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Abstract 

Phoenixin (PNX) is a recently discovered neuropeptide that was initially determined to 

positively contribute to reproductive functioning. Since its discovery, however, PNX has been 

implicated in a diverse range of physiological activity, including anxiety-like behavior, 

nociception, memory retention, and food intake. With a robust pattern of expression to 

compliment these physiological actions, it is clear that PNX plays a pleiotropic role. The nucleus 

of the solitary tract (NTS), a critical autonomic integrating center in the hindbrain, is one of the 

many areas with dense expression of both PNX and its receptor, GPR173. Using both 

extracellular and whole-cell current clamp recording techniques in a coronal NTS slice 

preparation, this study characterized the effects of PNX on both spike frequency and membrane 

potential of NTS neurons in order to determine neuronal effects of the peptide. Extracellular 

recordings demonstrated that PNX increased firing frequency in 32% of male rat NTS neurons, 

and patch clamp recordings indicated that this effect also existed for membrane potential, with 

50% of NTS neurons depolarizing in response to application of the peptide. Our study took an 

abrupt turn when total responsiveness to PNX in NTS neurons declined suddenly to 9%. This 

effect was subsequently attributed to construction in our laboratory facility after rats were 

relocated to a construction-free facility and PNX responsiveness was recovered. Rats were then 

placed on a corticosterone (CORT)-stressor treatment that replicated the decreased PNX 

responsiveness within 2 weeks and had no effect on the responsiveness of neurons to another 

neuropeptide, Angiotensin II (ANG). These results implicate PNX in the central integration of 

stress and potentially provide new insight into a factor of stress-related infertility.  
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Chapter 1 

Introduction 

Homeostasis, the biological equilibrium that ultimately facilitates good health, is 

achieved by several means at both the cellular and whole-organism level (Cannon, 1929). 

At the level of the autonomic nervous system (ANS), cardiovascular, respiratory, 

gastrointestinal, stress, and reproductive homeostasis is achieved by the complex 

interaction between several key brain regions as well as their efferent and afferent 

systems. Although they are often investigated and spoken about in isolation, in reality 

these autonomic systems are integrated by several key brain regions in the brainstem, 

hypothalamus, thalamus, and amygdala (Benarroch, 1993; Andresen & Kunze, 1994; 

Ferguson et al., 2008). These include the arcuate nucleus (Arc) and paraventricular 

nucleus (PVN) of the hypothalamus, lateral hypothalamus, and the nucleus of the solitary 

tract (NTS) which together act as relay centers for a variety of afferent autonomic 

information, then projecting to several appropriate brain regions in order to coordinate a 

robust physiological response to any deviations in homeostasis.  

1.1 Nucleus of the Solitary Tract 

The NTS, located in the dorsomedial medulla, is a critical integrating center for 

many of the aforementioned autonomic functions. Surrounding the solitary tract (ST) 

over its full length, the NTS is directly adjacent to and receives input from the facial 

(VII), glossopharyngeal (IX), and vagus (X) nerves (Kalia & Mesulam, 1980). Common 

functional classification of neurons in the NTS has therefore suggested there are specific 

subpopulations of cells involved in the regulations of cardiovascular, gastrointestinal, 
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respiratory, and gustatory processes (Hyde & Miselis, 1992; Andresen & Paton, 2011). 

The critical importance of the NTS in both the integration of varied autonomic 

modalities, as well as more global autonomic regulation is however highlighted by the 

many studies which have clearly demonstrated that a lesion of any significant proportion 

of the NTS is lethal (Doba & Reis, 1973).  

The NTS is highly heterogeneous in several aspects, including innervation 

sources, cellular phenotype, efferent targets, neurotransmitters, and interconnections. Its 

diversity in both composition and function makes it a compelling yet challenging region 

to understand, especially with regards to elucidating individual pathways and their 

specific roles in regulating autonomic function. For example, afferents may provide 

information for the homeostatic control of cardiovascular, respiratory, and 

gastrointestinal systems, or other visceral aspects such as satiety, body temperature, 

neuroendocrine processes, and stress responses (Rinaman, 2007).  

 

1.2 Anatomical Divisions of the NTS 

Within the dorsomedial medulla, the V-shaped NTS extends rostrocaudally as a 

bilateral column from the facial motor nucleus, merging to form a midline structure that 

continues caudally to the level of the pyramidal decussation (Barraco, 1993). The NTS 

was originally divided into medial and lateral subdivisions by Torvik (1956), with the 

border between these two considered to be the solitary tract. Torvik described the medial 

subdivision as containing more densely packed, pear-shaped or triangular shaped 

neurons, and the lateral subdivision expanding rostrally past the level of the area 

postrema (AP) to contain neurons that are slightly larger, less densely packed, and 
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multipolar (Torvik, 1956). More recent anatomical descriptions of the NTS have 

highlighted additional subnuclei including the commissural (Com), medial (Sm), 

dorsomedial, intermediate (Sc), ventral (Sv), ventrolateral (Svl), interstitial (Sni), lateral 

solitary (Slt), and gelatinosus (Sg) (Loewy & Burton, 1978; Hyde & Miselis, 1992). 

Cranial and spinal nerve afferents enter the brain stem to synapse on these neurons in 

various regions of the NTS. However, it is now understood that there is such a degree of 

heterogeneity in both the functional afferent inputs as well as NTS neuron subtypes that 

attempting to specify these anatomical regions based on such criteria is both difficult and 

perhaps more importantly, misleading.  

 

1.3 Electrophysiological Classification of NTS Neurons 

Ion channel expression and composition within the NTS contributes to the 

membrane characteristics of neurons and, importantly, their subsequent processing of 

synaptic inputs and firing activity (Dekin & Getting, 1984). NTS neurons express a 

diverse range of ionic currents that underlie different properties and patterns of activity, 

including a fast transient outward current, IA, a delayed outwardly rectifying potassium 

current, IK, a slow calcium-activated potassium current, IK-Ca, both a TTX-sensitive and 

insensitive sodium current, and both low (LVA ICa2+) and high-threshold (HVA ICa2+) 

calcium currents (Ikeda et al., 1986; Kunze, 1987; Schild et al., 1993; Andresen & 

Kunze, 1994; Hay & Kunze, 1994) .  

The expression of these currents results in individual NTS neurons with different 

electrophysiological properties; subtypes which were initially described by Dekin and 

Getting (1984). Through various patch-clamp experiments using guinea pig brain slices 
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containing the NTS, they discovered the property of “delayed excitation” in some NTS 

neurons, where a hyperpolarizing pre-pulse resulted in a membrane potential trace that 

showed a delayed return to baseline. This effect, which was eliminated by application of 

4-aminopyridine which blocks IA, identified this conductance as responsible for this 

specific fingerprint in a subpopulation of NTS neurons. This electrophysiological 

characterization of NTS neurons was later expanded upon by the work of Tell and 

Bradley (1994) and Vincent and Tell (1997).  

Ultimately, Vincent and Tell proposed three main electrophysiological groups 

within the NTS: “post-inhibitory rebound” (PIR) cells which demonstrate an immediate 

fast discharge response following hyperpolarization, “delayed excitation” (DE) cells 

which show a delayed spike response to the removal of the hyperpolarizing pulse, and 

“NON” cells, which express neither PIR or DE properties.  

Various groups have since attempted to elaborate on the ionic currents underlying 

the specific electrophysiological fingerprints of each subtype of NTS neurons, while at 

the same time attempting to link these subtypes to physiological functions. The IA current 

has been shown to underlie the property of delayed excitation in DE cells by several 

groups (Andresen & Kunze, 1994; Bailey et al., 2002). These neurons have been 

suggested to receive inputs from A- and C- type visceral afferents within the baroreflex 

arc, allowing for the modulation of cardiovascular rhythm by the NTS (Bailey et al., 

2002). The PIR property in many NTS cells has been suggested to be due to a transient, 

hyperpolarization-activated inward current with a fast decay time that immediately 

follows release of the hyperpolarizing current (Corson & Bradley, 2013). This current has 

been hypothesized to be a non-selective cation channel, Ih, that conducts both K+ and Na+ 
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(Iwahori et al., 2002), however the PIR property has also been linked to an inward Ca2+ 

current that demonstrates a low threshold of activation with depolarization of the cell 

after a hyperpolarizing current is removed (Champagnat et al., 1986). PIR cells have been 

functionally implicated in salivary secretion, orofacial reflex motor activity, and the 

activation of inspiration and expiration loops within the respiratory system (Champagnat 

et al., 1986; Corson & Bradley, 2013). Finally, it seems NON cells have not been 

exclusively tied to any specific ionic currents based on literature available. Upon release 

from hyperpolarization, the membrane potential of NON cells simply reverts passively to 

resting potential (Vincent & Tell, 1997). This suggests that perhaps there is no single 

characteristic current responsible for NON cell electrophysiological behaviour, but a 

heterogeneous expression of the various ionic currents described above. Functional 

implications for this subpopulation of cells might then be more connected to the 

anatomical and morphological properties within this electrophysiological class 

(Whitehead, 1988).  

1.4 Cardiovascular Function and the NTS 

The NTS has been implicated as a critical center for cardiovascular function since 

early studies by Doba and Reis demonstrated cardiac failure following an NTS lesion in 

1973 (Doba & Reis, 1973). We now understand that after integrating baroreceptor 

afferent inputs, the NTS relays information to mediate baroreflex control of heart rate, 

sympathetic, and parasympathetic tone (Schreihofer & Guyenet, 2002).  

