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Abstract

Neurotensin (NT) is a 13 amino-acid peptide which is both a hormone and
neuromodulator. Through its 3-4 known receptors, NT is shown to influence several
physiological responses including autonomic output, hydromineral balance, and cardiovascular
regulation. Recent transcriptomic studies have revealed that the subfornical organ (SFO)
expresses a high abundance of neurotensin receptors (NTSR), specifically NTSR2 and NTSR3,
with levels comparable to other prominent neuromodulators that act in this region. The SFO is
known for its involvement in cardiovascular regulation, sympathetic output, and
hydromineral balance. As a circumventricular organ, it lacks the blood brain barrier, providing a
direct interface with peptides in circulation, in addition to centrally released signals in
cerebrospinal fluid. Both NT and the SFO have been found to influence satiety and water intake;
thus, the SFO, through various peptides, and NT as a peptide have both been found to play a key

role in hydromineral balance; which, in turn, plays a role in cardiovascular regulation.

Due to their intersecting areas of influence, and as the SFO is a major integration
center for peripheral and central signals, we hypothesized that this neuropeptide modulates
neurons in this region to elicit physiological responses. Whole-cell patch-clamp recordings from
this study demonstrate that NT (1uM) modulates synaptic activity in 54% (34/63) of SFO
neurons tested, in acutely prepared brain slices. Specifically, we found that NT significantly
increased excitability of SFO neurons by depolarizing the resting membrane potential, and that
NT decreased the amplitude of EPSCs, but not EPSC interevent interval. By also treating 35/63
cells previously tested for NT, with Ang II, we found that there appears to be a subpopulation of
SFO neurons sensitive to both NT and Ang II. Most of these cells exhibited a decrease in EPSC
amplitude to both peptides, suggesting that they may operate through this region of the CNS to

affect the same homeostatic mechanisms.
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Introduction

1.1 The cardiovascular system is tightly regulated

Homeostatic mechanisms involve electrical, mechanical and chemical signaling pathways
from both the central nervous system (CNS) and periphery (Dampney et al., 2002; Gordan et al.,
2015). These include positive and negative feedback mechanisms to regulate a variety of
biological systems. The cardiovascular system contributes to regulation and homeostasis by
delivering oxygen and critical nutrients to tissues filtering waste through the kidney, liver, and
lungs. To do this, the heart must rhythmically contract to supply blood that meet the metabolic
demands of each tissue and organ system, through cardiac output, which involves feedback and
feedforward mechanisms affecting autonomic, endocrine, immune, and other regulatory

signaling (Brunton, 2005; Young, 2010).

1.1.2 Dysregulation of the cardiovascular system is linked to death and chronic disease

Hypertension, a cardiovascular disease (CVD), affects about 16 percent of the global
population and is a major factor in premature death (World Health Organization, 2021). This
condition, along with other hemodynamic abnormalities, can lead to loss of homeostasis in
several body systems, likely accounting for the comorbidity of cardiovascular dysfunction with
other ailments. Kidney disease, obesity, diabetes, non-alcoholic fatty liver disease, along with
other diseases of the brain and periphery have been linked to hypertension and cardiovascular
dysfunction (Alkhouri et al., 2010; Emdin et al., 2015; Kendir et al., 2018; Whelton et al., 1996;
World Health Organization, 2019) and are thought to be pre-cursors for CVD, the leading cause
of non-communicable deaths globally (World Health Organization, 2021). Studies suggest that
exercise, regulation of salt intake, pharmaceuticals and other treatments affect hemodynamics

and may reverse, prevent, or alleviate effects of comorbidities (Lavie et al., 2015; Lee et al.,
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2012, 2014; Ogden et al., 2000; Stolar & Chilton, 2003; Zatz et al., 1986). This suggests
complex mechanisms of interaction between the cardiovascular system, tissues and organ
systems of the body of which the dysregulation of homeostasis in one may result in cyclical
dysfunction of the other (Akoumianakis et al., 2017; Jiang et al., 2016; Rushton & Kadam,
2014). Understanding the neural mechanisms behind cardiovascular regulation and unraveling
complex signalling may aid in the development of pharmaceuticals to mitigate dysfunction and

possibly the prevention of associated diseases.

1.2 CNS regulation of the cardiovascular system

The CNS is involved in pathways that regulate cardiovascular homeostasis through two
primary mechanisms: reflex and central command (Dampney, 2016). Select processing centres in
the brain integrate information from various CNS and peripheral systems, driving changes that
sustain the whole organism through feedback and feedforward mechanisms of regulation.
Chemical, mechanical, and electrical signals are involved in the local and distant transmission of
information (Gordan et al., 2015) pertaining to the cardiac and hematic state of the organism.

The subfornical organ (SFO) plays a key role in peripheral signal detection and is thought to play

a role in cardiovascular regulation through signaling to key coordination centres of the brain.

1.2.2 CNS integrates extrinsic and intrinsic information to the baroreceptor reflex circuitry

Several reflexes are involved in cardiac regulation and hemodynamics (for review see
Dampney, 2016). Some reflexes involve signal integration in various homeostatic pathways and
higher brain regions to regulate sympathetic, nociceptive, skeletal muscle and other activities
(Cobos et al., 2003; Dampney, 2016; van der Kooy et al., 1984). The baroreceptor reflex is a
feedback mechanism of which the CNS coordinates signals of the periphery to regulate

autonomic outflow. This reflex is in constant operation and responds to small deviations from the
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set-point range. The caudal ventrolateral medulla (CVLM) has been shown to mediate the
baroreceptor response through modulation of neurons in the SFO, the region of interest to this

study (Ciriello, 2013; Dampney, 2016).

1.2.3 Central command of cardiovascular regulation and integration centres

Mechanisms outside of the lower brain reflexes indirectly affect cardiovascular
regulation. Autonomic activation can occur in response to conditioned and unconditioned
psychological stimulation resulting in complex coordination, usually at the subcortical level. An
example used by Dampney (2016) to highlight this higher control is the fight or flight response,
which operates through the sympathetic nervous system. Input from the thalamus is sent to the
midbrain, cortex, or amygdala to elicit sympathetic, respiratory, and motor responses. The
amygdala plays a critical role in integrating input from the thalamus, cortex, and hippocampus
and signaling, through the midbrain and hypothalamus to regions of the brainstem responsible

for sympathetic, respiratory, and motor activity.

The perifornical and dorsomedial nuclei of the hypothalamus are involved in
cardiovascular and respiratory regulation, satiety and glucose signalling, and have projections
with the cortex and brainstem (Furlong et al., 2014; Pierret et al., 1994). Moreover, hypothalamic
nuclei coordinate a variety of behaviours and homeostatic functions including sleep-wakefulness,
feeding, sexual and aggressive behaviours, energy balance, autonomic reflexes, endocrine
regulation, and thermoregulation, among others (Furlong et al., 2014; Pierret et al., 1994; Saper
& Lowell, 2014). This region functions as major integration centre for CNS signals; however,
neurons in the hypothalamus have also been shown to activate in response to circulating
molecules to influence energy balance and homeostasis, and the cardiovascular system (de

Wardener, 2001; Elmquist et al., 1997; Furlong et al., 2014; Namvar et al., 2016; Ortiga-
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Carvalho et al., 2016). This is, in part, due to the many projections between these coordination
centres with specialized structures called circumventricular organs (CVOs) (de Wardener, 2001;

McKinley et al., 2003; Saper & Lowell, 2014; Silverman et al., 1981).

1.3 Circumventricular organs are specialised structures lacking the blood brain barrier

The blood brain barrier (BBB) protects the CNS from circulating substances of the
periphery. Its specialized capillary endothelial cells are joined by tight junctions and surrounded
by glial cells to limit the movement of pathogens, hormones, and other large molecules from
entering the brain, maintaining the microenvironment required for proper function, yet restricting
communication between the brain and periphery (Abbott et al., 2010). Distinctive midline
structures known as CVOs lack the BBB and exist along the third and fourth ventricle, providing

a direct interface between the circulatory system and CNS.

1.3.2 Secretory and sensory circumventricular organs

There are seven CVOs that play a role in homeostasis through CNS - periphery communication.
These structures are categorized into two functional groups, secretory and sensory. Although
each of these regions have distinguishing roles in regulation and homeostasis, it is important to
note that axonal projections exist among them, promoting crosstalk and signal integration

through synaptic terminals and projecting fibers.

The four secretory CVOs include the pineal gland, median eminence, subcommissural
organ, and the neurohypophysis, which are known to secrete hormones, proteins and other
signaling factors into the periphery and CNS. These structures are thought to play a role in
chronobiology through melatonin synthesis; metabolism, reproduction and growth, stress

responses, and integration of endocrine and neurohormones; neural development, cerebrospinal
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fluid production, composition and circulation; and secretion of vasopressin and oxytocin,
respectively (Kaur & Ling, 2017; Ufnal & Skrzypecki, 2014). Axons and terminals of
neurosecretory projections from multiple sites pass through, or end in, secretory CVOs, aiding in

signal integration and regulation (Kaur & Ling, 2017).

The SFO, area postrema (AP), and the organum vasculosum of the lamina terminalis
(OVLT) make up the three sensory CVOs. These structures play a key role in detecting
peripheral signals from the blood and cerebrospinal fluid due to their adjacency to the ventricular
system. Neuronal cell bodies within the sensory CVOs extend axonal projections to regions of
the brain that are involved in metabolism, satiety and thirst, pain, cardiovascular regulation and
hemodynamics, homeostasis, and autonomic regulation (Fry et al., 2007; Fry & Ferguson, 2017;
McKinley et al., 2003; Ufnal & Skrzypecki, 2014). Major coordination centres of the CNS such
as the hypothalamus and amygdala recruit synaptic connections from sensory CVOs, likely
contributing to their involvement in a wide range of biological functions. Of interest to this study

1s the SFO, therefore this review will not describe the AP or OVLT in detail.

1.4 The subfornical organ

1.4.1 Anatomy and localization of the subfornical organ

The SFO protrudes into the third ventricle along the ventral surface of the fornix. This
convex structure appears translucent under the microscope, spanning approximately 600 pm
horizontally across a coronal slice of the rat brain (Figure 1.1). Uniquely possessing three
capillary subtypes, its complex vasculature allows for extended exposure to circulating hormones
and other substances, promoting increased interaction with receptor-containing neurons (Gross,
1991). Several studies on characterizing the SFO have identified a variation of neuronal groups

based on structure, subpopulation reactivity to substances, and overall heterogeneity of the
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region (Gross, 1991). McKinley and colleagues (2003) simplified the SFO into two functional

regions, dorsolateral shell (outer shell) and ventromedial core.

Outer shell ependymal cells of the SFO contain tight junctions, have few cilia, and are
characteristically flat compared to those of surrounding regions (Gross, 1991; McKinley et al.,
2003). Major efferent neuronal projections exist in this region and differ slightly from those
prominent in the ventromedial core (Table 1.1). One significantly discriminating feature of outer
shell neurons is the expression of calretinin (Figure 1.2B), a calcium binding protein absent
within the core (McKinley et al., 2003). Electrophysiological evidence has shown that the shell

expresses more tonic firing behaviour compared to ventromedial neurons (Huang et al., 2019).

The ventromedial core of the SFO contains fenestrated capillaries, a higher density of
neurons and lack the cilia observed in the shell (Gross, 1991; McKinley et al., 2003). Unlike the
outer shell, ventromedial core neurons express calbindin (Figure 1.2C) (McKinley et al., 2003),
another Ca?" buffer protein. Neurons in the ventromedial core seem to present characteristic
bursting action, higher Sodium (Na") channel density, and a more depolarized resting membrane

potential (Huang et al., 2019a) compared to those in the outer shell.

Neuronal populations existing in the outer shell and ventromedial core of the SFO differ
in their response to varying neuropeptides and other molecules. This is due to factors such as the
expression of receptors in the neuronal membrane, local synapses, and access to the specific
signals. One aim of this study is to determine if a distinct subpopulation may be sensitive to both

NT and Ang II which could suggest possible mechanisms of action of the endogenous peptide.
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Table 1.1. The SFO has several afferent and efferent projections throughout the brain. The table

below identifies many projections identified from literature along with their references.

Brain Region SFO Region(s) Specified Reference
(if identified) Projection

Amygdaloid nucleus Efferent 7

Arcuate Nucleus Efferent/Afferent 7,16

Bed Nucleus of the Stria Terminalis | Core Efferent/Afferent | 7,12, 13,18

Caudal ventrolateral medulla Shell Afferent 4

Central medial thalamic nucleus Efferent 7

Dorsomedial hypothalamic nucleus Efferent/ Afferent |7

Infralimbic Area Shell Efferent 7,17

Lamina Terminalis Efferent 6

Lateral Hypothalamic Area Shell/Rostral Efferent/Afferent 7,13, 14, 18

Lateral Parabrachial Nucleus Efferent 15

Lateral Septal Nucleus Efferent 7

Medial Septal Nucleus Dorsal Stalk Afferent/Efferent 7,11, 14

Median Preoptic Nucleus Shell/Rostral/Throughout | Efferent/Afferent 5,7,8,11, 13,
14

Nucleus circularis Rostral Efferent 14

Nucleus of the Solitary Tract Core/Caudal Afferent 3,7,17

Nucleus Reunions Afferent/Efferent | 7

Organum Vasculosum of the Core/Rostral Efferent/Afferent | 7,11, 12, 14

Lamina Terminalis

Paraventricular Nucleus Shell/Rostral/Throughout | Efferent 2,5,7,9,10,11,
12,14, 17,

Paraventricular thalamic nucleus Efferent 7

Perifornical Area Rostral Efferent 14

Periventricular Area Rostral Efferent/Afferent 7,11, 14

Raphe Nucleus Throughout Afferent/ Efferent | 7, 11

Renal Nerves Afferent 4

Substantia Innominata Shell Efferent 7,18

Suprachiasmic Nucleus Efferent 7,11

Supraoptic Nucleus Shell/Rostral Efferent 1,6,7,11, 13,
14

Zona Incerta Shell Efferent/ Afferent | 7, 18

References

1. Boudaba et al., 1995; 2. Ciriello, 1997; 3. Ciriello & Zhang, 1997; 4. Ciriello, 2013; 5. Duan et al.,
2008; 6. Freece et al., 2005; 7. Johnson & Gross, 1993; 8. Kawano, 2017; 9. Larsen & Mikkelsen, 1995;
10. Li & Ferguson, 1993; 11. Lind & Johnson, 1982; 12. McKinley et al., 1997; 13. McKinley et al.,
2003; 14. Miselis, 1981; 15. Roncari et al., 2014; 16. Rosas-Arellano et al., 1996; 17. Shioya & Tanaka,
1989; 18. Swanson & Lind, 1986.
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Figure 1.1. Coronal brain slices were observed under 40x magnification prior to beginning patch
clamp experiments. The black arrow indicates the location of the SFO.

