current thesis is not without its limitations. By far the most influential 

limitation is our present understanding of the source(s) of AVP for the jxBNST. 

Dong et al., 2000 suggests several areas of input to the jxBNST, including the pBLA, 

TR, vlPAG, and VTA all of which to date have not been shown to contain AVP 

neurons (Dong et al., 2000). However, with our existing knowledge, we hypothesize 

that the AVP is supplied by the pBNST. Evidence for this comes from the fact that 

the BNST is a set of approximately twelve (12) nuclei, all of which are highly 

interconnected (Dumont, 2009). As a collective, it seems to receive information from 

a variety of sources, including interoceptive (e.g., energy and fluid levels and sexual 
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hormone levels) and exteroceptive (olfaction, touch, and gustatory) information, all 

of which is integrated and relayed within the BNST to maintain homeostasis 

(Dumont, 2009). As such, it is reasonable to assume that upon a change in 

homeostasis that elicits a release of AVP from the CNS, including the pBNST, it 

would be communicated to the anterior portion of the BNST, where the jxBNST 

aptly located. While this is not the perfect answer, one way we would know the exact 

source is through the use of a retrograde tracer microinjected into the jxBNST. 

Leaving an adequate time for the tracer to travel, the brain slices can be cut and 

through immunoctyochemical means, neurons positive for both AVP and the 

retrograde tracer will be our target (Jacomy et al., 1999). While we suggest that this 

target might very well be the pBNST, it is still quite possible that the AVP comes 

from a different source(s).  

 

4.5 Future Directions 

 

 Despite the majority of our results being non-statistically significant, research 

into both the cellular, molecular, and functional aspects of AVPRs in the jxBNST 

should persist, due to the promising abolishment of GABAA-LTD following a 24-

hour water deprivation period. Throughout this discussion, we suggest several 

experiments that would further our understanding of the neural circuitry involved, 

the central source of AVP, and how its modulation of inhibitory synaptic 

transmission in the jxBNST affects other brain regions and ultimately behaviour. 
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Together these can help to provide some insight into the involvement of AVP and 

the jxBNST in fluid homeostasis.  
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Figure 4.1. An illustration depicting the suggested neural connections of the 
jxBNST. aBLA, anterior part of the basolateral amygdala; alBNST, anterolateral 
area of the bed nucleus of the stria terminalis; CP, caudoputamen; pBLA, posterior 
part of the basolateral amygdala; SI, substantia innominata; scBNST, 
subcommissural zone of the bed nucleus of the stria terminalis; SNc, substantia nigra 
parts compacta; TR, postpiriform transition area; and vlPAG, ventrolatereal 
periaqueductal gray (adapted from Dong et al., 2000). 
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