Afferent information regarding blood pressure originates at stretch-sensitive 

primary afferents of the aortic arch (aortic baroreceptors) and the carotid sinus (carotid 

baroreceptors) (Andresen & Peters, 2008). This primary afferent information is carried in 
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the aortic depressor nerve and carotid sinus nerve respectively, to synapse on NTS 

neurons in the Sni, Slt, Sm, Svl, and Com subnuclei of the nucleus (Seiders & Stuesse, 

1984; Ciriello & Caverson, 1986; Housley et al., 1987; Barraco, 1993). Within the NTS, 

it has long been suggested that glutamate acts as the critical neurotransmitter released 

from baroreceptor afferent fibres (Reis et al., 1981; Corbett et al., 2005). In support of 

this concept,  microinjection of L-glutamate into the NTS leads to hypotension and 

bradycardia (Reis et al., 1981). Gamma-Aminobutyric acid (GABA)ergic neurons in the 

NTS (Izzo et al., 1992; Fong et al., 2005) as well as GABAergic transmission (Bailey et 

al., 2008) have also been identified in baroreflex-related circuits, although the role of this 

neurotransmitter is less clear.  

Once excitatory and inhibitory baroreceptor afferent inputs are integrated, the 

NTS must relay information in order to mediate baroreflex responses. Arterial 

baroreceptor afferents projecting to the NTS provide major tonic excitatory input to 

GABAergic caudal ventrolateral medulla (CVLM) neurons, which are critical regulators 

of sympathetic nerve activity and thus arterial pressure (Schreihofer & Guyenet, 2002). 

The CVLM contains vasodepressor neurons in the baroreflex pathway, mediating 

sympathoinhibition of neurons within the rostral ventrolateral medulla (RVLM) (Bailey 

et al., 2006). Together, these second order neurons represent critical outputs within the 

baroreflex pathway which autonomically regulate the heart rate and vascular tone on a 

beat-to-beat basis (Andresen & Kunze, 1994).  

1.5 Respiratory Function and the NTS 

It is well established that respiratory function and the cardiovascular system are 

intimately connected, with both sympathetic and parasympathetic cardiovascular tone 
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dictating rhythmical oscillations that dictate respiratory activity (Traube, 1865; Adrian et 

al., 1932). We now understand that these two systems operate in a coordinated way in 

order to match the processes of pulmonary ventilation with optimal tissue perfusion 

(Zoccal et al., 2014). Part of the respiratory oscillations of sympathetic activity in the 

cardiovascular system are associated with cyclic stimulation of peripheral afferent 

receptors which include the arterial baroreceptors and pulmonary stretch receptors 

mentioned previously in this introduction, both of which provide primary afferent inputs 

to neurons in the NTS (Bernardi et al., 2001).  

Afferent fibres from the respiratory system terminate in the Svl, Sni, and Slt 

subnuclei of the NTS, with additional fibres present in the Sm, Com, and Sc subdivisions 

(Kalia & Mesulam, 1980). Lung sensory receptors with afferent fibres in the vagus nerve 

can be divided into 3 groups—slowly adapting stretch receptors, rapidly adapting 

pulmonary stretch receptors, and bronchopulmonary C fibres. These groups all project to 

respiratory-related regions of the medulla, pons, and spinal cord (Kubin et al., 2006). One 

of these regions includes the RVLM, located adjacent to neurons of the ventral 

respiratory column (Smith et al., 1991; Moraes et al., 2013). Respiratory column neurons 

establish synaptic connections with pre-sympathetic neurons of the RVLM, generating 

oscillatory activity correlated to respiratory rhythm in sympathetic activity. In addition to 

the RVLM, GABA-ergic neurons of the CVLM can provide inhibitory input to the 

RVLM based on baroreceptor activity (Schreihofer & Guyenet, 2002). Subsequently, 

RVLM neurons control the basal and reflexive action of sympathetic activity associated 

with cardiovascular function, such as elevation of blood pressure.  
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Connectivity between the NTS and RVLM is critically important to integrated 

autonomic regulation during significant respiratory challenges such as hypoxia. NTS 

neurons specifically allow for the processing of patterns of respiratory and autonomic 

responses due to their neurochemical and electrophysiological properties (Zoccal et al., 

2014). In hypoxic conditions, a reduction in partial pressure of arterial oxygen (PaO2) is 

detected by chemosensitive cells in the carotid bodies (Lahiri et al., 2006), which then 

project to second order neurons of the NTS. NTS neurons are then responsible for the 

integration and further transmission of these peripheral chemoreceptor signals in order to 

enhance ventilation while at the same time maintaining arterial pressure and heart rate, 

especially in hypoxia (Teppema et al 1997, Cruz et al. 2010). This occurs via 

glutamatergic transmission (Sapru, 1996).  

 

1.6 Gastrointestinal Function and the NTS 

The central control of gastrointestinal (GI) function has been a major area of 

study in human physiology for over a century, and it is well established that the CNS 

controls the coordinated digestive functions of the esophagus, stomach, and intestines 

through both parasympathetic and sympathetic pathways (Travagli et al., 2006). Tracing 

studies have shown that vagal afferent fibers carry extensive information regarding the 

status of the gut via the vagus nerve and ST, directly to the brainstem (Rogers et al., 

1995; Travagli et al., 2006). Specifically, distension-sensitive afferent information from 

the small intestine (Zhang et al., 1992) and stomach (Gwyn et al., 1985) is transmitted to 

the NTS directly via bipolar nodose ganglia synapse. Numerous tracing studies have 

attempted to identify the NTS subnuclei involved in GI function at various levels of the 
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system (i.e. stomach vs. esophagus vs. colon) (Altschuler et al., 1989; Altschuler et al., 

1991; Altschuler et al., 1993; Rogers et al., 1995; Rogers et al., 1999). This again 

emphasizes the overarching perspective that a differential distribution exists such that 

different modalities of afferent inputs appear targeted to different subnuclei of the NTS.  

As described above for cardiovascular and respiratory inputs, GI inputs relayed by 

the vagus to NTS neurons appear to primarily be glutamatergic (Babic et al., 2014). 

Glutamate released onto GI-related second order NTS neurons activates both NMDA and 

non-NMDA receptors, effects which have been shown to be  modulated presynaptically 

by various neuropeptides including cholecystokinin, leptin, tumor necrosis factor, and 

adenosine triphosphate (ATP) (Emch et al., 2000; Simasko & Ritter, 2003; Jin et al., 

2004; Peters et al., 2005). Once NTS neurons have integrated this sensory information 

along with its modulatory inputs, these cells send second order projections to a variety of 

sites with the primary output region being the dorsal motor nucleus of the vagus 

(DMNV), which provides the main source of vagal innervation for the GI tract and 

coordinates an efferent response (Shapiro & Miselis, 1985). Various populations of 

DMNV neurons show direct projection with anatomical correlation back to organs of the 

GI tract via the right and left gastric, coeliac, accessory coeliac, and subdiaphragmatic 

vagus nerve and ultimately to the intrinsic ganglia of the viscera (Fox & Powley, 1985; 

Norgren & Smith, 1988). This controls outputs related to gastric motility, reservoir 

function of the stomach, fundic tone, and other digestive processes (Travagli et al., 2006).  

1.7 Reproductive Function and the NTS 

There is little known about the involvement of the NTS in reproduction, however 

there are a few ties between the NTS and hypothalamic-pituitary-gonadal (HPG) axis, 
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which coordinates reproductive function, that are especially interesting given the 

background on phoenixin, the neuropeptide investigated in this study, which will be 

discussed in further detail below.   

Although not classically associated with reproduction, the NTS has been observed 

to be both innervated by reproductive organs such as the vagina, cervix, and uterine horn 

(Ortega-Villalobos et al., 1990; Hubscher & Berkley, 1994) and to project rostrally to the 

PVN, a hub for reproduction, via adrenergic neurons (Simerly, 1998). Although this 

pathway has been identified, its functional implications have yet to be determined.  

Additionally, the estrogen receptor (ER) has also been identified in both the NTS and its 

projecting regions including the PVN (Simerly et al., 1990; Estacio et al., 1996), further 

implicating the NTS in a yet-to-be-determined role within reproduction. Interestingly, 

Estacio et al. (1996) observed that ER mRNA in both the NTS and PVN was increased 

following 48-hour food deprivation, and that this effect was dependent on vagal nerve 

integrity. Prior to this, they had observed that pulsatile luteinizing hormone (LH) 

secretion was suppressed by the same 48-hour food deprivation, and so they proposed 

that the vagus nerve mediates the expression of ER and A2 neurons of the NTS during 

acute fasting, and that this may also trigger the activation of neural pathways responsible 

for the downstream suppression of reproduction (Estacio et al., 1996). This would 

certainly fit in with our current understanding of the role of the NTS as the primary relay 

center for visceral information such as food availability and the idea that reproductive 

function would be suppressed in times of resource shortage.  