Figure 1.2. Montage of initial immunofluorescent staining of rat brain SFO (Fry, unpublished
data). The image shows the expression of neuronal cell bodies (Panel A; DAPI staining),
calretinin (Panel B); calbindin (Panel C); and neurotensin (D).
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1.4.2 Receptor expression and molecules of physiological action within the subfornical organ

SFO neurons detect and responds to numerous signaling factors, such as peptides,
steroids, metabolites, and ions, through activation of numerous receptors and modulation of ion
channels. Studies show heterogeneous responses to hormones such as serotonin (Scrogin et al.,
1998), noradrenaline (Takahashi & Tanaka, 2017), arginine vasopressin (Anthes et al., 1997),
and leptin (Smith et al., 2009), among others, due to mediation through different receptor types
and their varying mechanisms of action (Table 1.2). Desson and Ferguson (2003) demonstrated
that the SFO may play a role in the immune response through stimulation by circulating
interleukin-1p (IL-1p), producing heterogeneous responses through non-selective cation channels
dependent on concentration. Extensive research has focused on the activity of angiotensin II
(Ang II), a peripheral peptide and neurotransmitter we will review briefly in Section 1.4.5, in the
SFO. Data suggests, circulating concentrations of Ang Il primarily act on SFO outer shell
neurons through AT receptors (McKinley et al., 1995; Ono et al., 2001) to cause depolarization
and increased action potential frequency (Li & Ferguson, 1993; Ono et al., 2001). Microarray
and transcriptomic studies show significant expression of Ang II, IL-1p, and other molecules and
receptors that are involved in metabolism and energy balance, cardiovascular regulation, and
autonomic output (Fry & Ferguson, 2021; Hindmarch et al., 2008; Nunes & de Andrade Braga,

2011; Peterson et al., 2018), which we will briefly explore below.
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Table 1.2. Several molecules and their receptors are found in or modulate the SFO. The
following table provides a list of some of these molecules and literature references.

Molecule Interaction Reference(s)
Amylin Modulate SFO neurons 7,29, 30
Angiotensin II Expressed in SFO, 6,8,9, 10,13, 16,

Modulate SFO neurons

19, 20, 21, 23, 28,
33, 38, 39, 40, 44

Apelin Modulates SFO neurons 11
Calbindin Expressed in SFO 15,25
Calcitonin and related peptides Modulate SFO neurons 30
Calretinin Expressed in SFO 25
Cholecystokinin Modulates SFO neurons 1,6
Choline acetyltransferase Expressed in SFO 32
Dopamine Expressed in SFO 32
Ghrelin Modulates SFO neurons 29
Glucose Modulates SFO neurons 6,7, 26, 30
Histamine Expressed in SFO 32
Hydrogen Sulfide (NaHS) Precursor expressed, Modulates SFO neurons | 17
Hypertonic Saline and aCSF (Na+) Modulates SFO neurons 2,31,38
11-B8 Expressed in SFO, Modulates SFO neurons 12,41, 42
Leptin Modulates SFO neurons 35,37
Nesfatin-1 Expressed in SFO, Modulates SFO neurons 18,27
Neurotropic Factor Modulates SFO neurons 4
Norepinephrine Expressed in SFO 32

NPY Modulates SFO neurons 34
Nuclear factor kappa-light-chain-enhancer | Modulate SFO neurons 42

of activated B cells & Inhibitor

Orexin-A Modulate SFO neurons 36
Oxytocin Expressed in SFO, Modulates SFO neurons 5,14
Prostaglandin E, (PGE,,0X-2) Expressed in SFO 8,42,43
Relaxin Expressed in SFO, Modulates SFO neurons 24

Renin Expressed in SFO 19, 20
Serotonin Expressed in SFO, Modulates SFO neurons 22,32,33
TNF-o Expressed in SFO, Modulates SFO neurons 41, 42,43
Tryptophan hydroxylase Expressed in SFO 32
Tyrosine hydroxylase Expressed in SFO 32
Vasopressin Modulates SFO neurons 3

References

1. Ahmed et al., 2013; 2. Anderson et al., 2000; 3 Anthes et al., 1997; 4. Black et al., 2018; 5. Blackmore et al.,
2018; 6. Cancelliere & Ferguson, 2016; 7. Medeiros et al., 2012; 8. Cao et al., 2012; 9. Ciriello, 1997; 10. Coble
etal., 2014; 11. Dai et al., 2013 12. Desson & Ferguson, 2003; 13. Ferguson & Kasting, 1988; 14. Hosono et al.,
1999; 15. Huang et al., 2019b; 16. Ku & Li, 2003; 17. Kuksis et al., 2014a; 18. Kuksis & Ferguson, 2014; 19.
Lavoie et al., 2004; 20. Lavoie et al., 2004b; 21. Lind & Johnson, 1982; 22. Lind, 1986; 23. Mangiapane &
Simpson, 1980; 24. McKinley et al., 1997; 25. McKinley et al., 2003; 26. Medeiros et al., 2012; 27. Moreau &
Ciriello, 2013; 28. Ono et al., 2001; 29. Pulman et al., 2006; 30. Riediger et al., 1999); 31. Rohmeiss et al., 1995;
32. Saavedra et al., 1976; 33. Scrogin et al., 1998; 34. Shute, 2016; 35. Smith & Ferguson, 2012; 36. Smith et al.,
2007; 37, Smith et al., 2009a; 38. Tiruneh et al., 2013; 39. van Houten et al., 1980; 40. Wang et al., 2016; 41. Wei
etal., 2013;42. Yuetal., 2017; 43. Yu et al., 2018; 44. Li & Ferguson, 1993.
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1.4.3 The subfornical organ is involved in energy balance

Circulating molecules involved in energy balance, such as glucose (Medeiros et al.,
2012), adiponectin (Alim et al., 2010), ghrelin, and amylin (Pulman et al., 2006) are detected by
neurons of the SFO. Electrophysiological evidence further shows that neuronal subpopulations in
the SFO respond to these molecules through changes in action potential output and cellular
excitability, depolarizing or hyperpolarizing in response to circulating glucose (Medeiros et al.,
2012), as well as other peptides and hormones involved in energy homeostasis and feeding

(Cancelliere & Ferguson, 2016) which we will expand upon.

The SFO influences hydro-mineral balance and satiety by modulating food and fluid
intake. Electrical and optogenetic stimulation of SFO neurons increase both drinking and feeding
behaviour in satiated rats (Oka et al., 2015; Smith et al., 2010; Smith & Ferguson, 2010);
whereas lesions have been shown to reduce feeding and drinking behaviour (Baraboi et al., 2010;
Freece et al., 2005; Thunhorst et al., 1999). Localization and electrophysiological data in this
region show the action of hormones involved in feeding and drinking behaviour such as leptin
(Smith et al., 2009, 2010), amylin (Riediger et al., 1999), ghrelin (Pulman et al., 2006), and
orexin (Smith et al., 2007), among others (Table 1.2). These signaling molecules and their
receptors have been studied to determine biological mechanisms of action in the SFO. For
example, genetic ablation of insulin results in weight gain, increased adiposity in the liver, and
increased triglyceride levels (Jeong et al., 2018, 2019), and further studies show insulin to
directly modulate SFO neurons (Lakhi et al., 2013). Medeiros et al. (2011) demonstrated that the
SFO exhibits both glucose-inhibited and glucose-excited subpopulations, which were shown to
increase outward glucose current, likely through mediation of non-selective cation conductance,
and increase inward glucose current, likely through mediation of Katp channels, respectively.
Circulating leptin and ghrelin modulate sub-populations of SFO neurons to depolarize and
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increase action potential frequency(Pulman et al., 2006; Smith et al., 2009). These studies

indicate direct modulation of SFO subpopulations by these signals.
1.4.4 The subfornical organ is involved in hydro-mineral balance

Subfornical organ regulated energy balance and fluid homeostasis has an integratory role
in whole-organism homeostasis; thus, specific attention should be paid to its role in Na* appetite
and meal-associated drinking when studying cardiovascular regulation. Peripheral signals
involved in fluid-mineral balance, thermoregulation, immune responses, and cardiovascular
regulation are detected by the SFO. Interleukin-1f, for example, is a pro-inflammatory cytokine
found in circulation that, when injected into the SFO of Na" depleted rats, results in dose-
dependent inhibition of salt-intake, increased body temperature, and hypertension (Cerqueira et
al., 2016). Evidence of this cytokine, and other SFO modulating signals involved in hydro-
mineral balance, also eliciting cardiac, hematic, and other autonomic responses is notable (Dai et
al., 2013; Fry & Ferguson, 2021; Hindmarch & Ferguson, 2016; Lazarus et al., 1977; Wei et al.,
2013) and data suggests there may be integration of their signaling pathways. We will briefly

review literature supporting this concept in the section below.
1.4.5 The subfornical organ’s role in cardiovascular regulation

The SFO responds to information about cardiovascular and hematic state through central
signaling pathways and circulating molecules, contributing to feedback and feedforward
regulation (Dampney, 2016). Baroreceptor reflex mediation of the CVLM inhibits SFO neuron
sub-populations through afferent projections (Ciriello, 2013). Neuronal inhibition through these
projections, decrease the excitatory response of SFO neurons to circulating Ang II (Ciriello,
2013), a key regulator of water balance, blood volume and pressor activity. This response

demonstrates integratory modulation of SFO neurons in feedforward and feedback
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cardiovascular regulation. NTS fibers leading to SFO neurons that project to the paraventricular
nucleus (PVN) and the supraoptic nucleus (SON) are also involved in cardiovascular regulation
via the baroreceptor reflex and fluid homeostasis (Dampney, 2016; Ferguson & Renaud, 1984;
Miselis, 1981; Shioya & Tanaka, 1989). These fibers are suspected to also mediate autonomic
response through regulation of vasopressin, and angiotensinergic neurons (Larsen & Mikkelsen,
1995; Li & Ferguson, 1993). More evidence has indicated that the autonomic pressor and
depressor response is modulated through Ang II, Na®, orexin-A and proinflammatory cytokine
activation of the SFO (Fry & Ferguson, 2021; Larsen & Mikkelsen, 1995; Mangiapane &
Simpson, 1980; Smith et al., 2007; Tiruneh et al., 2013; Wei et al., 2013), and further autonomic
activity may be stimulated through oxytocinergic microglial populations within the SFO
(Blackmore et al., 2018). These signals increase pressor activity and further activate regions of

the brain involved in cardiovascular regulation and hemodynamics.

The renin-angiotensin-aldosterone system regulates hydro-mineral content and the
cardiovascular system, and acts, in part, through the SFO to elicit physiological responses. Two
key peptides involved in the physiology of this system, Ang II and renin, are found in the SFO
(Lavoie et al., 2004a), and mediate physiological pressor responses and hydro-mineral balance
(Coble et al., 2014). Extensive research shows that Ang II is not only a peripheral peptide
detected by the SFO but is also a neurotransmitter used by its neurons (Li & Ferguson, 1993).
Actions of Ang II have been investigated in detail, demonstrating that it influences activity of
SFO neurons, eliciting release of oxytocin and vasopressin, increase dipsogenic behaviour; and
affecting cardiovascular and hematic regulation (Ciriello, 2013; Collister & Hendel, 2005;
Ferguson & Kasting, 1988; Fry & Ferguson, 2017, 2021; Mangiapane & Simpson, 1980; Roncari

et al., 2014; Simpson & Routtenberg, 1973). Studies of the SFO transcriptome shows a high
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abundance of Ang II receptors (AT) (Peterson et al., 2018), making it a key protein indicator of
this region. For this reason, and based on the extensive electrophysiological literature
investigating action of Ang II in the SFO, this study aims to determine if there is an overlap in

neuronal populations responsive to both Ang Il and NT.

Many SFO neurons are stimulated, or inhibited, through circulating factors to alter
several physiological indicators of the cardiovascular and hematic state, such as blood pressure,
blood and plasma osmolality, heart rate, and overall homeostasis (Anderson et al., 2000;
Antunes-Rodrigues et al., 2004; Ciriello, 2013; Ciriello & Gutman, 1991; Dampney, 2016; Fry &
Ferguson, 2017; Kuksis et al., 2014b). Insulin receptors, for example, modulate mean arterial
pressure by affecting diastolic blood pressure through this CVO (Jeong et al., 2019). Smith and
Ferguson (2012) demonstrated that the anorexigenic peptide leptin mediates SFO neurons in
non-obese rats to regulate blood pressure through autonomic pathways. Cancelliere and Ferguson
(2017) used patch-clamp electrophysiological techniques to investigate the influence of
hyperglycemia on Ang II and cholecystokinin (CCK), classic cardiovascular and metabolic
peptides. Subpopulations of SFO neurons depolarized when exposed to both CCK and Ang II
(63%), depolarized only in response to Ang II (25%), or hyperpolarized only in response to CCK
(12%) (Cancelliere & Ferguson, 2016). These excitatory responses to Ang II, and CCK
inhibitory responses were attenuated in hyperglycemic environments (Cancelliere & Ferguson,
2016). Through detection of these peripheral factors and resulting modulation through their
receptor populations, cardiovascular and hematic regulation are influenced by fluid homeostasis,

suggesting the SFO is a key site for metabolic and cardiovascular integration.

Recent transcriptomic data suggests neurotensin receptors (NTSRs) are strongly

expressed within the SFO, some with a greater abundance than AT A receptors (Peterson et al.,
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2018), a known and prominent SFO receptor. Recent electrophysiological studies show that NT
modulates electrical activity by depolarizing and increasing action potential frequency of
dissociated SFO neurons (Peterson, 2019). This study will focus on the regulation of SFO

neurons, in acutely prepared brain slices, by NT, a neuropeptide described in the section below.