 

 

 

11 

1.8 Stress and the NTS  

Stress is a tremendously broad term used to classify a plethora of biological, 

physical, and physiological factors. In several biological contexts, “stress” can be defined 

as an external (from the environment, or psychologically-related situations) or internal 

(from a certain pathological condition or illness) factor that initiates a complex 

physiological reaction involving activation of the hypothalamic-pituitary-adrenal (HPA) 

axis (Herman et al., 2003). Synonymous with these categories we may also define stress 

as physical, i.e. involving the physical health of the organism, or psychological, i.e. 

involving perception and integration of various environmental stressors (Bains et al., 

2015).  

During both physical and psychological stress, activation of the HPA axis triggers 

the release of both corticotropin-releasing hormone (CRH) and arginine vasopressin 

(AVP) at the level of the hypothalamus, which bind to their respective receptors at the 

anterior pituitary. The anterior pituitary then releases adrenocorticotropic hormone 

(ACTH), which subsequently acts at the adrenal cortex to stimulate the synthesis and 

secretion of glucocorticoids into the blood circulation (Herman et al., 2003; Joseph & 

Whirledge, 2017). Activation of the HPA axis is not without feedback however, and 

circulating corticosterone (CORT) acts back at both the hypothalamus and anterior 

pituitary to prevent further release of CRH and ACTH. Ultimately, this coordinated 

response causes organisms to enter states of sympathetic activation, also known as “fight 

or flight” mode, which drastically increases heart rate and vascular supply to the body in 

order to improve likelihood of survival in potentially life-threatening situations (Herman 
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et al., 2003), and to then return to a homeostatic state once the stressor is no longer 

present.  

The NTS, like several other structures, plays an important role in the integration 

of both physical and psychological stressors. In view of the clearly identified roles in the 

regulation of cardiorespiratory systems, it is reasonable to assume that the NTS would be 

a common site for the integration and initiation of subsequent physiological effects of 

stress. Indeed, the NTS shows a high degree of fos activation (a marker for neuronal 

activity) following most physical stressors including visceral illness, 

cytokine/inflammatory challenge, hypovolemia, hypoxia, and hypotension (Ericsson et 

al., 1994; Krukoff et al., 1995; Teppema et al., 1997; Thrivikraman et al., 1997; Herman 

et al., 2003). Interestingly, the role of the NTS is not limited to the integration of physical 

stress, as activation of the region has been observed to also occur in response to 

psychological stressors including restraint, forced swim test, and immobilization 

paradigms (Pezzone et al., 1993; Cullinan et al., 1995; Herman et al., 2003). Presumably, 

such roles for the NTS are associated with its connectivity to forebrain regions involved 

in activation of the HPA axis, as supported by studies showing fos activation in both NTS 

and hypothalamus following forced swim and acute restraint tests (Cullinan et al., 1995). 

Anatomical studies have also established direct connections between the amygdala and 

NTS (Schwaber et al., 1982), as well as ascending noradrenergic projections from NTS to 

PVN (Sawchenko & Swanson, 1982), and reciprocal descending connections between 

PVN and the NTS (Schwaber et al., 1982; van der Kooy et al., 1984). 

It is well established that chronic stress causes HPA axis hyperactivity and a shift 

away from cardiovascular homeostasis, often resulting in hypertension (Henry et al., 
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1993; Whitworth et al., 2000). Noradrenergic neurons of the NTS have again been 

suggested to be involved in mediating these changes, both by studies showing activation 

of catecholaminergic neurons of the NTS after intermittent electrical foot shock (Pezzone 

et al., 1993; Li et al., 1996) and A2 noradrenergic neuron lesion studies within the NTS 

(Daubert et al., 2012) that suggest A2 neurons of the NTS may promote acute HPA axis 

responses, but are likely not involved in chronic stress-related HPA axis activation. The 

overarching hypothesis, however, is that catecholaminergic neurons of the NTS play 

critical roles in modulating cardiovascular responses to stress. A recent review has 

summarized current perspectives of the roles of NTS by highlighting roles of 

noradrenergic NTS neurons projecting to hypothalamic CRH neurons, which 

subsequently control the activation of the HPA axis in response to systemic stress 

(Herman, 2018). This signaling from the NTS is primarily excitatory, working either 

directly on CRH neurons, or through the presynaptic activation of glutamate release in 

the NTS (Herman, 2018).  

1.9 Phoenixin (PNX) and Its Receptor 

PNX is a novel peptide initially described and named in 2013 through Samson 

and Yosten’s bioinformatic algorithm approach to predicting previously unidentified and 

highly conserved peptide hormones (Yosten et al., 2013). Both PNX-14 and PNX-20 

amino acid products are cleaved from the precursor protein “Small Integral Membrane 

Protein 20 (SMIM20)”, and demonstrate high conservation across species (Yosten et al., 

2013; Treen et al., 2016). PNX expression is diverse with highest immunoreactivity of 

the peptide detected in the rat PVN, supraoptic nucleus (SON), zona incerta, AP, Arc, 

DMNV, Erdinger-Westphal nucleus, median eminence, and NTS (Yosten et al., 2013; 
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Prinz et al., 2017). In addition, PNX-14 immunoreactivity has been observed in the rat 

spinal cord, spinal trigeminal tract, dorsal root ganglion cells, and in superficial layers of 

the dorsal horn (Lyu et al., 2013; Cowan et al., 2015). Interestingly, recent mass-

spectrometry data has demonstrated that PNX is also present in the mammalian heart, 

(Rocca et al., 2017; Schalla et al., 2017). Exactly how this peptide is released and where 

it might be released from is still unknown.  

Recently, the receptor for PNX was identified by Stein et al. who demonstrated 

that PNX binds to GPR173, one part of the family of superconserved receptors expressed 

in the brain (SREB) first described in 2000 by Matsumoto and colleagues (Matsumoto et 

al., 2000; Stein et al., 2016; Treen et al., 2016). The SREB-3 family shares several 

features common to other G-protein coupled receptors. However, unique characteristics 

of SREB-3 proteins include a threonine instead of aspartate or glutamate usually found in 

the (D/E)RY motif within the amino-terminus of the second cytoplasmic loop, and a 

cysteine that replaces tyrosine in the usually conserved NPXXY motif within 

transmembrane domain VII (Matsumoto et al., 2000). It has now been established that 

binding of PNX to GPR173 specifically activates the cyclic-adenosine monophosphate 

(cAMP)- protein kinase A (PKA) pathway, resulting in downstream effects that include 

inducing the expression of both the gonadotropin-releasing hormone (GnRH) and 

Kisspeptin-1 (Kiss1) receptors (Treen et al., 2016). As previously mentioned, these 

peptides play integral roles in reproductive function, with Kisspeptin stimulating GnRH 

release by GnRH neurons to cause downstream LH release (Tng, 2015).   

In addition to its role in the control of reproduction first reported by Yosten et al. 

(2013), subsequent studies have suggested effects of PNX in several other systems. PNX 
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has been shown to influence nociceptive responses, anxiety-like behaviour, memory 

retention, and food intake (Lyu et al., 2013; Jiang et al., 2015a; Prinz et al., 2017; Schalla 

et al., 2017; Yuruyen et al., 2017). The NTS, a center heavily implicated in the control of 

nausea and emesis, baroreflex and baroregulatory circuits, stress-related response, 

gastrointestinal motility, and processing of visceral pain, which also displays high 

immunoreactivity to PNX, is thus an ideal and novel area to investigate further regarding 

the effects of this peptide.  

1.10 Aim of the Study 

This study was undertaken in order to characterize the cellular effects of PNX in 

the NTS. We hypothesized that NTS cells would respond with changes in both discharge 

and membrane potential due to the high degree of PNX and GPR173 expression in this 

brain region. To validate this, we utilized both a multi-electrode array system and patch 

clamp electrophysiology to examine the effects of PNX on extracellular spike frequency 

and membrane potential following bath application of the peptide. The direction of our 

study took a sharp turn following these preliminary experiments, with an abrupt decline 

of noticeable PNX responses occurring during construction in our laboratory building. 

We hypothesized and subsequently completed experiments after relocating our rats to a 

separate building that verified a factor related to the construction in our building had 

caused this decreased responsiveness to PNX. We hypothesized that chronic stress was 

the uncontrolled factor involved in construction, and so then attempted to replicate 

decreased PNX responsiveness by conducting a pilot study with whole-animal 

corticosterone administration.  
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The aim of this study therefore became characterizing the role of stress on the 

effects of PNX within the NTS.  
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Chapter 2 

Materials and Methods 

2.1 Animals 

Juvenile (postnatal 21-28 days) male Sprague-Dawley rats purchased from 

Charles River Laboratories (Montreal, Quebec, Canada) were used for all experiments. 

Animals were housed in a pathogen-free room at 22oC with 12:12 hour light:dark cycle 

and both food and water ad libitum.  

For corticosterone (CORT) induced stress experiments, after delivery to the 

Queen’s Animal Care facility in the Biosciences Complex Building, we followed a 

previously verified protocol of CORT-induced stress (Kaplowitz et al., 2016). Rats were 

placed on either tap drinking water containing 2% EtOH or tap drinking water containing 

300 µg/mL CORT in 2% EtOH for up to 2 weeks. Rats were health-checked daily by 

visual inspection of behaviour and appearance. Body mass, food consumption, and water 

consumption were measured and recorded twice weekly at the same time as drinking 

water solutions were replaced. 

All experimental procedures using these animals were approved by the Queen’s 

University Animal Care Committee and were in accordance with the Canadian Council 

on Animal Care guidelines. 

2.2 Slice Preparation 

Coronal brainstem slices containing the NTS were prepared each day of 

experimentation from un-anesthetized rats after a minimum of 2 days after transportation 

to the Queen’s Animal Care facility. Rats were decapitated, and their brains were quickly 



 

 

 

18 

removed and immersed in 0-4oC slicing solution, containing 87mM NaCl, 2.5mM KCl, 

25mM NaHCO3, 0.5mM CaCl2, 7mM MgCl2, 1.25mM NaH2PO4, 25mM glucose, and 

75mM sucrose, which was continuously bubbled with 95% O2/5% CO2. The region of the 

brainstem containing the NTS was blocked, first cutting away the forebrain, isolating the 

cerebellum and brainstem. The brainstem was then gently peeled away from the 

cerebellum and severed rostral to the medulla in order to maintain structural integrity of 

tissue at the rostro-caudal level of the AP and NTS. The remaining block of tissue 

containing AP and NTS was then mounted on a VT1000 S Leica vibratome stage 

(Nussloch, Germany), where 300µm slices were cut. Slices containing the NTS and AP 

were then placed in artificial cerebrospinal fluid (aCSF) containing 124mM NaCl, 

2.5mM KCl, 20mM NaHCO3, 2mM CaCl2, 1.3mM MgSO4, 1.24mM KH2PO4, and 

10mM glucose, pH 7.2-7.3, osmolarity 280-290 mOsm, and bubbled with 95% O2/5% 

CO2 while maintained at 32oC for a minimum of one hour prior to electrophysiological 

recording. 2-3 slices containing the NTS were typically obtained from one animal. Using 

the multi-electrode array recording system, described below, typically resulted in 10-15 

cell populations recorded from each slice, while each slice using patch-clamp 

electrophysiology, was used only for one recording of a single cell.   

2.3 Electrophysiology 

2.3.1 Multi-Electrode Array Recording 

Slices containing the NTS were used to record extracellular potentials using the 

MED64 system, a 64-electrode array system for in vitro extracellular electrophysiology 

(AlphaMED Sciences, Osaka, Japan). All recordings were conducted using a basic 8x8 

planar multielectrode array (MEA) with a total area of 1mm2, electrode size 50µm2, and 
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inter-electrode spacing of 150µm (AlphaMED Sciences). New probes were treated 

overnight with aqueous 0.1% Polyethyleneimine solution before utilization to reduce 

hydrophobicity of the platinum black microelectrodes, then covered with distilled water 

and stored at 4oC for future use. Before recording each day, noise was optimized on the 

system with the MEA probe in place and perfusion of carbogenated 32oC aCSF. Coronal 

slices containing the NTS were then transferred to the probe, where excess solution was 

removed in order to ensure that the bottom of the slice remained in contact with the 

electrode array, and a U-shaped weighted slice anchor with synthetic threading (Scientific 

Systems Design Inc., Mississauga, Ontario) was used to hold the slice in place. 

Carbogenated aCSF was dropped gently onto the slice, which was then adjusted in place 

using a small brush under a Nikon Eclipse TS100 10x magnification dissection 

microscope (Melville, New York, USA) so that the 8x8 electrode array was directly 

under the area of the slice containing the NTS. An iPhone camera image was taken 

through the eyepiece of a dissecting microscope of each slice to permit anatomical 

verification of individual recording electrode positions. The entire probe was then 

connected to the MED Connector (MED-C03, AlphaMED Sciences), while carbogenated 

aCSF heated to 32oC (MED64 ThermoBase, MED-CPB01) perfused over the slice in a 

cap attachment (MED-KCAP01, AlphaMED Sciences) at a rate of 1.5mL/min via an 

intake/output peristaltic pump (Gilson Minipuls 3, Middleton, Wisconsin, USA).  

The slice was allowed to rest on the MEA for a minimum of 30 minutes before a 

spontaneous spike recording protocol began. Signals were amplified 1000x and recorded 

at a sampling rate of 20 kHz with 16-bit resolution (MED-A64HE1S and A64MD1 

amplifiers, AlphaMED Sciences). Channels with visually identifiable spontaneous 
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extracellular spike activity were selected for analysis. A control period of 10 minutes for 

baseline activity was recorded before an approximate 200 second application of 10nM 

PNX in aCSF via the perfusion system. Recordings were then analyzed offline using 

AlphaMED Science’s software, Mobius. Spikes from each channel were first sorted into 

various populations via the generation of spike centroids with a minimum 50% similarity 

radius to the recorded spike. Spike frequency (Hz) for each centroid over the entire 

recording was then plotted in bins of 30 sec. Neurons were considered responsive to PNX 

if the change (increase or decrease) in spike frequency over any 120 consecutive seconds 

(4 bins) after PNX perfusion began was greater than 25% of the mean of the entire 

baseline period (approximately 800 seconds) prior to PNX perfusion. In subsequent 

experiments, we utilized another neuropeptide, Angiotensin II (ANG) to verify slice 

health after PNX application. ANG was applied for 200 seconds using the same protocol 

but at a later time point in the recording.  

2.3.2 Patch-Clamp Recording 

Slices containing the NTS were moved into a recording chamber with continuous 

gravity perfusion of carbogenated (95% O2/5% CO2) aCSF heated to 32oC with a flow 

rate of 1-2mL per minute. Excess fluid was removed from the chamber using an 

aquarium mini vacuum pump. The slice was held down with a small metal “U-shaped” 

slice anchor with synthetic threading (Scientific Systems Design Inc., Mississauga, 

Ontario, Canada). Neurons were visualized using a water-immersion objective lens 

mounted on an upright microscope with differential interference contrast (“SliceScope”) 

manufactured by Scientifica (East Sussex, United Kingdom) at 40x objective. Neurons 

for recording were selected based on visual criteria of a strong, round, and complete cell 
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membrane as well as a surface suitable to approach with a microelectrode tip (i.e. not 

blocked by processes or cell bodies of other neighboring cells).  

Current-clamp recordings were performed using the whole-cell method. 

Borosilicate glass electrodes manufactured by World Precision Instruments (Sarasota, 

Florida, USA) were first pulled on a P97 Flaming Brown micropipette puller by Sutter 

Instruments (Novato, California, USA). Micropipettes were filled immediately prior to 

use with an internal solution containing 125mM potassium D-gluconate, 10mM KCl, 

2mM MgCl2, 0.1mM CaCl2, 5.5mM EGTA, 10mM HEPES, and 2mM NaATP. Internal 

solution was adjusted to pH 7.2 using KOH, had an osmolarity of 280-290mOsm, and 

stored in aliquots at -80oC until use.  

Electrodes had a resistance of 2.5-5 MΩ when filled with internal solution and 

immersed in the bath containing the slice. The electrode tip was slowly advanced to the 

surface of the slice using a micromanipulator (Scientifica, East Sussex United Kingdom) 

with visual guidance from the camera of the SliceScope while maintaining positive 

pressure within the electrode. Once the micropipette tip was in contact with the surface of 

the cell membrane, the positive pressure was removed and a minimum 800MΩ seal was 

obtained. Whole cell access was obtained by breaking through the cell membrane with a 

brief pulse of negative pressure (suction). Recordings were filtered at 2.4 kHz using a 

MultiClamp 700B Patch-Clamp Amplifier manufactured by Molecular Devices 

(Sunnyvale, California, USA), and converted to digital signals at a sampling rate of 10 

kHz using a Micro1401 MKII interface by Cambridge Electronic Design (“CED”, 

Cambridge, United Kingdom). Signals were displayed during recording and offline for 

analysis using Signal (version 6.01, CED) and Spike2 (version 8.01, CED). A stable 
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baseline of membrane potential was established for a minimum of 100 seconds with 

aCSF perfusion, then 10nM PNX was bath-perfused on the slice for 200 seconds, 

followed by a return to aCSF.  

Neurons were classified as responsive to PNX if the change in membrane 

potential in any single 100-second bin after application was at least twice the amplitude 

of the standard deviation of baseline membrane potential from the cumulative 100 

seconds prior to phoenixin application, and if membrane potential visibly recovered to 

baseline level following washout. A liquid junction potential of 15mV (calculated), to 

account for the K-gluconate-based intracellular solution, was subtracted from recorded 

membrane potentials.  

2.4 Chemicals and Drugs 

Slicing solution, aCSF, and intracellular solution, and MEA coating solution were 

made using compounds obtained from Sigma Pharmaceuticals (Oakville, Ontario, 

Canada). PNX and ANG were obtained from Phoenix Pharmaceuticals (Belmont, 

California, USA). PNX was diluted in distilled water to 4µM/10µL aliquots, and stored at 

-80oC until use during experiments. PNX was diluted in aCSF to its desired concentration 

for experimentation immediately prior to use. ANG was diluted in distilled water and 

stored in 0.1mM aliquots concentration at -80oC, then diluted in aCSF to 10nM for 

immediately prior to use. Corticosterone was obtained from Sigma Pharmaceuticals 

(Oakville, Ontario, Canada), dissolved in 100% EtOH obtained from Queen’s University, 

and diluted in tap water for a final concentration of 300µg/mL CORT in 2% EtOH. 
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2.5 Corticosterone (CORT) Experiments 

Experiments conducted on CORT stressed animals were performed in the same 

manner mentioned above in Multi-Electrode Array Protocol (Extracellular Recordings) 

beginning after a minimum of 2 days on the CORT treatment. Animals were individually 

weighed twice weekly, with food and water consumption monitored to ensure continuous 

weight gain and feeding behavior over the course of CORT treatment. Both a CORT-

stressed and EtOH control rat were used for experiments per recording day and slices 

from each being alternated for recordings on the MEA. After two weeks on CORT-

drinking water treatment, half of the remaining CORT-stressed rats were removed from 

CORT drinking water treatment and placed on 2% EtOH-only drinking water (3 rats), 

while the rest remained on CORT treatment (2 rats). These groups were maintained on 

their respective treatments for an additional two weeks and were then subsequently used 

for experiments to examine if recovery from CORT-stress was possible within this period 

of time.   