1.5 Neurotensin

The endogenous peptide, neurotensin (NT), was serendipitously discovered by Caraway
and Leeman (1973) during the isolation of a novel sialogenic peptide in the bovine
hypothalamus. Since its discovery, NT has been known for its role in enteric motility and
variable effects on blood pressure (Carraway & Leeman, 1973), working through both peripheral
and central locations to elicit physiological responses. Further studies have shown NT to modify
hormone release and other peptides involved in the pituitary, enteroendocrine, immune,
cardiovascular and sympathetic systems (Allen & Cechetto, 1995; Grunddal et al., 2016;
Kalafatakis & Triantafyllou, 2011; Rowe et al., 1997; Stolakis et al., 2010). NT and its receptors
have also been implicated in nociception, pain, and dopamine pathways (Binder et al., 2001;
Dobner, 2006; Kalafatakis & Triantafyllou, 2011; Smits et al., 2004), providing further evidence

of its widespread influence, acting as both neuromodulator and hormone.

Localization studies on the rat brain indicated this neuropeptide to be prominently
localized in the hypothalamus (35% of CNS NT) and brain stem (35% of CNS NT) in the CNS
(10% of total NT); however, the digestive system harbours the highest concentration (~90% of
total NT) (Atoji et al., 1995; Carraway & Leeman, 1976; Kanba et al., 1986; Smits et al., 2004;
Uhl, 1982). Due to its presence throughout the CNS and periphery, and its cross-phyla

distribution (Carraway et al., 1982), NT, and related peptides (see Friry et al., 2002 for additional
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information), are biologically important peptides involved in several different functions which

will be briefly explored below.

1.5.2 Neurotensin is a 13 amino-acid molecule that acts primarily through three known

receptors

Evidence shows NT in the CNS is primarily released from the hypothalamus and in the
periphery from intestinal endocrine cells (N cells) of the small intestine (Allen & Cechetto, 1995;
Kitabgi, 2006; Kitabgi et al., 1990, 1992). Biosynthesis of NT varies based on location and
involves the cleavage of an inactive pre-cursor complex via members of the pro-protein
convertase family (Kitabgi, 2006). This processed peptide consists of 13 amino-acids, of which
its C-terminal has been identified as the most biologically active site and the most conserved

region of the translated pre-cursors sequence (Carraway et al., 1982; Kitabgi, 2006).

There are currently three known NTSRs; NTSR1-3 (Kalafatakis & Triantafyllou, 2011;
Vincent et al., 1999). Two of these receptors, NTSR1 and NTSR2, belong to the G-protein
coupled family; each with seven trans-membrane domains with a binding site localized between
the sixth and seventh membrane spanning region at the third extracellular loop (Vincent et al.,
1999). NTSR2 has a shorter N-terminal than NTSR1, a shorter intracellular loop, and is less
sensitive to Na" and Guanosine triphosphate (GTP), likely accounting for different binding
interactions of each receptor type, with NTSR1 having stronger binding affinity than NTSR2.
These G-protein coupled receptors (GPCRs) take action through mobilization of G-proteins such
as Gail, Gao, Gag, and Gq13, among others, to depolarize and hyperpolarize neurons, mobilize
Ca”', increase extracellular-signal-regulated kinase (ERK) signaling, activate and suppress
cAMP signaling, increase inositol triphosphate (IP), synthesize cellular proteins, and additional

cellular effects (Ayala-Sarmiento et al., 2015; Besserer-Offroy et al., 2017; Hwang et al., 2010).
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1-10uM of NT both increased (50%) and decreased (10%) firing rate of cells tested within the
suprachiasmatic nucleus via NTSR1 and NTSR2 (Coogan et al., 2001), suggesting NT can
produce differential effects within the same region of the CNS based on differential activation of
receptor types. Hwang and colleagues (2010) demonstrated that NTSR2 may regulate NTSR1
activities and expression, contributing to the variety of effects elicited by their activation. The
NTSR3 protein, also known as Sortilin, belongs to the vacuolar-protein-sorting-10 protein
(VPS10P) family. This ligand-gated membrane receptor’s extracellular VPS10P domain forms a
bladed B-propeller in which its inner tube is thought to be the binding site for NT (Nykjaer &
Willnow, 2012). Sortilin binds other neuropeptides and neurotrophic factors and acts with other
channels and receptors in a variety of biological functions. Mechanisms of interaction with NT
are not well understood; however, the VPS10P protein sorting function is inhibited when NT is
bound to this receptor. Studies have demonstrated differential effects of NT through this protein,
including the internalization of NTSR1 leading to inhibition of MAP kinase ERK and, in the
absence of NTSR1 and NTSR2, its increase (Nykjaer & Willnow, 2012). The human sorting
protein-related-receptor (SorLA), LR11, has been proposed as a fourth NTSR due to the
peptide’s binding affinity to this the receptor; however, it’s binding may be due it’s similarity to
its VPS10P relative, Sortilin (Jacobsen et al., 2001; Tschumi & Beckstead, 2019).

Neurotensin receptors are found throughout the CNS and have a peripheral distribution
which includes the gastrointestinal tract, heart, autonomic nervous system, enteric nervous
system, peripheral nervous system, carotid body, pancreas, adipose tissue, skeletal muscle,
thyroid gland, testes, placenta, crypt cells of the colon and cells of the immune system (Bloom &
Polak, 1982; Grunddal et al., 2016; Kalafatakis & Triantafyllou, 2011; Lazarus et al., 1977).
Compared to NTSR1 and NTSR3, NTSR2 seems to be most highly represented in the CNS;

although, functional confirmation via antagonist and agonist application are limited. Data from
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Peterson et al. (2018) show NTSR2 and NTSR3 to be strongly expressed within the SFO,
suggesting NT may play an important modulatory role on neurons in this region. This study

primarily aims to further characterize the electrophysiological effects of NT on SFO neurons.
1.5.3 Electrophysiological actions of neurotensin on selected neurons

Like other peptide neurotransmitters, NT release is Ca™" dependent. Several studies
indicate that its release is inhibited in stimulated hypothalamic cells when superfused in Ca™
free solution (Iversen et al., 1978; Kitabgi et al., 1990). Interestingly, NT seems to mobilize
Ca™™, both intracellular stores and extracellular concentrations, and affect other ion channels. A
study conducted on NT induced mast cell histamine release suggests that intracellular calcium
stores, more than extracellular, and cAMP, are involved in the mechanism of NT stimulation
(Rossie & Miller, 1982). The role of Ca™ in NT release is further supported within dopaminergic
cells; however, these studies suggest extracellular calcium to be a stronger mechanism of
influence than to intracellular stores (St-Gelais et al., 2004). Furutani et al. (2013) demonstrated
that the total inward current is potentiated in orexigenic cells of the hypothalamus following the
application of NT, in the absence of extracellular calcium. This was likely due to the
involvement of non-selective cation channels such as the transient receptor potential (TRP)
channel (St-Gelais et al., 2004). Neurotensin effects on the TRP non-selective cation family has
been postulated in several other studies due to the IP3 and diacylglycerol (DAG) second

messenger pathways activated by GPCRs.

Direct effects of NT on individual neurons suggest ionotropic mechanisms of action,
specifically cation mobilization. Using outside-out patch-clamp electrophysiology in the ventral
tegmental area, dopaminergic cell non-specific cations are shown to be mediated by NT (Chien

et al., 1996). Particularly, this single channel study by Chien et al. (1996) suggests that NT

18/96



affects whole cell current via movement of Na" and Cs" (used in lieu of K*) to excite neurons.
Other studies in the ventral tegmental area show reduction in K current in addition to an
increase in Na" conductance often accompanied by increased resistance (Jiang et al., 1994).
Peterson (2019), using current-clamp electrophysiology in whole cell configuration, found NT to
depolarize cells and increase spontaneous potentials of dissociated neurons within the SFO. Data
from voltage-clamp experiments suggest that these physiological effects are likely mediated
through non-selective cation currents and delayed-rectifier K* (Ix) currents (Peterson, 2019). That
study also demonstrated both increased and decreased action potential firing in response to NT
(Peterson, 2019), suggesting multiple pathways of which NT modulates dissociated cells within
the SFO. This study will examine if NT modulates synaptic activity in acutely prepared brain

slices, further characterising synaptic activity in SFO neurons exposed to extracellular NT.

1.5.4 Neurotensin influences excitatory and inhibitory synaptic activity in the central nervous

System

Numerous studies have demonstrated NT modulates the membrane potential and synaptic
activity of neurons. For example, NT is thought to influence NMDA-glutamate transmission in
the cortex, likely acting through NTSR1-NMDA coupling (Ferraro et al., 2011). Periaqueductal
grey neurons are depolarized by NT to inhibit GABA release, (Mitchell et al., 2009); whereas
cells in the substantia nigra respond to NT with heterogeneous effects, acting pre-synaptically on
NTSRIs to increase GABAA currents, and post-synaptically through NTSR2s to decrease
GABAB currents (Tschumi & Beckstead, 2019). NT application to amygdala neurons show it
plays a role in modulation of evoked GABA IPSCs, influencing signaling to regions involved in

feeding behaviours and chronic stress (Normandeau et al., 2018). Its influence on these major
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neurotransmitters of the CNS suggest NT may modulate several regulatory pathways through

central modes of action.

1.5.5 Neurotensin mediates several regulatory functions

NT is involved in a variety of homeostatic processes. For example, studies suggest NT
has a modulatory role in the dopaminergic-serotonin system that suggest its involvement in the
circadian regulatory processes, motor control, reward and learning behaviour and other
physiological behaviours influenced by central dopaminergic systems (Govoni et al., 1980; Smits
et al., 2004; Tschumi & Beckstead, 2019; Uhl & Kuhar, 1984). Literature shows that, NT
released from neurons of the arcuate nucleus, paraventricular nucleus, medial preoptic area,
median eminence and other hypothalamic regions, modulates pituitary hormone release to
influence reproduction, development, and regulation (Stolakis et al., 2010), prolactin release, and
thyroid-stimulating hormone release (Maeda & Frohman, 1978; Stolakis et al., 2010; Vijayan et
al., 1988). Abnormal concentrations of NT and its precursor molecules (both elevated and
lowered concentrations respectively) have been linked to inflammation of adipose tissue via
increased expression of immune factors (Barchetta et al., 2018) and are thought to be associated
with type 2 diabetes, non-alcoholic fatty liver disease (Auguet et al., 2018); although, its role is

not yet understood.

Neurotensin effects on hyperglycemia, glucagon release and impairment of insulin
response to hyperglycemia, and antinociceptive effects are completely or partially blocked by
histamine in immune response and associated diseases(Nagai & Frohman, 1978). Neurotensin
has been found in primary afferents associated with nociceptive pathways and is upregulated in
regions associated with neuropathic pain to mediate the effects of opioids (Difiglia et al., 1984;

Dobner, 2006; Vachon et al., 2004). Analgesic effects of NT independent of opioids are thought
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to be mediated by NT and NTSR2, in descending pain pathways (Wang et al., 2014).
Additionally, NTSR1 and NTSR2 have been linked to antinociception in hot-plate and acid-
induced writhing tests (Dobner, 2006). The presence of NT in fibers involved in nociceptive
signaling, NTSR localization within nociceptive pathways, and behavioural responses observed
in the absence or presence of these receptors, or the peptide itself, suggest that NT plays a role in
signaling pain. Well-described roles of NT in energy balance and cardiovascular regulation are
important to this study due intersection with known roles of the SFO; thus, they will be outlined

in more detail in the following sections.

1.5.6 Neurotensin interacts with pathways mediating energy balance and metabolism

The focus of this study is NT in the central nervous system; however, peripheral NT has
been extensively studied, and is an important signaling peptide which will be briefly mentioned
in this section. The application of NT has been shown to result in physiological changes in the
digestive system including ileum contraction (guinea pig), relaxation of the duodenum (rat),
inhibition of gastric secretion, mild stimulation of pancreatic bicarbonate, stimulation of fatty
acid absorption and decreases in AMP activated protein kinase in enteric cells (Bloom & Polak,
1982; Carraway & Leeman, 1973; Grunddal et al., 2016; Li et al., 2016). Release of NT from the
pancreas is thought to be insulin responsive; thus, may have a physiological role in pancreatic
hormone regulation through islet and beta-cell secretion. In a study conducted by Berelowitz and
Frohman (1982), insulin deficient mice, but not insulin resistant mice, were found to have
increased pancreatic NT. Further studies indicated that pancreatic NT (0.1uM) stimulates insulin
secretion in at low glucose levels (2mM) and inhibits its release in high glucose levels (20mM)

in both beta and islet cells. This activity is thought to be mediated by NTSR2 and 3 influence on
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calcium influx via protein Kinase A and C pathways in pancreatic beta-cells (Béraud-Dufour et

al., 2010).

Literature suggests that NT is co-expressed with central (Brown et al., 2018; Furutani et
al., 2013) and peripheral peptides (Grunddal et al., 2016) involved in feeding and digestion. As
levels of peripheral NT rise following feeding (Bloom & Polak, 1982), co-expression of NT with
glucagon-like peptide- 1, peptide Y'Y, and other enteroendocrine hormones can result in
synergistic effects, including an enhanced decrease in feeding behaviour and potentially
reversing obesity (Grunddal et al., 2016; Ratner et al., 2019). The release of peripheral NT is
thought to occur following the hydrolysis of fat where the resulting long-chain fatty acids (C18),

but not medium (C8), triggers its release into circulation (Drewe et al., 2008; Rosell, 1982).

Several studies have shown neurotensinergic neurons expressing leptin-receptors negate
lateral hypothalamic orexin neurons (Brown et al., 2018; Leinninger et al., 2011). Anorexigenic
effects of the leptin hormone are heightened in NTSR1 knockout mice, suggesting that NT
contributes to the regulation of energy balance and homeostasis, countering effects of leptin
signaling (Brown et al., 2018; Izaguirre et al., 2016; Opland et al., 2013). Furutani et al. (2013)
used immunostaining to demonstrate co-expression of NT and orexin in lateral hypothalamic
neurons and demonstrated that there are connections from other NT and orexin releasing neurons
within the lateral hypothalamic area (LHA). This suggests that NT may play a role in

autoregulation of itself and orexin to regulate feeding.

Neurotensin is thought to regulate other mechanisms of feeding behaviour. For example,
animals treated with NT show decreased motivated feeding (centrally administered) and
increased drinking (systemically administered) (Stanley et al., 1983). NTSR1 ablation and

knockout studies suggest alteration of NT signaling may promote increased selectivity to alcohol
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consumption, over water and over palatable foods (Lee et al., 2011; Torruella-Suarez &

McElligott, 2020).

1.5.7 Neurotensin’s role in cardiovascular regulation

There is significant evidence of NTs role in cardiovascular and sympathetic regulation.
Studies demonstrate that plasma NT levels correlate with hypertension, ventricular hypertrophy
and CVD related dysfunction; specifically, lower levels of NT are found in individuals with
hypertension, with concentrations found to be inversely correlated with systolic and diastolic
blood pressure (Bolat et al., 2020; Fawad et al., 2018; Guo et al., 2005; Osadchii, 2015).
Interestingly studies report conflicting results following acute administration of NT. Early
studies using the rat demonstrated a fall in blood pressure accompanied by vasodilation and
cyanosis following the vascular administration of NT (Carraway & Leeman, 1973). Further
experiments have demonstrated that NT has hypertensive effects in the guinea-pig (Bachelard et
al., 1987) and more recent studies using the rat reported bi- or tri- phasic effects on blood
pressure in response to systemic NT (Kaczynska & Szereda-Przestaszewska, 2012; Oishi et al.,
1981; Rioux et al., 1982). These cardiovascular effects are partially due to mediation of
catecholamine and histamine release by NT (Oishi et al., 1981; Rioux et al., 1982). In addition to
various effects on blood pressure, systemic NT has been shown to increase heart rate; effect
myocardial contractility; increase vasocontraction in the rat portal vein and human umbilical
vein; increase coronary vascular constriction in rats and dilation in guinea-pigs; reduce blood
flow of gastric mucosa in humans and increases intestinal blood flow in the rat, cat, and dog; and
following feeding, NT increase results in vasoconstriction within adipose tissue (Rosell, 1982),

among other cardiovascular and hematic effects (for additional review, see Osadchii, 2015). The
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homeostatic effects influencing hemodynamics and the cardiovascular system in these studies

demonstrate that peripheral NT modulates cardiovascular activity and sympathetic output.

NT is involved in major cardiovascular regulatory pathways of the CNS. Hypothalamic
NT, stimulated via the insular cortex, enhances excitatory response and increases spontaneous
firing of lateral hypothalamic cells, projecting to pressor/depressor cells, leading to decreased
blood pressure and sympathetic nerve response in rats (Allen & Cechetto, 1995; Kalafatakis &
Triantafyllou, 2011). Spinal injections and microinjections of NT to the nucleus of the solitary
tract have been shown modulate and increase sensitivity to the sympathetic baroreceptor reflex,
(Kubo & Kihara, 1990; Osadchii, 2015). These findings are in-line with other studies indicating

the role of central NT in cardiovascular regulation.

1.6 Intersection of neurotensin and the subfornical organ in homeostasis

Mapping of NT expressing neurons show afferent and efferent projections (Table 1.3)
with control and coordination centres of the CNS (Allen & Cechetto, 1995; Difiglia et al., 1984;
Dobner, 2006; Izaguirre et al., 2016; Opland et al., 2013; Wang et al., 2014), many of which
were indicated when characterizing the SFO. Evidence from mapping NT and its receptors show
this peptide to be present in regions suspected to project to the SFO (Table 1.1). Reflecting on
the above literature, both NT and the SFO are involved in cardiovascular and hematic regulation,
ingestive behaviours and hydromineral balance, among other homeostatic functions. For
example, the SFO receives afferent projections from the nucleus of the solitary tract, thought to
be involved in relay of information from the baroreceptor reflex (Dampney, 2016; Shioya &
Tanaka, 1989). Interestingly, using radioligand experiments and immunohistochemistry, the
nucleus of the solidary tract has been found to contain binding sites for NT and is

immunoreactive to this peptide (Higgins et al., 1984; Jennes et al., 1982; Quirion et al., 1982).
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Further investigation using microinjection into the rat nucleus of the solitary tract have
demonstrated that NT contributes to vasodepressor response and bradycardia response, via vagal
excitation and sympatho-inhibition, in the caudal nucleus of the solitary tract; providing evidence
that the SFO and NT are involved in the baroreceptor response through the nucleus of the
solidary tract (Ciriello & Zhang, 1997). SFO neurons project axons to the hypothalamic SON
and PVN, increasing sympathetic activity and modulating the pituitary through vasopressin
release (Rowe et al., 1997). Neurotensin in the SON increases the firing rate of oxytocin and
vasopressin neurons in vitro and is also implicated in modulation of the pituitary.
Immunohistochemical studies demonstrated NT or fibers containing NT exist in the SON, PVN
as well as several regions of the brain with afferent projections to the SFO, including regions of
the lamina terminalis, NTS, bed nucleus of the stria terminalis, and the medial preoptic area. A
study conducted by Rosas-Arellano et al. (1996) demonstrated projections from the arcuate
nucleus displaying immunoreactivity for NT projected to regions of the SFO, suggesting that, in

addition to evidence of physiological overlap, NT potentially interacts directly with the SFO.

1.6.1 Aims of this thesis

The physiological overlap of NT and SFO roles in homeostasis, presence of circulating
NT which could potentially interact with the SFO, and evidence of NT projections directly to the
SFO suggests that NT may modulate activity of SFO neurons. Initial studies, as mentioned,
demonstrated that NTSRs are present within the SFO, and NT elicits physiological responses in
dissociated neurons in the SFO. In this study, we aimed to characterise mechanisms in which NT
modulates SFO neurons from coronal brain slices that maintain some local synaptic connectivity.

The overall objective is to further define signaling pathways and ionic mechanisms of
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neurotensin regulation of SFO neurons. To achieve this, the following two hypotheses will be

addressed:

Hypothesis 1: A subpopulation of SFO neurons directly respond to neurotensin.

Fibers from the arcuate nucleus that are immunoreactive for NT project to the SFO,
suggesting a pathway for endogenous NT to directly interact with the SFO (Rosas-Arellano et
al., 1996). Due to this information and more recent evidence that dissociated SFO neurons
respond to NT (Peterson, 2019); we hypothesize that NT applied to SFO neurons in slice
preparation will elicit physiological responses directly on those neurons. Specifically, we expect
that application of NT will show both an increase and decrease in neuronal excitability, both
depolarizing and hyperpolarizing the membrane of SFO neurons in tissue. Voltage-clamp
protocols will be used to confirm previous findings, that NT modulates excitability of SFO
neurons, and to provide information about electrical behaviour before and after NT, including
input resistance, which will reveal channel activity. Using both voltage clamp and current clamp
experiments, Ang II will be applied following NT wash-out to determine if NT and Ang II
modulate the same neuronal populations within the SFO and provide insight as to possible NT
pathways of effect. Significant electrophysiological changes (p< 0.05) observed after the
application of NT and not Ang II, or after both NT and Ang II, we can reject the null hypothesis

that there are no subpopulations of SFO neurons that respond to NT.

Hypothesis 2: Neurotensin regulates synaptic inputs on SFO neurons.

Previous studies from other regions of the brain show that synaptic activity of NT
involves modulation of post synaptic current amplitude (Ogawa et al., 2005; Tschumi &
Beckstead, 2019) and frequency(Ogawa et al., 2005). Recent work has identified the potential of

the SFO to detect and respond to neurotensin (Peterson, 2019). To investigate possible synaptic
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modulation of SFO neurons, NT and a neurotensin receptor antagonist will be applied to patch
clamped SFO neurons in acute brain slice preparations. Voltage-clamp protocols will be used to
measure excitatory post-synaptic currents (EPSCs), examine the complexity of NT signaling, and
possibly reveal neuromodulation not previously observed in studies on dissociated neurons
(Peterson, 2019). Neurotensin is reported to increase both GABA and glutamate release
(Tschumi & Beckstead, 2019; Zhang et al., 2015); therefore, it is expected that we will observe
both increase and decrease in excitatory currents. Significant changes (p< 0.05) in frequency,
amplitude, and shape will provide evidence to reject the null hypothesis, that there is no

difference in EPSCs before and after the application of NT.
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Table 1.3. Neurotensin has been found in neurons and fibers throughout the central nervous

system.

Perifornical area of | immunohistochemistry!-? N, Rats!, Dog?
the hypothalamus retrograde labeling from
LHA'
Central amygdaloid | immunohistochemistry'-? N,F, U Rats"
nuclei retrograde labeling from
LHA!
Cortical immunohistochemistry?2, N, F Dog?
amygdaloid nuclei
Medial amygdaloid | immunohistochemistry? N, F Dog?
nuclei
Bed nucleus of the | immunohistochemistry!+? N, F Rats!, Dog*
stria terminalis retrograde labeling from Mice'?
LHA! fluorescent in-situ
hybridization'?
Medial preoptic immunohistochemistry'-? N, F Rats!, Dog?
area retrograde labeling from
LHA'
Paraventricular immunohistochemistry'-? N, F Rats!, Dog?
nucleus retrograde labeling from
LHA!
Periventricular immunohistochemistry! N, Rats!,
nucleus
Raphe nuclei immunohistochemistry'-? N, F Rats!,
Nucleus of the immunohistochemistry'-? N, Rats!, Dog?
solitary tract retrograde labeling from
LHA'
Nucleus accumbens | immunohistochemistry'-? N,F, U Rats™ !,
radioimmunoassay'!
Lateral septal immunohistochemistry'- N, F Rats!, Dog?
nucleus retrograde labeling from
LHA!
Olfactory Bulb immunohistochemistry'-? N, F Rats!, Dog?
retrograde labeling from
LHA'
Olfactory nucleus immunohistochemistry? N, F Dog?
Olfactory tubercle | immunohistochemistry? N, F Dog?
Diagonal band of | immunohistochemistry? N, F Dog?2, Mice!?
Broca retrograde labeling from
LHA'?
Medial septal immunohistochemistry? N, F Dog?
nucleus
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Lateral preoptic immunohistochemistry? N, F Dog2, Mice'?
nucleus retrograde labeling from
LHA"?
Piriform lobe immunohistochemistry? N, F Dog?
Entorhinal cortex | immunohistochemistry? N, Dog?
Anterior immunohistochemistry? N, F Dog?
commissure
Alveus immunohistochemistry? F Dog?
Fimbria immunohistochemistry? F Dog?
Subiculum immunohistochemistry? N, Dog?
Substantia immunohistochemistry? N, F Dog2, Mice!?
innominata retrograde labeling from
LHA'?
Globus Pallidus immunohistochemistry? N,F, U Dog?, Rat'!
radioimmunoassay'!
Caudate nucleus immunohistochemistry? N, F Dog?
Zona Incerta immunohistochemistry? N, F Dog?
Thalamic tubercle | immunohistochemistry? N, Dog?
Median eminence | immunohistochemistry? F, Dog?
Nucleus reuniens immunohistochemistry? N, Dog?
Nuclei of the immunohistochemistry? N, Dog?
pulvinar
Lateral dorsal immunohistochemistry? N, F Dog?
nucleus
Supraoptic nucleus | immunohistochemistry? N, F Dog?
Hypothalamic immunohistochemistry? N, F Dog?
dorsomedial
nucleus
Ventromedial immunohistochemistry? N, Dog?
nucleus of the
hypothalamus
Lateral immunohistochemistry!>>6812 | N F Rats", Dog?,
Hypothalamic Area | retrograde labeling from Mice?67:8:12
LHA1,6,7
Periventricular immunohistochemistry'- N, F Rats!, Dog?
nucleus retrograde labeling from
LHA'
Posterior immunohistochemistry? F Dog?
hypothalamic area
Anterior immunohistochemistry? N, Dog?

hypothalamic area
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Arcuate nucleus immunohistochemistry'® N, Rats!, Dog?,
retrograde labeling from Mice®
LHA'! immunofluorescence®
Supramammillary | immunohistochemistry? N, Dog?
nucleus
Lateral habenular | immunohistochemistry? N, F Dog?
nucleus
Subthalamic immunohistochemistry? F Dog?, Mice!?
nucleus retrograde labeling from
LHA'?
Ventral tegmental | immunohistochemistry? N, F Dog?
decussation
Caudal colliculus immunohistochemistry? N, Dog?
Superior colliculus | immunohistochemistry? F, Dog?
Rostral colliculus | immunohistochemistry? N, Dog?
Periaqueductal immunohistochemistry? N, F Dog2, Mice'?
gray retrograde labeling from
LHA"?
Ventral Tegmental | immunohistochemistry? N,F, U Dog?, Mice*57,
Area retrograde labeling from Rat !!
LHAX67
immunofluorescence®’
radioimmunoassay''
Interpeduncular immunohistochemistry? N, F Dog?
nucleus
Cuneiform nucleus | immunohistochemistry? N, F Dog?
Locus coeruleus immunohistochemistry? N, F Dog* Mice'?
retrograde labeling from
LHA"?
Parabrachial nuclei | immunohistochemistry? N, F Dog?, Mice!?
retrograde labeling from
LHA'?
Reticular formation | immunohistochemistry? F, Dog?
Nucleus profundus | immunohistochemistry? N, Dog?
mesencephali
Substantia grisea immunohistochemistry? F, Dog?
centralis pontis
Gigantocellular immunohistochemistry? N, F Dog?
reticular nucleus of
the medulla
Nucleus reticularis | immunohistochemistry? N, F Dog?
pontis caudalis
Nucleus reticularis | immunohistochemistry? N, F Dog?

parvocellularis
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Nucleus reticularis | immunohistochemistry? N, F Dog?
ventralis
Pars caudalis immunohistochemistry? N, F Dog?
Pars oralis immunohistochemistry? F, Dog?
Pars interpolaris immunohistochemistry? F, Dog?
Dorsal nucleus of | immunohistochemistry? N, F Dog?
the vagus nerve
Nucleus olivaris immunohistochemistry? F Dog?
Hypothalamus radioimmunoassay>> ! U Rat*>%!! Bovine'’
unspecified chromatography'®
electrophoresis'’
Substantia Nigra immunohistochemistry ¢’ N, F Mice*®7, Rat!!
retrograde labeling from
LHA*’ radioimmunoassay '
Pituitary radioimmunoassay’ U Rat’
unspecified
Thalamus radioimmunoassay’ U Rat’
unspecified
Brains stem radioimmunoassay’ U Rat’
unspecified
Cortex unspecified | radioimmunoassay®!! U Rat’ !1
Cerebellum radioimmunoassay’ U Rat’
unspecified
Striatum radioimmunoassay'! U Rat!!
Septum radioimmunoassay'! U Rat!!
Mammillary body | radioimmunoassay'! U Rat!!
Amygdala radioimmunoassay'! U Rat!'!
unspecified
Hippocampus radioimmunoassay'! U Rat!!
unspecified
Retrorubral region | retrograde labeling from F Mice'?
LHA'?
Ventral pallidum retrograde labeling from F Mice!?
LHA'?
Raphae pallidus retrograde labeling from F Mice'?
LHA'?
Parapyramidal retrograde labeling from F Mice!?
region LHA'?
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Methods

2.1. Animals and dissection

Animals and protocols were used in accordance with the guidelines from the Canadian
Council for Animal Care and approved by the University of Manitoba Central Animal Care
Committee, prior to commencing experiments. Male Sprague Dawley Rats ~200g were
sacrificed by decapitation, their brains extracted and placed in a cold bath of oxygenated,
artificial cerebrospinal fluid (aCSF) (composition in mM: 126 NaCl, 25 NaHCO3, 2.5 KCl, 1.2
MgCl,, 2.4 CaCl,, 1.2 NaH2POs4, and 11 D-glucose, pH 7.3-7.4, 295 mOsm) (Kinsman et al.,
2020). All salts were obtained from Sigma-Aldrich or Thermo Fisher Scientific (Oakville, On).
After two minutes in the cold bath, the brain was placed in a rodent brain matrix and a 3-4mm
coronal section was removed between the optic chiasm and mammillary body (Figure 2.1). This
3mm section was glued to the specimen disk of a Lecia VT1000S vibratome (Concord, On),
anterior side of the slice facing upward and held in-place with three blocks of agarose. Ice cold
oxygenated aCSF was then placed into the buffer tray on the vibratome, and the specimen disk
inserted into the tray and locked in place. A series of 300pum coronal brain slices were cut using
disposable Derby Premium stainless-steel blades, transferring each slice into oxygenated Krebs

aCSF at 37 °C for at least 90 minutes.