2.6 Statistical Analysis 

Where percentage responsiveness to PNX (or ANG in some cases) was compared 

between various experimental groups, percent responsiveness to PNX was first calculated 

as a mean for each slice (i.e. how many individual cells responded to the peptide out of 

all the cells recorded from in the slice). An unpaired t-test was then used to compare 

percent responsiveness per slice between two experimental groups, for example between 

control rats vs. CORT-stressed rats. Thus, “n” in each statistical comparison, as reported 

in our Results, is the number of NTS slices per group. The total number of cell 

populations yielded from these slices is indicated above the bar for each experimental 
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group in figures comparing percent responsiveness to PNX, for reference and to provide 

more transparency/clarity in our data.  

Where response type to PNX was compared for two techniques (i.e. 

depolarization/increase in SF vs. hyperpolarization/decrease in SF vs. no change in Vm/no 

change in SF), an ordinary Two-way ANOVA was performed. This statistical test was 

used to compare response type between Regular aCSF and Low Ca2+-High Mg2+, and to 

compare response type between extracellular recording (MED64) and Patch-Clamp 

recording techniques.  

Where body mass was compared between control and CORT-stressed rats, an 

individual unpaired t-test was performed comparing all control rats vs. all CORT-stressed 

rats for each date where body mass was recorded. Statistical analysis was performed 

individually for each date, as the number of rats in each group (n) decreased over the time 

course of the experiment (i.e. as rats were used for electrophysiological experiments at 

each time point of the experiment).  

In all figures included in our Results, “n.s.” indicates a p value >0.05, significance 

denoted by “*” indicates a p value ≤0.05, significance denoted by “**” indicates a p 

value ≤0.01, and significance denoted by “***” indicates a p value ≤0.001.  
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Chapter 3 

Results 

3.1 PNX Modulates Spike Frequency of NTS Neurons 

We first sought to characterize the effects of PNX on firing frequency of NTS 

neurons using a high throughput MEA system (MED64). Extracellular recordings were 

obtained from NTS in 7 slices from 4 rats. Slices were placed on the MEA and perfused 

with carbogenated aCSF for a stabilization period of at least 30 minutes; following this 

period data collection initiated. Individual slices yielded between 4-12 channels 

demonstrating visible spontaneous extracellular spiking activity. From 7 slices, 50 total 

active channels were investigated, and from these channels 98 individual NTS neurons 

were identified using the spike recognition software in Mobius (AlphaMED Sciences, 

Osaka, Japan). Bath application of 10nM PNX elicited increases in spike frequency in 

34% (33/98) of NTS neurons (Figure 1A), decreases in spike frequency in 16% (16/98) 

of neurons (Figure 1B), and did not change firing frequency in 50% (49/98) of neurons 

tested (Figure 1C).  

We next attempted to address the question of whether PNX action on NTS 

neurons were direct or were the result of indirect effects of other neurons within the slice 

which were in turn transmitted to the recorded neuron by synaptic transmission. We did 

this by examining PNX effects in a low-Ca2+, high-Mg2+ aCSF (Hackett, 1976; 

Dingledine & Somjen, 1981; Sun & Ferguson, 1997) which has previously been shown to 

block synaptic transmission. Low Ca2+- high Mg2+ aCSF alone elicited a decrease in 

spike frequency in 40.5% of cells (15/37). Thus, baseline spike frequency was calculated 

from the period of time after this change had occurred until before PNX was applied once  
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Figure 1. Extracellular effects of 10nM PNX on NTS neurons. A-C) Example rate meter record 
of average extracellular spike frequency (Hz) for one cell population within one channel of our 
MEA, calculated in 30-second bins over the duration of a recording session for a single slice. In 
all examples blue bar represents duration of application of 10nM PNX. D) Example trace of an 
excitatory PNX response maintained in low-Ca2+ aCSF; Green bar represents duration of 
application of Low Ca2+-High Mg2+ aCSF. E) Summary of proportion of response types to PNX 
in regular vs. low-Ca2+ aCSF.  
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this new baseline firing rate was established. We observed that the effects of PNX were 

maintained in low Ca2+- high Mg2+ aCSF (21% increased and 10% decreased spike 

frequency, n=2 slices, 37 cells), supporting the hypothesis that PNX exert direct effects 

on NTS neurons (Figure 1D, E).  

3.2 PNX Modulates Membrane Potential in NTS Neurons 

We next wanted to determine the specific effects of PNX on membrane potential 

of NTS neurons and utilized whole cell patch clamp recording techniques in our NTS 

slices to address this question. Neurons that were included in analysis demonstrated a 

stable baseline membrane potential for at least 100 seconds, and fired action potentials 

greater than 60mV either spontaneously or after evoked (after a maximum of +15 pA) 

current was injected. A response to PNX was classified as a mean change in membrane 

potential over any 100 second time period  following application that was greater than 2 

mV and at least two times the standard deviation of the 100 s baseline membrane 

potential recording period immediately prior to peptide application. In current-clamp 

configuration, we observed that 50% (20/40) of neurons depolarized following 

application of PNX (mean increase in Vm = 7.8 ± 4.2 mV; Figure 2A), 12.5% (5/40) 

hyperpolarized to PNX (mean decrease in Vm = -8.8 ± 6.4 mV; Figure 2B), while the 

remaining 37.5% (15/40) neurons were unaffected (see Figure 2C, D for summary). 

Importantly, the proportion of NTS neurons responsive to PNX was not significantly 

different from the proportion of cells showing extracellular responses to PNX (increases 

vs. decreases vs. no effect on spike frequency) (ANOVA, p=0.17; Figure 2D). These
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Figure 2. Patch-Clamp responses of NTS neurons to 10nM PNX. Blue bars represent duration of PNX application A) Example trace in current-
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using patch-clamp techniques compared to MED64 Extracellular recording techniques 
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observations support the conclusion that the effects of PNX on membrane potential 

underlie the effects on spike frequency observed using the higher throughput multi-

electrode extracellular recording techniques.  

3.3 PNX Responses Abruptly and Inexplicably Decreased Due to Factors Unrelated 

to Experimental Setup or Peptide Integrity 

In the Fall of 2017, while attempting to further elucidate a mechanism for PNX 

action in the NTS, an abrupt decrease in the responsiveness of NTS neurons to PNX 

occurred. Total cell responsiveness to PNX (including both increases and decreases in 

spike frequency to PNX) decreased from 53.9% ± 11.3 (“Summer 2017” n= 8 slices 

containing 98 cells) to 9.8% ± 2.9 (“Fall 2017” n= 10 slices containing 180 cells; 

unpaired t-test, p<0.001 Figure 3A).   

We examined several possibilities that could have accounted for the decreased 

responsiveness of NTS neurons to PNX that occurred. First, various experimental 

protocols were examined for efficacy as well as technical apparatus (the MEA system). 

PNX was prepared and applied to slices by a blinded lab member, with the perfusion 

apparatus and electrode arrays tested for signal integrity. Finally, mass spectrometer 

analysis was performed on our prepared PNX samples by the Queen’s University 

Chemistry Department. The resulting mass spectrometry report indicated that all 20 

amino acids of the peptide were present with no degradation of the peptide. These results 

verified that our experimental setup and materials were not altered in any way that might 

have been causing the decreased responsiveness to PNX. We next hypothesized that 

compromised NTS slice health might be causing decreased cell responsiveness to PNX. 

To assess our slice preparation and potential issues with cell  
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Figure 3. PNX responsiveness abruptly decreased while Angiotensin II responsiveness was 
maintained. A) % Responsiveness of neurons to PNX during the Summer of 2017 and Fall of 2017. 
*** indicates that p ≤ 0.001. B) Comparison of absolute number of cells that were responsive to 
either PNX only, ANG only, or both peptides during the autumn of 2017. Error bars represent 
standard error of the mean (SEM) (C) Example spike frequency trace from the autumn of 2017 of 
a cell showing no response after PNX application and an excitatory response following ANG 
application. Blue and red bars represent duration of PNX and ANG applications, respectively.  
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health on the MEA, during this period of time we began applying 10nM ANG to NTS 

slices following PNX application. Previous literature has suggested that ANG exerts 

predominantly excitatory effects in the majority of NTS neurons (Barnes et al., 1988), 

thus we reasoned that should slice health be negatively affected, NTS cells may not 

respond to ANG at all. In recordings from all the three slices where we applied ANG, we 

observed robust ANG responses following bath application of the peptide that were 

consistent with previous literature (Figure 3C). 50.8% ± 12.3 of these cells were 

responsive to ANG (n=3 slices containing 50 cells total), while responsiveness to PNX 

was maintained at 9.8% ± 2.9 as previously mentioned (Figure 3B). These data 

supported the conclusion that neurons in our slices were not functionally compromised in 

their ability to respond to other putative peptidergic transmitters.  