2.2 Electrophysiology

All electrophysiological recordings were performed within eight hours of the tissue
dissection. Room temperature, oxygenated Krebs buffer aCSF, as mentioned above, was used as
external recording solution and coronal slices were held in-place using a harp slice grid.
Extracellular recording solution and treatments were flowed through the recording chamber at

2mL/min using a peristaltic pump. Standard Intracellular Solution was composed of (in mM):
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128 K-gluconate, 10 KCl, 0.3 CaClz, 1.0 MgCl», 10 HEPES, 1.0 EGTA, 4 MgATP, 4 Na;
phosphocreatine, 0.3 NaGTP (Kinsman et al., 2020) was used for whole-cell recordings. Patch
electrodes were fabricated from thick wall borosilicate capillary tubes (BF-150-110-10HP; Sutter
Instruments) to an initial resistance between 4-6M). Data was collected using a HEKA EPC10
patch clamp amplifier and Patchmaster 2.53 software (Mahone Bay, Nova Scotia, Canada) and
cells observed with the DAGE-MIT IR-1000 camera attached to a fixed stage microscope at

400x magnification (BX51WI, Olympus), equipped with IR-DIC (Figure 2.2).

2.2.1 Changes in membrane potential and interevent interval were recorded in current clamp

Baseline current clamp recordings from cells that formed a seal above 1GQ and achieved
whole-cell configuration were obtained while the cell membrane stabilized. Neurons were held at
a current that maintained the membrane potential near physiological conditions between -60 to -
70mV. A 200-millisecond hyperpolarizing current (-5 or -10pA), followed by a 200-millisecond
depolarizing current (5 or 10pA), was elicited every 20-seconds during recording. Test solution
was added after at least 3-minutes of baseline recordings. The test solution (1uM NT; Tocris,
1909) was washed over the tissue (~2min), and membrane potential was recorded. For cells also
tested for Ang II sensitivity, at least 10 minutes of washout lapsed prior to repeating the protocol

as outlined above with an Ang IT (100nM; Tocris, 1158) test solution.

Reversal potential of effect and input resistance were calculated to identify possible ion
channels involved in observed electrical effects. Membrane activity was observed using 5-10pA
current steps from before (control) and after treatment. A voltage-current plot showing the
relationship between the voltage and current was used to determine the input resistance (slope)
and reversal potential (intersection point). Cells were considered responsive if changed by SmV

when comparing control (aCSF) to treatment.
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2.2.2 Properties of spontaneous excitatory post synaptic currents were obtained in voltage clamp

configuration

SFO neurons were identified, and patch clamped. Only cells with stable membrane
potentials were used for analysis. Neurons were held at -60mV holding potential during
recordings. To determine synaptic effects of NT on SFO neurons, excitatory post synaptic
current (EPSC) amplitude and interevent interval were recorded from cells during control (aCSF)
conditions and after treatment (1uM NT). After 4-minutes of baseline recordings, test solution
(1uM NT) was administered into the bath for 2-minutes. A minimum of 10-minutes of washout

was again provided for cells that were also tested for Ang II sensitivity.

The NTSR1 and NTSR2 non-selective antagonist, SR142948 (Tocris; 2309), was used to
determine if the observed effects were due to an interaction with a NT receptor. Cells were again
held at -60 mV throughout. To determine any effects elicited by the SR142948, at least 4-
minutes of baseline EPSCs were recorded prior introducing the antagonist solution (1uM
SR 142948). Saturation of the antagonist occurred for at least 4-minutes prior to adding
equimolar concentrations of NT to the bath (1uM SR142948:1uM NT). In all experiments,
control (aCSF), antagonist (1uM SR 142948), and treatment (1uM NT and SR142948) were

compared.

2.2.3 Statistics

OriginLab 2018 software was used to conduct all statistical analysis. Mean membrane
potentials were compared from current clamp experiments from the control and after treatment.
Cells were considered responsive if they displayed a change in resting membrane potential by
SmV from the baseline mean following treatment (1uM NT or 100nM Ang II). A Wilcoxon

Signed Ranks Test (p<0.05) was used to determine significance between control and treated
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groups. Post-hoc analysis using a Kruskal-Wallis ANOVA (p<0.05) were used to test the
difference among different groups based on affects observed. Input resistance was calculated
from the slope of the voltage-current plot in which the control and treatments were compared.
Changes to membrane potential and input resistance were plotted and a Linear Fit test (p<0.05)

was conducted to determine the reversal potential of effect.

EPSC amplitude and interevent interval were analyzed from voltage clamp experiments
using the Kolmogorov-Smirnov non-parametric test to determine if there were significant
changes (p<0.05) in parameters (EPSC interevent interval, amplitude) of individual cells during
control (aCSF) and after treatment (1uM NT or 100nM Ang II). Event distributions were
visualized with cumulative histograms comparing control and treatment (NT). A Wilcoxon
Signed Ranks Test (p<0.05) was conducted to determine significant changes in population EPSC

amplitude and interevent interval from control (aCSF) and treatment (NT).

A Chi Square test for significance was used to measure the difference in proportion of neurons
responsive to NT in the presence and absence of antagonist. Differences between the treatment
(1uM NT) and control (aCSF) were compared using the Kolmogorov-Smirnov non-parametric

test both with and without the NTSR antagonist SR142948.
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Figure 2.1. Representative Sprague Dawley rat brain, seated with ventral side up, in a brain
matrix. Two vertical lines on this image identify the section cut to obtain a 3-4mm coronal brain
slice between the Optic Chiasm and Mammillary body. These sections were further cut into
300um slices to conduct patch-clamp electrophysiology of the SFO.

—

Figure 2.2. SFO neurons were observed using 400x magnification. Each cell was projected
through a microscopy camera projected to a monochrome closed-circuit video monitor. The
representative image above shows a microelectrode (arrow) approaching a SFO neuron prior to
achieving whole-cell patch clamp for recordings.
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Results

In order to determine if NT modulated activity of neurons in acutely prepared brain
slices, whole-cell patch clamp physiology was used to determine direct and synaptic effects of
the peptide using current clamp and voltage clamp techniques, respectively. As Ang II shows
consistent modulatory effects on SFO neurons (Ferguson & Li, 1996; Li & Ferguson, 1993), we
also conducted initial investigations into any possible correlation in the sensitivity of cells to

both peptides.

3.1 Neurotensin directly affects electrical activity of subfornical organ neurons

We first carried out recording in current clamp configuration to determine if NT
modulated electrical activity of SFO neurons. Resting membrane potential and action potential
activity was observed before and after peptides were washed over the tissue for 60-seconds to
allow saturation. This time was determined based on initial experiments with a high potassium
(+5mM) solution which we calculated latency of effect between the time we observed the
treatment solution entered to the bath and when we first observed an effect on the membrane
potential (Figure 3.1). In this preliminary experiment, we observed a 40-second latency of effect
after the test solution (7.5mM KCI) entered the bath, suggesting that at least 40-seconds would

be required for NT to affect the neuron in a way that made a physiologically detectable change.

Consistent with previous studies (Peterson, 2019; 54.2%), 48.5% of cells (16/33)
responded to NT with a change in mean resting membrane potential. Cells responded in three
ways when comparing aCSF controls and treatments with NT (Figure 3.2). The resting
membrane potential of tested cells either depolarized (n=12), hyperpolarized (n=4), or had no
significant change (n=17) from baseline conditions, following treatment (Figure 3.3). This data

shows that NT significantly changes the resting membrane potential in SFO neurons from
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control (Wilcoxon Signed Ranks Test; p =0.04). Specifically, there is a significant difference
between the population of neurons that hyperpolarized and depolarized (Kruskal-Wallis
ANOVA; p=<0.0001) and the population that depolarized and showed no change from baseline
(Kruskal-Wallis ANOVA; p=2.09x10"*); however, there was no significant difference between
the cells which hyperpolarized and showed no change from baseline (Kruskal-Wallis ANOVA;

p=0.15).

Having confirmed SFO neuron sensitivity to NT, further analysis was conducted to gain
insight as to possible ionic mechanisms of response. Voltage-current plots were used to
determine the input resistance from the slope of the best fit line of each cell under control and
treatment conditions. The reversal potential of effect was determined by the intersect of the two
fit lines for each individual cell (Figure 3.4). Together, this information on the voltage-current
relationship and reversal potential of effect can assist in indicating the identity of channels

modulated, which lead to the change in input resistance.

As previously reported (Peterson, 2019), cells either exhibited no significant change
(n=17) or responded with an increase (n=9) or decrease (n=7) in input resistance after being
treated with NT. At the population level, we observed no significant change in input resistance,
and there appeared to be no significant differences in the input resistance between the groups of
cells which hyperpolarized, exhibited no change, or depolarized in response to NT (Kruskal-
Wallis ANOVA; p<5). By plotting the change in mean input resistance against change in mean
membrane potential and observing the best fit line, we observed no significant linear correlation
between the two parameters (Pearson Correlation; r=-0.33, p=0.05882) (Figure 3.4 C).
Interestingly, when observing change in input resistance against types of responses we found that

cells which hyperpolarized had an increase in median input resistance (Q1=0.09, Q3=0.56) and
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the mean reversal potential of effect of these cells either averaged at -68.5mV (n=2) or -43.5mV
(n=2); suggesting possible closure of potassium channels or cation leakage channels respectively.
Of the cells which depolarized, the mean reversal potential of effect for cells which decreased or
increased in input resistance was near that of potassium (-87.9mV; n=5) or within the range
observed with non-selective cation channels (-51.1mV; n=5). The broad variance in input
resistance suggests that there may be both direct and synaptic mechanisms of NT modulation on

SFO neurons.

In order to determine if neurons that were sensitive to NT were also sensitive to Ang II, a
key hormone for the regulation of water and salt balance, vascular tone, and sympathetic output,
we first tested cell sensitivity to NT. Fifteen SFO neurons that were tested for NT sensitivity
were also tested for sensitivity to Ang II in a similar manner. Eight neurons of fifteen tested
showed no significant change in membrane potential to either peptide, whereas others responded
to both (n=2), NT only (n=3), or Ang II only (n=2) (Table 3.1). Thes data indicate that while
there is some overlap of cells, in that they respond to both NT and Ang II, they are not mutually

inclusive or exclusive subpopulations.
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KCI

20mV

100s

Figure 3.1. Latency to effect was calculated for experiments using KCI. A 7.5mM KCl solution,
at the time indicated (black bar), was added to the bath and allowed to permeate the tissue. From
the representative SFO recording, the KCl solution entered the bath at 240s (as determined by the
movement of an air bubble). The effect was observed at 260s. Mean latency for KCl experiments
was 40s; therefore, analysis of subsequent experiments were based on this.
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Figure 3.2. The electrical activity of SFO neurons is modulated by 1 uM NT. Representative
recordings above from SFO neurons show that the application of 1uM NT (3mL) either resulted
in a depolarization (A), no change (B), or hyperpolarization (C) of the cell membrane.
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Figure 3.3. The membrane potential of SFO neurons, in coronal brain slices, is modulated by NT.
Individual cells either hyperpolarized (n=4), had no change (n=17), or depolarized (n=12)
following the application of 1TuM NT (Kolmogorov-Smirnov Test; p<0.05). Median membrane
potential changes were significantly different between responders and cells showing no change
(Wilcoxon Signed Ranks Test, p<0.05). Significant change in median membrane potential was
observed between groups that hyperpolarized and depolarized and between cells that depolarized
and showed no change, but not between the group that hyperpolarized and those that showed no
change (Kruskal-Wallis; p<0.05).
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Figure 3.4. Analysis of changes in input resistance and reversal potentials of effect did not reveal
a consistent ionic mechanism for changes in membrane potential. The first panel (A) shows
current clamp recordings from a representative SFO neuron, in tissue, during control and after
treatment (1uM NT). The input resistance from individual cells were calculated (n=33) from the
slope of the VI-plot (B) from control (black squares) and treatment (red circles). By plotting the
change in input resistance against the change in membrane potential (C) we observe no strong
linear-correlation in the two parameters (ANOVA; p = 0.058).

43/96



1.00 -

0.75

0.50 H

0.25

-0.25

A Input Resistance (GQ)
o
o
o
|

-0.50 -

-0.75

-1.00

I I
Hyperpolarized No Change Depolarized

Membrane Potential

Fig 3.5. The application of 1uM NT did not result in consistent change in input resistance of
SFO neurons. The bar graph above shows the change in input resistance of SFO neurons
classified based on their response to 1uM NT (Hyperpolarized, No Change, Depolarized). Cells
which hyperpolarized showed little variance in change of input resistance. Most cells with no
significant change in membrane potential showed little variance in change. The distribution of
change of mean input resistance varied the most in those cells which depolarized. No significant
changes were observed between group median input resistance (Kruskal Wallis; p<0.05).
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Figure 3.6. Neurons were tested for sensitivity to both 1uM NT and 100nM of Ang II. The
representative SFO neuron was depolarized by both NT and Ang II.
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Table 3.1. Summary of 15 neurons tested for sensitivity of membrane potential to both NT and
Ang II. Individual cells tested for sensitivity to NT (1uM) were later tested with Ang II (100nM).