3.4 Stress was hypothesized as the cause for decreased responsiveness to PNX 

After evidence that construction in the Botterell Hall Animal Care Facility was 

impacting estrous cyclicity of female mice in a neighboring lab, we hypothesized that 

noise and vibration from the construction which had begun in our building was causing 

the decreased responsiveness to PNX (Figure 4B). We subsequently relocated our rats to 

the Animal Care facility in the nearby Biosciences Complex building (Figure 4C) in 

which no construction was occurring. Applying PNX to slices obtained from rats that 

were housed in this facility revealed a return of responsiveness to PNX (42% ± 7.6 of 

cells demonstrated a response to PNX, n=13 slices containing 304 cells total) effects that 

were not significantly different from responsiveness of rats in our building prior to 

construction (53.9% ± 11.3, n= 8 slices  
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Figure 4. PNX responsiveness returned when animals were relocated to a construction-free building. Blue 
bars in A-C represent duration of PNX application. A) Example spike frequency trace from a rat during 
Summer 2017 where bath applied 10nM PNX elicits an increase in spike frequency. B) Example spike 
frequency trace from a rat during the Fall of 2017 while construction was present in our laboratory’s building 
where bath applied 10nM PNX does not elicit a change in spike frequency. C) Example spike frequency 
trace from a rat house in the construction-free new building where bath applied 10nM PNX elicits an increase 
in spike frequency. D) % Responsiveness of neurons to PNX during the Summer of 2017 and Fall of 2017 
compared to responsiveness of neurons to PNX when rats were relocated to the Biosciences Complex (“New 
Building”). ** indicates that p≤0.01, * indicates that p≤0.05, and n.s. denotes not significant. Error bars 
represent SEM. E) Comparison of absolute number of cells that were responsive to either PNX only, ANGII 
only, or both peptides from experiments conducted on rats housed in the new building.  
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containing 98 cells total, unpaired t-test, p>0.3; Figure 4D). These responses were of the 

same proportions of type as previously, with responsive neurons demonstrating a 

predominantly excitatory effect to both PNX and ANG (Figure 4A). Responsiveness to 

ANG did not change significantly when animals were relocated to the new building (Fall 

2017: 50.8% ± 12.3, n = 3 slices containing 50 cells total vs. New Building: 39.7% ± 7.8, 

n = 4 slices containing 99 cells total; unpaired t-test, p = 0.47; Figure 4E).  

3.5 Corticosterone Treatment Replicated Decreased PNX Responsiveness 

While the above observations suggested that stress may be responsible for the loss 

of PNX responsiveness observed we next wanted to specifically test this hypothesis by 

examining if PNX responsiveness of NTS neurons was modified in an animal model of 

chronic stress. We therefore placed rats housed in the construction-free building on a 

previously substantiated stress protocol in which 300µg/ml corticosterone (dissolved in 

EtOH and added to tap water for a final concentration of 2% EtOH) was added to their 

drinking water (Kaplowitz et al., 2016), while control animals were given drinking water 

containing only 2% EtOH. Rats in the corticosterone treatment group gained significantly 

less weight than their ethanol-only controls after only 5 days on this treatment, and this 

trend continued until stressor experiments were completed 22 days after commencement 

(“Control” n= 13 and “CORT” n= 12, p= 0.007 at 5 days; “Control” n=6 and “CORT n= 

5, unpaired t-test, p= 0.007 at 22 days; Figure 5A).  

PNX responsiveness in the ethanol control rats compared to rats given plain tap 

water was not significantly different (EtOH = 33.1% ± 8.2 vs. Plain water = 42.9% ± 7.6, 

unpaired t-test, p = 0.4), thus these animals were grouped together as the “control” group 

in subsequent analysis. PNX responsiveness was observed to be reduced in the  
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Figure 5. Corticosterone treatment replicated decreased PNX responsiveness. A) Total body 
mass of control rats vs. rats placed on 300µg/ml CORT in drinking water over a 22 day period 
before stressor experiments were terminated. Blue circles represent control rats, while black 
squares represent CORT-treated rats. B) Comparison of responsiveness to PNX for rats after 
relocation to a construction-free building on EtOH control drinking water, and when placed on 
CORT treatment. * indicates that p ≤ 0.05. Error bars represent SEM. C) % Responsiveness to 
ANGII in rats treated with 300µg/ml CORT compared to controls. ** indicates that p ≤ 0.01. 
Error bars represent SEM.  
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corticosterone-stressed animals to a percentage significantly lower than controls 

(“Control” n= 13 slices containing 304 cells total vs. “CORT” n= 5 slices containing 92 

cells, 9.1% ± 3.9 responsiveness, unpaired t-test, n.s.; Figure 5B), but not significantly 

different from PNX responsiveness in slices obtained from rats during the construction 

period in Botterell Hall (“CORT” n= 5 slices containing 92 cells, 9.1% ± 3.9 

responsiveness to PNX vs. “Construction” n= 10 slices containing180 cells, 9.8% ± 2.9 

responsiveness to PNX, unpaired t-test, n.s.). This supports the conclusion that 

corticosterone stress replicates the decreased responsiveness to PNX that we observed 

during construction, and that simulated stress through CORT does in fact modulate the 

responsiveness of NTS neurons to PNX.  

Interestingly, we observed a significant increase in ANG % responsiveness in 

NTS neurons from CORT-stressed rats compared to controls (“CORT” = 72.7% ± 4.3 vs. 

“Control”= 50.4% ± 4.1, unpaired t-test, p = 0.005). However, control rat responsiveness 

was not significantly different to responsiveness observed previously in experiments from 

“Fall 2017” during construction before rats had been relocated to the new building 

(“ANG Fall 2017” = 50.8% ± 12.3 vs. “Control” = 50.44 ± 4.1, unpaired t-test, p=0.98; 

Figure 5C).  

3.6 Recovery from CORT Induced Stress 

After 22 days of corticosterone treatment we examined whether responsiveness of 

NTS neurons to PNX recovered following two weeks of control drinking water treatment. 

Of the 5 remaining rats that had been on CORT drinking water treatment for 22 days, 2 

were maintained on CORT treatment for an additional 18 days and 3 rats that had been on 
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CORT treatment were switched to control EtOH drinking water. For all time points 

following this change (days 22-43 of study), body weight did not significantly differ 

between rats that were maintained on their treatment and rats that were switched off to a 

different treatment (at Day 40, “CORT-CORT” = 253g vs. “CORT-EtOH” = 270.2g, 

unpaired t-test, p = 0.79, Figure 6A). Although PNX responsiveness trended towards 

recovery after 18 days of control water treatment, PNX responsiveness was not 

significantly different from rats that were maintained on corticosterone for the entire 

duration of the study (“CORT-CORT” = 12.6% ± 6.27, n= 3 slices containing 41 cells 

total vs. “CORT-EtOH” = 18.7% ± 1.68, n = 3 slices containing 47 cells total, Figure 

6B). 
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Figure 6. Withdrawal from corticosterone treatment for two weeks is not sufficient to allow for a recovery of body weight gain or responsiveness 
to PNX. A) Body mass over time on treatment for the EtOH control rats compared to the CORT-treated rats and those that were removed from 
CORT treatment at Day 22 and placed on control EtOH drinking water. Dashed line represents when CORT-EtOH animals were removed from 
CORT treatment and placed on control EtOH water. Blue circles represent control rats, black squares represent CORT-treated rats, and light blue 
triangles represent CORT-treated rats that were switched to EtOH control water at Day 22. * indicates that p ≤ 0.05. B) % Responsiveness to 
PNX of control rats, rats that were maintained on CORT treatment for all 40 days of the study, and rats that were switched from CORT treatment 
to EtOH control treatment at day 22. n.s. denotes not significantly different between groups. Error bars represent SEM.   
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Chapter 4 

Discussion 

The findings from this study are the first to provide evidence that the newly 

discovered neuropeptide PNX exerts effects on both membrane excitability and spike 

frequency of NTS neurons, and that these effects can be modulated by stress. 

Furthermore, our results suggest that physiological stress is capable of downregulating 

the predominantly excitatory effects on NTS neuron spike frequency.  

 

4.1 PNX Modulates Spike Frequency of NTS Neurons 

Our study initially began as an attempt to elucidate actions of PNX on NTS 

neuronal excitability after an initial study by Yosten et al. (2013) first observed a high 

degree of expression of the peptide in this brain region. Although studies by the same 

group and others had examined the role of PNX from a whole-organism and behavioural 

perspective (Jiang et al., 2015a; Jiang et al., 2015b; Schalla et al., 2017), as well as from 

a biochemical perspective (characterizing the intracellular signaling pathways activated 

by PNX), no evidence for the cellular effects of PNX on neuronal excitability existed at 

this time (Treen et al., 2016). Thus, we used a high-throughput multi-electrode array 

system (MED64) to quickly and efficiently address how spike frequency of NTS cells 

could be affected by bath application of PNX. We expected that NTS cells would respond 

to bath applied PNX due to the high degree of peptide expression in this area, and our 

results immediately indicated that PNX indeed modulated spike frequency in a large 

portion of NTS cells and that these effects were largely excitatory. These effects 
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generally occurred with a fast onset and duration exceeding the length of PNX 

application before a return to baseline spike frequency.  