Observation N
No response to either peptide 8
Responded to both peptides 2
Responded to NT only 3
Responded to Ang II only 2
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3.2 Neurotensin modulates synaptic activity of subfornical organ neurons

Based on experiments examining effects of NT on membrane potential and input
resistance, there was not a clear association between the change in membrane potential and
change in input resistance, in that depolarized neurons did not always exhibit a decrease in input
resistance with a given reversal potential of effect. We hypothesized that NT may also act
indirectly via changing synaptic activity. To further examine this, voltage clamp technique was
used to record EPSC amplitude and interevent intervals from SFO neurons under control
conditions (aCSF) followed by treatment (1uM NT) (Figure 3.7). Mean EPSC data was
examined from an individual cell in Figure 3.8, but this data was captured from a total of 30.
Over half (60%; 18/30) of the cells responded by either a change only in mean EPSC amplitude
(n=8), only in mean interevent interval (n=5), or a change in both (n=5) (Kolmogorov-Smirnov
non-parametric test; p<0.05). Comparing EPSCs during control and after treatment with NT
(Figure 3.9), we determined that NT significantly modulates mean EPSC amplitude, by
decreasing outward current, in SFO neurons (Wilcoxon Signed Ranks Test; p=1.37x10%).
However, there was no significant change observed in mean EPSC interevent interval (Wilcoxon

Signed Ranks Test; p=0.14) among the population tested.

The GPCR NTSR?2 is highly expressed within the SFO (Peterson et al., 2018); therefore,
it is reasonable to consider that some modulatory effects observed may be through this receptor
subtype. SR142948 non-selective NTSR1/2 antagonist was used in equimolar concentrations to
NT (1uM), as in previous studies (Peterson, 2019), to determine if the effect on synaptic activity
could be blocked by preincubation (Table 3.2). Baseline recordings using aCSF were taken from
all cells prior to preincubation with the antagonist. After 10-minutes of pre-incubation to ensure

successful block of the receptor, the test solution was added (antagonist + NT). SR142948 (1uM)
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successfully blocked the effect of NT (1uM) on EPSC amplitude in all cells tested (n=8) when

compared to the antagonist baseline; and blocked the effect of NT on interevent intervals in 7/8
cell (2x2 Contingency Chi-square; ¥°=3.96; p=0.04). Notably, when comparing baseline aCSF

recordings to those following SR142948 incubation (no NT), 7/8 cells displayed a change to

EPSC amplitude (5/8) or interevent interval (6/8) in the absence of NT.

To examine the possibility of overlapping synaptic effects with Ang II, 20 SFO neurons
treated with NT were later treated with Ang II in voltage-clamp configuration. Of the 20 neurons
tested, 50% (10/20) responded to both peptides, 6/20 responded to Ang II only, 2/20 responded
to NT only, and 2/20 displayed no change in response to either peptide (Table 3.3). With a
significant overlap in cell sensitivity to NT and Ang II, a Pearson’s Correlation was used to
determine if any statistically significant correlation exists between their responses. Evidence
suggests a correlation between changes in mean EPSC amplitude (Pearson Correlation; r=0.78,
p=0.002), but not mean interevent interval (Pearson Correlation; r=0.064; p=0.78), of cells
tested with the two peptides. This suggests that NT and Ang II could mediate the same biological

effects through modulation of SFO neurons.
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Control NT

Figure 3.7. NT (1 pM) modulates synaptic activity of SFO neurons. Representative voltage-
clamp recordings above from an SFO neuron showing that the application of 1uM NT results in
a change in excitatory post synaptic currents.
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Figure 3.8. 1uM NT modulates EPSCs of SFO neurons. EPSC amplitude and interevent intervals
were analyzed from control (A and C) and treatment (B and D) with NT. The bottom two panels
(E and F) provide a comparison of the data for EPSC amplitude (E) and interevent interval (F).
The representative cell above demonstrates a significant change to both EPSC amplitude
(Kolmogorov-Smirnov non-parametric test; p=7.20x10-5) and interevent interval (Kolmogorov-

Smirnov non-parametric test; p=5.07x10-14).
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Figure 3.9. NT modulates synaptic activity in local SFO circuits. Bar graphs above show the
mean data from the population of SFO neurons (n=30) under control (grey) and treatment (green)
with NT in voltage-clamp. Data suggests that NT (1uM) modulates the mean EPSC amplitude
(A) (Wilcoxon Signed Ranks Test; p=1.37x10-4), but not mean interevent interval (B)
(Wilcoxon Signed Ranks Test; p=0.14) of SFO neurons in coronal brain slices.
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Table 3.2. Summary of experiments using a NTSR antagonist. The non-selective NTSR
antagonist, SR142945 (1uM), blocked the effect of NT (1uM) on SFO neurons (2x2
Contingency Chi-square; x>=3.96; p=0.046) when compared to the antagonist baseline
recordings, and may have modulated synaptic activity after incubation, in the absence of NT,
when compared to the aCSF control.

Solution Control | Antagonist Treatment
(aCSF) | (Control + SR142948) (Antagonist + NT)

No Observable effect 8 1 7

Change in amplitude and 0 4 1

interevent interval

Change EPSC amplitude 0 1 0

Change EPSC interevent interval | 0 2 0
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Table 3.3. Observation of EPSC amplitude and interevent intervals show that 50% of cells
respond to 1uM NT or 100nM Ang II. Most cells decreased outward current and number of
interevent intervals following the application of both peptides.

Activity/Observation N A Interevent Interval | A Current Amplitude
Total cells tested for NT and Ang II | 20 18 13
No changes observed 2 0 0
Responded to NT, not Ang I1 2 2 0
Responded to Ang II, not NT 6 6 3
Responded to both 10 3 7
NT change 6 8
Ang II change 7 9
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Discussion

Experiments in this thesis were aimed at determining if SFO neurons in coronal brain
slices are modulated by NT and, if so, are the effects likely due to direct or synaptic interaction.
Observing resting membrane potential of SFO neurons, we observed that 14/33 responded by
either depolarizing or hyperpolarizing after the application of NT, from baseline membrane
potentials. Using voltage-current data, we found that EPSC amplitude was significantly
modulated after the application of NT in 43% of cells. Interevent interval significantly changed
from control and treatment in 10/30 cells tested; however, this was not consistently significant in
the population data. Taken together, this suggests that observed effects are mediated directly,
through modulation of the membrane, and likely through synaptic activity, due to modulation of
EPSCs. Ang I was applied to 15/33 neurons after they were tested for NT sensitivity in current-
clamp configuration. These results showed that 50% of the neurons that were sensitive to Ang II
were also sensitive to NT, and that 40% of the neurons that were sensitive to NT were also
sensitive to Ang II. Voltage-clamp was used to observe any overlap with synaptic effects. We
found that, of 20 cells tested, 18 responded to both peptides. To confirm the NTSRs were
involved in the observed interaction, tissue was incubated with the non-selective NRST1/2
antagonist, SR142948. This NTSR antagonist blocked changes in EPSC amplitude and
interevent interval, which we previously observed in individual SFO neurons following treatment

of NT, suggesting that the observed effects were likely mediated by NT acting through NTSRs.

Acutely prepared brain slices were used for this study to confirm previously reported
electrophysiological findings, that NT directly modulates SFO neurons (Peterson, 2019), in a
more physiologically intact environment. Secondly, the use of tissue allowed us to maintain

some local circuits and identify if observed effects are due to synaptic modulation. Ang II was
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also used in this study to observe activity of a known peptide in the SFO neurons and determine

if the subset of neurons sensitive to Ang Il were also sensitive to NT.

A 100nM concentration of Ang Il was used as it was previously observed at this
concentration in other studies (Kai et al., 2006). The concentration of 1uM NT was chosen in
this study because previous studies using NT in other regions of the brain identified a response
between 1-10uM. Although concentrations between 1-100nM were observed to elicit a response
by Peterson (2018) in dissociated SFO neurons, a higher concentration was decided upon to

ensure effective permeation through the tissue.

4.1. Neurotensin directly effects electrical activity of subfornical organ neurons

Consistent with previous studies (Peterson, 2019), 48.5% of cells responded with a
change in mean membrane potential. Both increase and decrease in neuronal input resistance
were observed in individual cells, but there was no significant linear-correlation between the
change in input resistance and membrane potential. There was, however, a tendency for cells that
depolarized to show a decrease input resistance, and all cells which hyperpolarized seemed to
have respond with a slight increase in input resistance. Contrary to findings from Peterson
(2019), who demonstrated that NT depolarizes and increases action potential frequency in 54%
SFO neurons while the remaining 46% showed no response, we found that 25% of NT-
responsive cells hyperpolarized, while 75% of responsive cells depolarized. Duality in response
to NT is also observed in other regions of the brain (Coogan et al., 2001; Tschumi & Beckstead,
2019). For example, excitability of suprachiasmatic nucleus neurons is both increased and
decreased in response to 1-10uM of NT. The SFO itself, has displayed heterogeneous electrical
response to other peptides such as insulin, leptin, adiponectin, and galanin (Alim et al., 2010; Kai

et al., 2006; Lakhi et al., 2013; Smith et al., 2009a). Patch-clamped SFO neurons which were
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tested for sensitivity to galanin, for example, exhibited inhibitory effects in 67% of units tested
and 5% of cells tested excitatory (Kai et al., 2006). Discrepancy our study and that of Peterson
(2019) may be due to the additional complexities of signalling under non-isolated conditions and
possible confounding synaptic effects; therefore, we sought to determine any additional synaptic

mechanisms of modulation contributing to these effects.

4.2. Synaptic activity of subfornical organ neurons may be modulated by neurotensin

In our current study, the unclear association between change in membrane potential and
change in input resistance, and the variation of reversal potentials of effect, seem to indicate that
there may also be an indirect modulation of SFO neurons by changing synaptic outputs. This was
examined by observing EPSC amplitude and interevent interval of SFO neurons in voltage-
clamp configuration. In this experiment, we demonstrated that NT significantly modulates EPSC
amplitude of SFO neurons, but not the interevent interval. EPSC amplitude decreased in 77.8%
of responsive cells and decreased in 22.2%, as expected from previous studies which showed
heterogeneous changes in synaptic activity in response to NT (Tschumi & Beckstead, 2019).
There was a change in interevent interval for 33.3% (10/30) of the individual cells tested. EPSC
interevent intervals of these N'T sensitive neurons were observed to have increased (60%; 6/10)
and decreased (40%; 4/10), suggesting that there could be some pre-synaptic modulation by NT
in the SFO. This information, taken with the broad variation of change to input resistance we
observed previously, could indicate integration of pre- and post-synaptic activity which

contributes to the overall NT net electrical effect (Tschumi & Beckstead, 2019).

Our results, concurrent with previous studies in other regions of the CNS, show

variability of synaptic response to NT (Tschumi & Beckstead, 2019). EPSCs in tegmental area
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glutamatergic neurons, for example, have shown increased (Bose et al., 2015) or decreased
(Kortleven et al., 2012) amplitude in response to NT. Nucleus of the solitary tract neurons
increased excitability in response to NT and, in the same study, were shown to increase both
inhibitory and excitatory post synaptic currents (Ogawa et al., 2005); also demonstrating both
direct and synaptic modulation by the peptide, as in our current research. It may be that we need
to have ways to determine specific neuronal subtypes in order to see more consistent responses

(see future research).

The non-selective NTSR1 and NTSR2 antagonist, SR142948, was used in our study to
effectively block effects on EPSC amplitude and interevent interval, confirming NTSR
involvement in observed SFO modulation. The effects of NT were successfully blocked in 7/8
cells tested; however, 1/8 cells exhibited some response after treated with NT which could
suggest that some effects could be mediated through another NTSR (Bose et al., 2015; Coogan et
al., 2001). Recall that NTSR2 and NTSR3, but not NTSR1, are highly expressed in the SFO
(Fassio et al., 2000; Peterson et al., 2018). NTSR3 is a member of the VPS10P family and is
thought to act with other channels and receptors, such as NTSR 1, to regulate neuronal function
(Nykjaer & Willnow, 2012). To our knowledge, there is currently no known effective antagonist
for this NTSR. NTSR3 has been demonstrated to affect signaling through modulation of NTSR1
(Martin et al., 2002; Nykjaer & Willnow, 2012); however, no evidence supports a similar effect
on NTSR2. With this information, we can deduce that our observed effects are mediated through

the G-protein coupled receptor, NTSR2.
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4.3. A subtype of subfornical organ neurons seem to be sensitive to both neurotensin and

angiotensin 11

Additional experiments were conducted during our study to identify possible subtypes of
NT sensitive neurons which were also sensitive to the peptide Ang II. Using current-clamp
configuration, fifteen of the SFO neurons tested for NT sensitivity were then treated with Ang II.
Comparing the resting membrane potential of the control to after treatment with Ang I1, we
observed that 50% of cells sensitive for Ang Il were also sensitive to NT, and 40% of cells that
responded for NT were sensitive to Ang, all depolarizing after the application of each peptide.
We later observed EPSC amplitude and interevent interval voltage-clamp configuration to
determine possible modulation of synaptic activity of SFO neurons to both peptides. Of the 20
cells tested, we found 50% overlap in SFO neurons sensitive to both NT and Ang II with 62.5%
of Ang Il-sensitive neurons being sensitive to NT, and 83.3% of NT-sensitive neurons being
sensitive to Ang II. Li and Ferguson showed that 60% of SFO neurons directly respond to Ang 11
and, when studying synaptic activity, all cells tested in the SFO responded with a reduction in
outward transient currents (Ferguson & Li, 1996; Li & Ferguson, 1993). Our experiments on the
SFO show that only 26% in current clamp and 80% in voltage clamp were responsive to Ang IL
Overlap clearly exists, but it appears that sensitivity to these peptides is not exclusively linked,
however, observing modulation of EPSCs in our experiments, most cells that showed synaptic
modulation to both peptides did so by decreased EPSC amplitude, which could suggest that the

two peptides are involved in regulation of similar biological pathways.