In order to establish whether effects on NTS neurons were direct, we conducted 

experiments in low Ca2+- high Mg2+ aCSF, conditions that reduce synaptic transmission, 

and found that responses to PNX remained. It has been widely accepted that Ca2+ is 

required for chemical synaptic transmission, and that synaptic transfer between neurons is 

a non-linear continuous function of external [Ca2+] (Hackett, 1976; Dingledine & Somjen, 

1981). Lowering [Ca2+] below the typical “resting” concentration of 1.2mM can cause 

synaptic transmission to fail within 4 minutes in frog cerebellar slices (Hackett, 1976). 

Thus, we used a previously tested concentration of 0.25mM Ca2+ and 9mM Mg2+, the 

latter of which does not substitute for Ca2+ in the transmission process but maintains 

osmolality of the extracellular solution (Sun & Ferguson, 1997).  

4.2 PNX Modulates Membrane Potential in NTS Neurons 

Following confirmation of the extracellular effects (spike frequency) of PNX on 

NTS cells, we sought to verify that membrane potential of individual NTS neurons was 

also affected by PNX. Our patch-clamp experiments confirmed that, indeed, 50% of NTS 

cells depolarized, 15% of NTS cells hyperpolarized, and 35% of NTS neurons showed no 

clear change in membrane potential in response to PNX. The ratio of these response types 

was not significantly different to the corresponding extracellular effects we observed 

using our multi-electrode array system, supporting the conclusion that the changes in 

membrane potential of NTS neurons elicited by PNX were related to the PNX-induced 

changes in spike frequency measured using the multi-electrode array.  
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4.3 PNX Responses Abruptly and Inexplicably Decreased Due to Factors Unrelated 

to Experimental Setup or Peptide Integrity 

While attempting to examine a potential ionic mechanism for the previously 

observed effects on both spike frequency and membrane potential, in the Fall of 2017 we 

noticed a sharp and inexplicable change in the ratio of cells responsive to PNX. Whereas 

roughly 50% of NTS cells were previously found to demonstrate changes in spike 

frequency (either excitatory or inhibitory) only weeks before, at this time, only 10% of 

NTS cells demonstrated responses to PNX application. This abrupt and significant drop 

in responsiveness could not be explained by any changes to our protocol or experimental 

setup. As such, we investigated several factors that could account for the lack of be PNX 

responsiveness and showed similar lack of PNX effect, 1) with peptide preparation and 

application which was performed by a blinded lab member, 2) following replacement of 

several parts of our MEA including perfusion tubing and electrode array probe/platform, 

and 3) following noise optimization of the MEA system. We addressed any potential 

issues with the PNX peptide by showing similar lack of PNX effects of 1) several newly 

prepared batches of the original peptide, as well as 2) peptide from a complete new batch 

order from Phoenix Pharmaceuticals.  Finally, mass spectrometer analysis by the Queen’s 

University Chemistry Department confirmed that our test peptide contained the PNX 

peptide in its entirety with no structural modifications.  

4.4 Angiotensin II Response was maintained during this Time 

While investigating whether the decreased responsiveness to PNX could have 

been due to factors relating to the peptide, we also conducted a set of extracellular 

recordings on the MEA to address whether an issue existed with our NTS slice 
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preparation. We hypothesized that if slice health was compromised, NTS cells would not 

be responsive to the application of ANG, which has been shown to act through AT1 

receptors in the NTS to influence both spike frequency and membrane potential of NTS 

neurons (Barnes et al., 1988; Allen et al., 1991). Application of ANG to our slice 

preparation showed that ~50% of cells demonstrated either an excitatory or inhibitory 

effects on spike frequency, a proportion similar to that observed in previous studies 

(Barnes et al., 1988). These data suggest that the observed decreased responsiveness to 

PNX was due to a peptide-specific alteration in function, rather than any global change in 

the efficacy of our slice preparation.  

4.5 Stress was Hypothesized as the Cause for Decreased Responsiveness to PNX 

During this time, while we were attempting to identify explanations for the 

change in PNX sensitivity of NTS neurons, communication with a graduate student in a 

neighboring laboratory indicated that a similar problem had been experienced be her, 

where female mice she was working with had lost estrous cyclicity, a problem which had 

been solved by moving her animals to the animal care facility in a construction-free 

building less than 200m away. The conclusion in her case was that recent construction in 

our animal care facility had created a high stress environment, causing disappearance of 

estrous cyclicity.  Although the rats we had been working with were male, we 

hypothesized that the decreased responsiveness to PNX in our rats might be due to this 

high stress environment associated with the construction. Previous reports have indicated 

that as little as 10 minutes of ambient white noise can cause a robust increase in rat 

plasma ACTH and CORT concentrations via an upregulation of CRH mRNA, all 

associated with activation of the HPA axis and a “stress” response (Windle et al., 2003; 
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Eraslan et al., 2015). In addition, studies have shown that stress can have long-lasting 

cellular effects in both the reproductive system (Joseph & Whirledge, 2017) and the 

central nervous system (Bains et al., 2015). Thus, we hypothesized that noise, vibrations, 

sleep cycle disruptions, etc. that would inevitably be the result of ongoing construction in 

our building may have presented a stressful stimulus to our rats and may underlie the lack 

of effect of PNX on neuronal excitability. We tested this possibility with additional 

experiments in which we relocated our rats to the same construction-free building, and 

again tested PNX sensitivity of NTS neurons.  We observed that, in rats housed in this 

stress free environment PNX responsiveness returned to a level that was not different to 

that originally observed previously. This supported our hypothesis that there was some 

factor involved in the housing environment within our lab building during construction 

that was responsible for decreased neuronal responsiveness to PNX.  

4.6 Corticosterone Stress Replicated Decreased PNX Responsiveness 

In order to investigate whether ‘stress’ was responsible for the lack of PNX 

responsiveness in NTS neurons, we undertook experiments to determine if we could 

recreate this stress-induced loss of PNX responsiveness in NTS neurons in an animal 

model of chronic stress. We chose an established protocol originally developed in mice 

(Waters & McCormick, 2011), then adapted to rats by Kaplowitz et al. (2016). In this 

model, 3 weeks of 300µg/ml CORT in the drinking water of rats was sufficient to raise 

plasma CORT levels to ~65 ng/ml from 10 ng/ml, a similar plasma CORT concentration 

to that produced by other behavioural stressors (Windle et al., 2003; Asai et al., 2004). 

Rats that were on the CORT drinking water treatment in our study not only gained 

significantly less weight than their EtOH-control drinking water counterparts, but also 
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demonstrated a significantly decreased responsiveness to PNX. This decrease in NTS 

neuronal responsiveness was virtually identical to that observed when the rats were 

housed in our lab building during construction when our PNX response disappeared. 

These findings show that in this CORT-induced stress model, the responsiveness of NTS 

neurons to PNX was reduced in a similar manner to what we observed in our animal care 

facility during construction. We hypothesize that this effect was due to increased 

circulating CORT and its downstream effects on the HPA axis based on results from the 

same protocol in Kaplowitz et al. (2016), but further studies would be required to confirm 

this including measurement of plasma CORT concentration and quantification of 

behavioural manifestations of stress, such as performance in a stress-related test like the 

elevated plus maze (Pellow et al., 1985) before assessment of PNX responsiveness.  

4.7 Partial Effects of CORT Treatment on PNX Responses Were Still Observed 18 

Days After Return to Normal Drinking Water 

Following CORT-stressor experiments, we examined whether responsiveness of 

NTS neurons to PNX recovered after withdrawal from CORT treatment. Our results 

indicated that 18 days after removal from CORT treatment was not sufficient to allow for 

a complete return of responsiveness to PNX nor of body mass. This could suggest that the 

rats were permanently impaired by the stress of CORT treatment, or simply that 18 days 

was not sufficient to allow for neural recovery from any undetermined changes the 

CORT treatment induced. Several other groups that have investigated the regrowth of 

dendritic length and branching after chronic stress, with opposing results of whether 21 

days is sufficient for recovery of neural damage caused by chronic stress depending on 

both age and sex (Radley et al., 2005; Lin et al., 2008; Goldwater et al., 2009; Bloss et 
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al., 2010; Sousa, 2016). Additionally, when transcriptional changes in the medial 

prefrontal cortex of rats were examined during and after stress, it was determined that a 

return to baseline levels was not achieved within 21 days (Gerrits et al., 2006). Another 

possibility for the lack of responsiveness to PNX even after removal from CORT 

treatment could be that PNX responsiveness is age-dependent. All experiments 

examining PNX action in the NTS prior to the CORT-stressor were performed on 

juvenile (Postnatal aged 23-30 days) rats, with no previously established level of PNX 

responsiveness in older rats. In comparison, CORT-recovery experiments involved rats 

that were 66-73 days old, although it should be emphasized that animals initially found to 

be non-responsive to PNX were all from the 23-30 day-old cohort.  