Discrepancy between results in our study compared to previous studies involving the
effects of Ang Il within the SFO could be due to a several factors. For one, Li and Fergusons

experiment (1993) showing excitatory effects on membrane potential and action potential used
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extracellular recordings whereas we used intracellular/whole cell configuration. The difficulty to
maintain cells following the application of Ang II in voltage-clamp configuration (>15 minutes)
was mentioned by Ferguson and Li (1996) during one of the first studies recording synaptic
activity of SFO neurons. In this experiment, they sought to characterise synaptic activity of SFO
neurons, determining that both rapid transient and a sustained outward current characterized
synaptic activity of these neurons. During this study they also used these neurons observe the
synaptic effects of Ang Il on SFO neurons; of which they determined that at least 60 minutes of
baseline recordings were required prior to the application of Ang II (Ferguson & Li, 1996). This
resulted in only 4 cells being tested for modulation of synaptic effects to Ang II, all showing a
decreased amplitude in transient current. During our observations of synaptic activity if SFO
neurons in response to two peptides, we utilized more cells (n=20) but a shorter duration than in
previous studies (Li & Ferguson, 1993). We applied NT prior to the application of Ang II which,
although over 10 minutes of washout was conducted for recovery, may not eliminate inherent
changes to channels. In fact, Ogawa et al. (2005) reported the requirement for an extended period
of washout for NT for any recovery (at least 10 minutes) and possibly tachyphylaxis or decrease
in response. It is possible that, by applying NT first, we may have altered the Ang II response,

though no evidence exists for or against this.

4.4 Conclusion

Integration of modulatory affects through different NTSRs resulting in a duality of net
effect have been observed when studying NT in other areas of the CNS, revealing differences of
effect based on concentration and even single cell activity (Coogan et al., 2001; Tschumi &
Beckstead, 2019). Heterogeneity of receptor subtype and coupled G-proteins could initiate

different second messenger pathways to evoke inherent cellular changes (Besserer-Offroy et al.,
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2017; Coogan et al., 2001; Tschumi & Beckstead, 2019) and possibly, electrical responses. The
NT net effect on substantia nigra dopamine neurons, for example, can either result in a net
excitatory or inhibitory output through modulation of non-selective cation currents, K™ currents,
GABA currents, among other channels (Tschumi & Beckstead, 2019; Wu et al., 1995; Wu &
Wang, 1995). Peterson (2019) showed that potassium currents (Ik) and non-selective cation
currents (Insc) are affected in dissociated SFO neurons are modulated by NT. Based changes in
input resistance observed in cells which depolarized in response to NT, our data suggests that
modulation of both potassium and non-selective cation channels are likely. Interestingly, during
our experiments with SR142948, we observed that the application of SR142948 alone resulted in
a change in EPSC amplitude and interevent interval, from baseline recordings, suggesting there

may be an underlying NT tone within the SFO.

Central regions that are involved with cardiovascular regulation and fluid mineral balance
such as the lateral hypothalamic area, median eminence, and medulla, have known projections to
the SFO which have been found to have neurotensinergic cells (Table 3.3). NT expressing fibers
have been found to project to the SFO from the arcuate nucleus suggesting this could be one
pathway for NT to modulate SFO neurons (Fry unpublished data, Fig 1.2; Rosas-Arellano et al.,
1996). Sapru (2013) suggests that cardiovascular regulation of pressor-depressor response by the
arcuate nucleus may be mediated through SFO projections which are activated by circulating
angiotensin. It is possible that feedback mechanisms exist between these circuits that utilize both
NT and Ang II to regulate this response. Additional studies that investigate distribution of NT
and NTSRs throughout the SFO, and possible retrograde tracing of NT fibers; and the integration
of Ang Il and NT signalling in this CVO are recommended to aid in further understanding of

neural mechanisms behind cardiovascular regulation, hydromineral balance and homeostasis.
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4.5 Future Research

Preliminary studies were conducted in collaboration with the Fry lab to determine
distribution of NT (Fry unpublished data, Figure 1.2) and NTSRs within the SFO. Continuation
of this research will identify the distribution of neurotensinergic inputs and receptors relative to
SFO anatomy. The next step from this immunohistochemical study would be to determine
subpopulations of SFO neurons which express NT or NTSRs. Colocalization studies, for
example, could provide insight as to the possible system level regulation by NT.

Previous research has demonstrated that dissociated SFO neurons respond to NT
(Peterson, 2019). Our research provides evidence that this response exists under more
physiological conditions, with some intact local circuits. Our data suggests both direct and
synaptic activity mediating the response; however, there is variability in observed response. The
use of Ang II in our studies suggests different subtypes of SFO neurons respond to NT; those
which are also sensitive to Ang II, and those which are not. Knowing which subtype of neuron is
being tested could produce more consistent results. Future studies could aim to identify neurons
expressing Ang Il that are also modulated by NT. This could be done through application of
adeno-associated virus vectors to identify angiotensin/receptor-expressing neurons within the
SFO of transgenic rats and conducting a series of similar electrophysiological experiments. This
experiment could also determine the signal integration between the two peptides. As mentioned
previously, NT projections exist from the arcuate nucleus (Rosas-Arellano et al., 1996) to the
SFO and is suggested to mediate cardiovascular regulation (Sapru, 2013), where Ang II has also
been found to regulate cardiovascular activity through modulation of the SFO (Coble et al.,

2014). Comparing data from electrical activity from the subpopulation of cells sensitive to both
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peptides under multiple treatment conditions (i.e.. Control, NT only, NT and Ang II) could

provide detail to support additive, competitive, or opposing effects.

62/96



References

Abbott, N. J., Patabendige, A. A. K., Dolman, D. E. M., Yusof, S. R., & Begley, D. J. (2010).
Structure and function of the blood—brain barrier. Neurobiology of Disease, 37(1), 13-25.

https://doi.org/https://doi.org/10.1016/.nbd.2009.07.030

Ahmed, A. F., Ferguson, A. V., & Sharkey, K. A. (2013). Subfornical organ: a novel site for the
actions of cholecystokinin. The FASEB Journal, 27(S1).

https://doi.org/10.1096/fasebj.27.1 supplement.1123.5

Akoumianakis, I., Akawi, N., & Antoniades, C. (2017). Exploring the Crosstalk between
Adipose Tissue and the Cardiovascular System. Korean Circ J, 47(5), 670—685.

https://doi.org/10.4070/kcj.2017.0041

Alim, L., Fry, W. M., Walsh, M. H., & Ferguson, A. V. (2010). Actions of adiponectin on the
excitability of subfornical organ neurons are altered by food deprivation. Brain Research,

1330, 72—82. https://doi.org/https://doi.org/10.1016/j.brainres.2010.02.076

Alkhouri, N., Tamimi, T. A.-R., Yerian, L., Lopez, R., Zein, N. N., & Feldstein, A. E. (2010).
The Inflamed Liver and Atherosclerosis: A Link Between Histologic Severity of Non-

alcoholic Fatty Liver Disease and Increased Cardiovascular Risk. Digestive Diseases and

Sciences, 55(9), 2644-2650. https://doi.org/10.1007/s10620-009-1075-y

Allen, G. V, & Cechetto, D. F. (1995). Neurotensin in the lateral hypothalamic area: Origin and
function. Neuroscience, 69(2), 533—544. https://doi.org/https://doi.org/10.1016/0306-

4522(95)00261-G

63/96



Anderson, J. W., Washburn, D. L. S., & Ferguson, A. V. (2000). Intrinsic osmosensitivity of
subfornical organ neurons. Neuroscience, 100(3), 539-547. https://doi.org/10.1016/S0306-

4522(00)00313-4

Anthes, N., Schmid, H. A., Hashimoto, M., Riediger, T., & Simon, E. (1997). Heterogeneous
actions of vasopressin on ANG II-sensitive neurons in the subfornical organ of rats.
American Journal of Physiology-Regulatory, Integrative and Comparative Physiology,

273(6), R2105-R2111. https://doi.org/10.1152/ajpregu.1997.273.6.R2105

Antunes-Rodrigues, J., de Castro, M., Elias, L. L. K., Valenca, M. M., & McCann, S. M. (2004).
Neuroendocrine Control of Body Fluid Metabolism. Physiological Reviews, 84(1), 169—

208. https://doi.org/10.1152/physrev.00017.2003

Atoji, Y., Watanabe, H., Yamamoto, Y., & Suzuki, Y. (1995). Distribution of neurotensin-
containing neurons in the central nervous system of the dog. Journal of Comparative

Neurology, 353(1), 67-88. https://doi.org/https://doi.org/10.1002/cne.903530108

Auguet, T., Aragones, G., Berlanga, A., Martinez, S., Sabench, F., Aguilar, C., Villar, B.,
Sirvent, J. J., Del Castillo, D., & Richart, C. (2018). Low Circulating Levels of Neurotensin
in Women with Non-alcoholic Fatty Liver Disease Associated with Severe Obesity.

Obesity, 26(2), 274-278. https://doi.org/https://doi.org/10.1002/0by.22058

Ayala-Sarmiento, A. E., Martinez-Fong, D., & Segovia, J. (2015). The Internalization of
Neurotensin by the Low-Affinity Neurotensin Receptors (NTSR2 and vNTSR2) Activates
ERK 1/2 in Glioma Cells and Allows Neurotensin-Polyplex Transfection of tGASI.
Cellular and Molecular Neurobiology, 35(6), 785—795. https://doi.org/10.1007/s10571-015-

0172-z

64/96



Bachelard, H., St-Pierre, S., & Rioux, F. (1987). Participation of capsaicin-sensitive neurons in
the cardiovascular effects of neurotensin in guinea pigs. Peptides, 8(6), 1079—-1087.

https://doi.org/https://doi.org/10.1016/0196-9781(87)90140-9

Baraboi, E.-D., Smith, P., Ferguson, A. V, & Richard, D. (2010). Lesions of area postrema and
subfornical organ alter exendin-4-induced brain activation without preventing the
hypophagic effect of the GLP-1 receptor agonist. American Journal of Physiology-
Regulatory, Integrative and Comparative Physiology, 298(4), R1098—R1110.

https://doi.org/10.1152/ajpregu.00326.2009

Barchetta, 1., Cimini, F. A., Capoccia, D., Bertoccini, L., Ceccarelli, V., Chiappetta, C., Leonetti,
F., Di Cristofano, C., Silecchia, G., Orho-Melander, M., Melander, O., & Cavallo, M. G.
(2018). Neurotensin Is a Lipid-Induced Gastrointestinal Peptide Associated with Visceral
Adipose Tissue Inflammation in Obesity. Nutrients, 10(4).

https://doi.org/10.3390/nul10040526

Béraud-Dufour, S., Abderrahmani, A., Noel, J., Brau, F., Waeber, G., Mazella, J., & Coppola, T.
(2010). Neurotensin is a regulator of insulin secretion in pancreatic beta-cells. 7The
International Journal of Biochemistry & Cell Biology, 42(10), 1681-1688.

https://doi.org/https://doi.org/10.1016/j.biocel.2010.06.018

Berelowitz, M., & Frohman, L. A. (1982). THE ROLE OF NEUROTENSIN IN THE
REGULATION OF CARBOHYDRATE METABOLISM AND IN DIABETES*. Annals of
the New York Academy of Sciences, 400(1), 150—159. https://doi.org/10.1111/j.1749-

6632.1982.tb31566.x

65/96



Besserer-Oftroy, E., Brouillette, R. L., Lavenus, S., Froehlich, U., Brumwell, A., Murza, A.,
Longpré, J.-M., Marsault, E., Grandbois, M., Sarret, P., & Leduc, R. (2017). The signaling
signature of the neurotensin type 1 receptor with endogenous ligands. European Journal of

Pharmacology, 805, 1-13. https://doi.org/https://doi.org/10.1016/j.ejphar.2017.03.046

Binder, E. B., Kinkead, B., Owens, M. J., & Nemeroff, C. B. (2001). Neurotensin and Dopamine
Interactions. Pharmacological Reviews, 53(4), 453.

http://pharmrev.aspetjournals.org/content/53/4/453.abstract

Black, E. A. E., Smith, P. M., Mclsaac, W., & Ferguson, A. V. (2018). Brain-derived
neurotrophic factor acts at neurons of the subfornical organ to influence cardiovascular

function. Physiological Reports, 6(10), e13704. https://doi.org/10.14814/phy2.13704

Blackmore, K. A., Jeong, J. K., & Young, C. N. (2018). A Novel Oxytocin Expressing Microglia
Population in the Brain Subfornical Organ. The FASEB Journal, 32(S1), 598.9-598.9.

https://doi.org/https://doi.org/10.1096/fasebj.2018.32.1 supplement.598.9

Bloom, S. R., & Polak, J. M. (1982). ASPECTS OF NEUROTENSIN PHYSIOLOGY AND
PATHOLOGY. Annals of the New York Academy of Sciences, 400(1), 105-116.

https://doi.org/https://doi.org/10.1111/j.1749-6632.1982.tb31563.x

Bolat, I., Pusuroglu, H., Demir, A. R., Ornek, V., & Erturk, M. (2020). Decreased neurotensin
levels as a biomarker in resistant hypertension. Clinical and Experimental Hypertension,

42(3), 266-270. https://doi.org/10.1080/10641963.2019.1632340

Bose, P., Rompré, P.-P., & Warren, R. A. (2015). Neurotensin enhances glutamatergic EPSCs in
VTA neurons by acting on different neurotensin receptors. Peptides, 73, 43-50.

https://doi.org/10.1016/j.peptides.2015.08.008

66/96



Boudaba, C., Tasker, J. G., & Poulain, D. A. (1995). Connections from the subfornical organ to
the oxytocin and vasopressin systems in the lactating rat. A study using electrical

stimulations, lesions and electrophysiological recordings. Brain Research, 672(1-2), 1-13.

https://doi.org/10.1016/0006-8993(94)01278-P

Brown, J. A., Bugescu, R., Mayer, T. A., Gata-Garcia, A., Kurt, G., Woodworth, H. L., &
Leinninger, G. M. (2017). Loss of Action via Neurotensin-Leptin Receptor Neurons
Disrupts Leptin and Ghrelin-Mediated Control of Energy Balance. Endocrinology, 158(5),

1271-1288. https://doi.org/10.1210/en.2017-00122

Brown, J. A., Wright, A., Bugescu, R., Christensen, L., Olson, D. P., & Leinninger, G. M.
(2019). Distinct Subsets of Lateral Hypothalamic Neurotensin Neurons are Activated by
Leptin or Dehydration. Scientific Reports, 9(1), 1873. https://doi.org/10.1038/s41598-018-

38143-9

Brown, J., Sagante, A., Mayer, T., Wright, A., Bugescu, R., Fuller, P. M., & Leinninger, G.
(2018). Lateral Hypothalamic Area Neurotensin Neurons Are Required for Control of
Orexin Neurons and Energy Balance. Endocrinology, 159(9), 3158-3176.

https://doi.org/10.1210/en.2018-00311

Brunton, L. L. (2005). A Positive Feedback Loop Contributes to the Deleterious Effects of
Angiotensin. Proceedings of the National Academy of Sciences - PNAS, 102(41), 14483—

14484.