4.8 CORT Treatment Increased Angiotensin II Responsiveness 

Interestingly, we observed that ANG responsiveness increased in NTS neurons 

following CORT-induced stress compared to controls, and this included both excitatory 

and inhibitory effects of the peptide. This suggests that CORT-induced stress increases 

ANG-related effects, however additional experiments would be necessary to elucidate the 

functional consequences of these effects of chronic stress on ANG actions in the NTS. A 

variety of work since the 1980’s has led to the hypothesis that ANG can potentiate both 

inhibitory and excitatory transmission within different subpopulations of NTS neurons; 

excitatory effects contributing to the peripheral chemoreceptor reflex, while inhibitory 

effects have been suggested to modulate baroreflex sensitivity (Casto & Phillips, 1984; 

Barnes et al., 1988; Campagnole-Santos et al., 1988; Paton & Kasparov, 1999). Our 

results suggest that CORT treatment and subsequently increased responsiveness to ANG 
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might result in a functional sensitization of circuits related to both the baroreflex and 

chemoreflex arc.  

4.9 Limitations of this Study 

There are several limitations to the data we present here, which impacts the 

conclusions we may draw from this study. These center around the idea of stress and 

what kinds of changes building construction or CORT treatment were actually causing 

within our rats, as well as the limitations of our experimental setup and the data we 

collected.  

4.9.1 Extracellular Recording 

Most of our experiments were completed using a multi-electrode array system to 

record extracellular spike frequency of NTS neurons. While this technique allowed for 

multiple single unit recordings to be obtained from a single medullary slice, there are 

limitations of the system pertaining to the one-dimensional nature of the data (i.e. no 

parameters other than the extracellular spike were recorded). Additionally, we were only 

able to observe spike frequency of spontaneously firing neurons that made adequate 

contact with our probe. Thus, non-spiking neurons affected by PNX might not have been 

represented in our data. To address this, we completed a set of patch-clamp recording of 

NTS neurons with bath application of PNX and verified that the same proportion of 

responses to PNX existed using this technique. The cells that were recorded from using 

this technique included a few cells that were not spontaneously firing but demonstrated a 

change in membrane potential following PNX application. This could account for the 

slightly higher proportion of PNX-responsive cells even though the proportion of 
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responses to PNX were not significantly different between extracellular and patch-clamp 

recording techniques.  

4.9.2 CORT as a “Stress” 

Our study also raises questions surrounding the factor of stress and whether the 

protocol we chose involving corticosterone drinking water can really be connected to the 

idea of stress at the whole-animal scale. Ideally, additional data would have been 

collected using an established stress-related behavioural test; however it is unknown what 

the exact parameters and factors that the construction in our laboratory building was 

presenting to the rats in our study, thus choosing and confirming an appropriate 

behavioural stress protocol out of several potential options would have been inefficient 

and exhaustive given the circumstances under which we initially observed the decreased 

PNX responsiveness. The CORT-treatment protocol that we used was the most efficient 

and conclusive experiment at the time based on previous work that has observed 

increased plasma corticosterone following well-accepted stressors such as white noise 

and restraint-stress (Windle et al., 2003; Asai et al., 2004). From a whole-animal 

perspective as well, it is well established that both increased ascending catecholaminergic 

transmission from the NTS to the forebrain as well as activation of the HPA axis occur 

during stress, which together coordinate a physiological response to the stress that 

includes the release of CRH and AVP at the level of the hypothalamus, ACTH at the 

anterior pituitary, and CORT at the adrenal cortex (Joseph & Whirledge, 2017). The 

glucocorticoid receptor for CORT has been observed to be highly expressed in the NTS 

(Ghosal et al., 2014), and separate studies have characterized a projection from the NTS 

directly to CRH neurons of the PVN (Cunningham & Sawchenko, 1988; Ulrich-Lai & 
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Herman, 2009). These studies suggest an increased circulating CORT such as that caused 

by CORT-drinking water treatment could have effects at the level of the NTS and lead to 

HPA axis activation.  

4.9.3 Male Rats 

Our study was conducted in its entirety using only male rats, which limits the 

conclusions we may draw about PNX especially regarding its ties to both reproductive 

function and stress. Our results indicate clear effects of PNX on NTS cells within male 

rats, and a clear reduction of these effects during both building construction and after 

CORT treatment. There are currently no reports of PNX expression differing between 

males and females, with expression-based studies having been conducted in both male 

and female rats in the past (Yosten et al., 2013), suggesting that the diverse physiological 

effects of the peptide might occur regardless of sex. However, the role of PNX in 

reproductive function, particularly on the contribution of the peptide to typical estrous 

cyclicity, and our understanding of how stress might affect reproductive capacity does 

raise the question of whether our results might be different in female rats. Sex differences 

in the expression of other various peptides involved in both reproduction and 

cardiovascular homeostasis have been observed in both the NTS and one of its projection 

sites, the PVN (Rose et al., 2014; Loewen et al., 2017). Additionally, although plasma 

corticosterone concentration did not differ between males and females after CORT-

drinking water treatment, there were modest differences between the sexes resulting from 

this treatment including reproductive hormone concentration (plasma testosterone was 

impacted by CORT treatment but estradiol was not), body weight, and neuropeptide Y 

expression within the hypothalamus (Kaplowitz et al., 2016). Further studies with female 
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rats would therefore be critical to determine if CORT-treatment and its ability to abolish 

PNX responsiveness is sex-dependent.  

4.10 Implications and Future Directions 

It is difficult to elucidate the exact mechanism for the action of CORT or stress 

and PNX on NTS neurons based on the data we currently have available from this study 

and in the literature. However, there are several interesting links between the HPA axis, 

PNX activity in other regions of the brain, PNX actions in vivo, and HPG axis 

interactions that are worthy of mention, particularly when designing future studies.  

4.10.1 Implications: Reproduction and Stress 

The current literature supports important functional roles for PNX in reproductive 

function. An organism’s reproductive function is heavily involved and sensitive to factors 

such as environment, resource availability, ecological factors, and hazards within the 

habitat (Joseph & Whirledge, 2017), all of which activate the central stress response 

system, resulting in the activation of physiological systems which prioritize survival over 

the less necessary reproduction.  

Stress signaling can impact all levels of the HPG axis. For example, increased 

circulating glucocorticoids can have inhibitory effects on hypothalamic GnRH neurons in 

rodents (Whirledge & Cidlowski, 2017), and can rapidly suppress pulsatile LH secretion 

via the reduction of pituitary responsiveness to GnRH in ewes (Breen & Karsch, 2006). 

In addition, several recent studies have investigated the role of gonadotropin-inhibitory 

hormone (GnIH), a novel negative regulatory peptide of the HPG axis, and its 

upregulation of expression in the hypothalamus after both acute and chronic stress (Kirby 

et al., 2009; Son et al., 2014). As PNX has been suggested to regulate both the release of 
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GnRH from the hypothalamus and the expression of the GnRH receptor expression at the 

anterior pituitary (Yosten et al., 2013; Treen et al., 2016), it is possible that the 

mechanism by which PNX accomplishes this or the receptor for PNX itself loses function 

in chronic stress, as suggested by our observations.  

4.10.2 Future Directions 

There are several directions for subsequent experiments with PNX based on the 

results from our study. Our data suggest loss of PNX responsiveness in situations that 

involve an increase in circulating glucocorticoids. Previous data demonstrates that 

compromise of PNX function (via siRNA knockdown of PNX) at the level of the anterior 

pituitary both decreases GnRH receptor expression and interrupts estrous cyclicity 

(Yosten et al., 2013), thus it is possible that PNX represents a potential link between 

chronic stress and infertility. It is unclear at what level (i.e. NTS vs. hypothalamus vs. 

anterior pituitary) this might occur based on our current understanding and the results 

from this study, however there is a great potential for future studies to address these 

questions. Total NTS cell responsiveness to PNX decreased, suggesting that stress/CORT 

downregulates PNX receptor expression. If this were the case we would hypothesize that 

in our stress model expression of GPR173, the PNX receptor, would be decreased in the 

NTS.  

In addition to investigating PNX receptor expression after CORT-treatment, there 

are several other experiments that would help elucidate the nature of the activity of PNX 

in what we presume to be chronic stress. We hypothesize that decreased PNX 

responsiveness would also occur after a more explicit behavioural stress, such as chronic 

restraint stress, chronic mild unpredictable stress, or forced swim stress. As well, it would 
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be interesting to investigate whether the trend of decreased PNX responsiveness might 

also be observed in the PVN within the hypothalamus based on our knowledge of PNX 

actions in this nucleus as well as connectivity between the PVN and NTS (Gasparini et 

al., 2018). It would also be interesting to determine, using labelling and 

electrophysiological experiments, whether all types of NTS neurons show decreased 

responsiveness to PNX in stress or if these effects are restricted to catecholaminergic 

neurons which might project to the PVN. Finally, future studies should also aim to 

characterize the mechanisms underlying the effects we observed on both spike frequency 

and membrane potential via voltage-clamp experiments. There is limited literature 

examining the intracellular pathways activated by PNX binding to GPR173 (Treen et al., 

2016), but currently no knowledge of the individual ionic currents that are affected by 

this and how they might modulate the effects we observed on spike frequency and 

membrane potential.  

4.11 Conclusions 

In conclusion, the results from our study indicate that PNX exerts effects on both 

extracellular spike frequency and membrane potential of NTS cells, and that these 

cellular effects of PNX are reduced in two different situations we posit to constitute 

chronic stress. Based on our current understanding of the mechanisms of stress, the NTS, 

and reproduction, PNX activity might then represent a novel mechanism for stress-related 

infertility.  
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