Cancelliere, N. M., & Ferguson, A. V. (2016). Subfornical organ neurons integrate

cardiovascular and metabolic signals. American Journal of Physiology-Regulatory,

67/96



Integrative and Comparative Physiology, 312(2), R253—R262.

https://doi.org/10.1152/ajpregu.00423.2016

Cao, X., Peterson, J. R., Wang, G., Anrather, J., Young, C. N., Guruju, M. R., Burmeister, M. A.,
Iadecola, C., & Davisson, R. L. (2012). Angiotensin [I-Dependent Hypertension Requires
Cyclooxygenase 1-Derived Prostaglandin E ; and EP | Receptor Signaling in the
Subfornical Organ of the Brain. Hypertension, 59(4), 869-876.

https://doi.org/10.1161/HYPERTENSIONAHA.111.182071

Carraway, R., & Leeman, S. E. (1973). The Isolation of a New Hypotensive Peptide,
Neurotensin, from Bovine Hypothalami. Journal of Biological Chemistry, 248(19), 6854—

6861. https://doi.org/10.1016/S0021-9258(19)43429-7

Carraway, R., & Leeman, S. E. (1976). Characterization of radioimmunoassayable neurotensin in
the rat. Its differential distribution in the central nervous system, small intestine, and
stomach. Journal of Biological Chemistry, 251(22), 7045-7052.

https://doi.org/https://doi.org/10.1016/S0021-9258(17)32938-1

Carraway, R., Ruane, S. E., & Kim, H.-R. (1982). Distribution and immunochemical character of
neurotensin-like material in representative vertebrates and invertebrates: Apparent
conservation of the COOH-terminal region during evolution. Peptides, 3(2), 115-123.

https://doi.org/https://doi.org/10.1016/0196-9781(82)90038-9

Cerqueira, D. R., Ferreira, H. S., Moiteiro, A. L. B. B., & Fregoneze, J. B. (2016). Effects of
interleukin-1 beta injections into the subfornical organ and median preoptic nucleus on
sodium appetite, blood pressure and body temperature of sodium-depleted rats. Physiology

& Behavior, 163, 149—-160. https://doi.org/https://doi.org/10.1016/j.physbeh.2016.05.003

68/96



Chien, P.-Y., Farkas, R. H., Nakajima, S., & Nakajima, Y. (1996). Single-channel properties of
the nonselective cation conductance induced by neurotensin in dopaminergic neurons.
Proceedings of the National Academy of Sciences, 93(25), 14917-14921.

https://doi.org/10.1073/pnas.93.25.14917

Ciriello, J. (1997). Afferent renal inputs onto subfornical organ neurons responsive to
angiotensin Il. American Journal of Physiology-Regulatory, Integrative and Comparative

Physiology, 272(5), R1684-R1689. https://doi.org/10.1152/ajpregu.1997.272.5.R 1684

Ciriello, J. (2013). Caudal ventrolateral medulla mediates baroreceptor afferent inputs to
subfornical organ angiotensin Il responsive neurons. Brain Research, 1491, 127—-135.

https://doi.org/https://doi.org/10.1016/j.brainres.2012.10.064

Ciriello, J., & Gutman, M. B. (1991). Functional identification of central pressor pathways
originating in the subfornical organ. Canadian Journal of Physiology and Pharmacology,

69(7), 1035-1045. https://doi.org/10.1139/y91-154

Ciriello, J., & Zhang, T.-X. (1997). Cardiovascular effects of neurotensin microinjections into
the nucleus of the solitary tract. Brain Research, 749(1), 35-43.

https://doi.org/https://doi.org/10.1016/S0006-8993(96)01176-6

Coble, J. P., Cassell, M. D., Davis, D. R., Grobe, J. L., & Sigmund, C. D. (2014). Activation of
the renin-angiotensin system, specifically in the subfornical organ is sufficient to induce
fluid intake. American Journal of Physiology-Regulatory, Integrative and Comparative

Physiology, 307(4), R376-R386. https://doi.org/10.1152/ajpregu.00216.2014

69/96



Cobos, A., Lima, D., Almeida, A., & Tavares, 1. (2003). Brain afferents to the lateral caudal
ventrolateral medulla: a retrograde and anterograde tracing study in the rat. Neuroscience,

120(2), 485-498. https://doi.org/https://doi.org/10.1016/S0306-4522(03)00209-4

Collister, J. P., & Hendel, M. D. (2005). CHRONIC EFFECTS OF ANGIOTENSIN II and AT1
RECEPTOR ANTAGONISTS IN SUBFORNICAL ORGAN-LESIONED RATS. Clinical
and Experimental Pharmacology and Physiology, 32(5-6), 462—466.

https://doi.org/https://doi.org/10.1111/1.1440-1681.2005.04212.x

Coogan, A. N., Rawlings, N., Luckman, S. M., & Piggins, H. D. (2001). Effects of neurotensin
on discharge rates of rat suprachiasmatic nucleus neurons in vitro. Neuroscience, 103(3),

663—672. https://doi.org/10.1016/S0306-4522(00)00583-2

Dai, L., Smith, P. M., Kuksis, M., & Ferguson, A. V. (2013). Apelin acts in the subfornical organ
to influence neuronal excitability and cardiovascular function. The Journal of Physiology,

591(13), 3421-3432. https://doi.org/https://doi.org/10.1113/jphysiol.2013.254144

Dampney, R. A. L. (2016). Central neural control of the cardiovascular system: current
perspectives. Advances in Physiology Education, 40(3), 283—-296.

https://doi.org/10.1152/advan.00027.2016

Dampney, R. A. L., Coleman, M. J., Fontes, M. A. P., Hirooka, Y., Horiuchi, J., Li, Y.-W.,
Polson, J. W, Potts, P. D., & Tagawa, T. (2002). Central Mechanisms Underlying Short-
And Long-Term Regulation Of The Cardiovascular System. Clinical and Experimental
Pharmacology and Physiology, 29(4), 261-268.

https://doi.org/https://doi.org/10.1046/1.1440-1681.2002.03640.x

70/96



de Wardener, H. E. (2001). The Hypothalamus and Hypertension. Physiological Reviews, 8§1(4),

1599-1658. https://doi.org/10.1152/physrev.2001.81.4.1599

Desson, S. E., & Ferguson, A. V. (2003). Interleukin 1 Modulates Rat Subfornical Organ
Neurons as a Result of Activation of a Non-Selective Cationic Conductance. The Journal of

Physiology, 550(1), 113—122. https://doi.org/https://doi.org/10.1113/jphysi0l.2003.041210

Difiglia, M., Aronin, N., & Leeman, S. E. (1984). Ultrastructural localization of immunoreactive
neurotensin in the monkey superficial dorsal horn. Journal of Comparative Neurology,

225(1), 1-12. https://doi.org/https://doi.org/10.1002/cne.902250102

Dobner, P. R. (2006). Neurotensin and pain modulation. Peptides, 27(10), 2405-2414.

https://doi.org/https://doi.org/10.1016/j.peptides.2006.04.025

Drewe, J., Mihailovic, S., D’Amato, M., & Beglinger, C. (2008). Regulation of Fat-Stimulated
Neurotensin Secretion in Healthy Subjects. The Journal of Clinical Endocrinology &

Metabolism, 93(5), 1964-1970. https://doi.org/10.1210/jc.2007-2238

Duan, P.-G., Kawano, H., & Masuko, S. (2008). Collateral projections from the subfornical
organ to the median preoptic nucleus and paraventricular hypothalamic nucleus in the rat.

Brain Research, 1198, 68—72. https://doi.org/10.1016/j.brainres.2008.01.035

Elmquist, J. K., Ahima, R. S., Maratos-Flier, E., Flier, J. S., & Saper, C. B. (1997). Leptin
Activates Neurons in Ventrobasal Hypothalamus and Brainstem. Endocrinology, 138(2),

839—-842. https://doi.org/10.1210/endo.138.2.5033

Emdin, C. A., Anderson, S. G., Woodward, M., & Rahimi, K. (2015). Usual Blood Pressure and

Risk of New-Onset Diabetes: Evidence From 4.1 Million Adults and a Meta-Analysis of

71/96



Prospective Studies. Journal of the American College of Cardiology, 66(14), 1552—1562.

https://doi.org/https://doi.org/10.1016/j.jacc.2015.07.059

Fawad, A., Bergmann, A., Struck, J., Nilsson, P. M., Orho-Melander, M., & Melander, O.
(2018). Proneurotensin Predicts Cardiovascular Disease in an Elderly Population. The
Journal of Clinical Endocrinology & Metabolism, 103(5), 1940-1947.

https://doi.org/10.1210/jc.2017-02424

Ferguson, A. V, & Kasting, N. W. (1988). Angiotensin acts at the subfornical organ to increase
plasma oxytocin concentrations in the rat. Regulatory Peptides, 23(3), 343-352.

https://doi.org/https://doi.org/10.1016/0167-0115(88)90235-2

Ferguson, A. V., & Li, Z. (1996). Whole cell patch recordings from forebrain slices demonstrate
angiotensin II inhibits potassium currents in subfornical organ neurons. Regulatory

Peptides, 66(1-2), 55-58. https://doi.org/10.1016/0167-0115(96)00049-3

Ferguson, A. V, & Renaud, L. P. (1984). Hypothalamic paraventricular nucleus lesions decrease
pressor responses to subfornical organ stimulation. Brain Research, 305(2), 361-364.

https://doi.org/https://doi.org/10.1016/0006-8993(84)90443-8

Ferraro, L., Beggiato, S., Tomasini, M. C., Fuxe, K., Tanganelli, S., & Antonelli, T. (2011).
Neurotensin regulates cortical glutamate transmission by modulating N-methyl-D-aspartate
receptor functional activity: An in vivo microdialysis study. Journal of Neuroscience

Research, 89(10), 1618—1626. https://doi.org/https://doi.org/10.1002/jnr.22686

Freece, J. A., Van Bebber, J. E., Zierath, D. K., & Fitts, D. A. (2005). Subfornical organ
disconnection alters Fos expression in the lamina terminalis, supraoptic nucleus, and area

postrema after intragastric hypertonic NaCl. American Journal of Physiology-Regulatory,

72/96



Integrative and Comparative Physiology, 288(4), R947-R955.

https://doi.org/10.1152/ajpregu.00570.2004

Friry, C., Feliciangeli, S., Richard, F., Kitabgi, P., & Rovere, C. (2002). Production of
Recombinant Large Proneurotensin/Neuromedin N-Derived Peptides and Characterization
of Their Binding and Biological Activity. Biochemical and Biophysical Research
Communications, 290(4), 1161-1168.

https://doi.org/https://doi.org/10.1006/bbrc.2001.6308

Fry, M., Hoyda, T. D., & Ferguson, A. V. (2007). Making Sense of It: Roles of the Sensory
Circumventricular Organs in Feeding and Regulation of Energy Homeostasis. Experimental

Biology and Medicine, 232(1), 14-26. https://doi.org/10.3181/00379727-207-2320014

Fry, W. M., & Ferguson, A. V. (2017). Fluid/Mineral Balance: The Circumventricular Organs .

In Reference Module in Neuroscience and Biobehavioral Psychology. Elsevier.

https://doi.org/https://doi.org/10.1016/B978-0-12-809324-5.02762-0

Fry, W. M., & Ferguson, A. V. (2021). Chapter 13 - The subfornical organ and organum
vasculosum of the lamina terminalis: Critical roles in cardiovascular regulation and the
control of fluid balance. In D. F. Swaab, F. Kreier, P. J. Lucassen, A. Salehi, & R. M. Buijs
(Eds.), Handbook of Clinical Neurology (Vol. 180, pp. 203-215). Elsevier.

https://doi.org/https://doi.org/10.1016/B978-0-12-820107-7.00013-6

Furlong, T. M., McDowall, L. M., Horiuchi, J., Polson, J. W., & Dampney, R. A. L. (2014). The
effect of air puff stress on c-Fos expression in rat hypothalamus and brainstem: central
circuitry mediating sympathoexcitation and baroreflex resetting. European Journal of

Neuroscience, 39(9), 1429—1438. https://doi.org/https://doi.org/10.1111/ejn.12521

73/96



Furutani, N., Hondo, M., Kageyama, H., Tsujino, N., Mieda, M., Yanagisawa, M., Shioda, S., &
Sakurai, T. (2013). Neurotensin Co-Expressed in Orexin-Producing Neurons in the Lateral
Hypothalamus Plays an Important Role in Regulation of Sleep/Wakefulness States. PLOS

ONE, 8(4), €62391-. https://doi.org/10.1371/journal.pone.0062391

Gordan, R., Gwathmey, J. K., & Xie, L.-H. (2015). Autonomic and endocrine control of

cardiovascular function. World Journal of Cardiology, 7(4), 204-214.

Govoni, S., Hong, J. S., Yang, H. Y., & Costa, E. (1980). Increase of neurotensin content elicited
by neuroleptics in nucleus accumbens. Journal of Pharmacology and Experimental

Therapeutics, 215(2), 413. http://jpet.aspetjournals.org/content/215/2/413.abstract

Gross, P. M. (1991). Morphology and physiology of capillary systems in subregions of the
subfornical organ and area postrema. Canadian Journal of Physiology and Pharmacology,

69(7), 1010-1025. https://doi.org/10.1139/y91-152

Grunddal, K. V, Ratner, C. F., Svendsen, B., Sommer, F., Engelstoft, M. S., Madsen, A. N.,
Pedersen, J., Neohr, M. K., Egerod, K. L., Nawrocki, A. R., Kowalski, T., Howard, A. D.,
Poulsen, S. S., Offermanns, S., Biackhed, F., Holst, J. J., Holst, B., & Schwartz, T. W.
(2016). Neurotensin Is Coexpressed, Coreleased, and Acts Together With GLP-1 and PYY
in Enteroendocrine Control of Metabolism. Endocrinology, 157(1), 176—194.

https://doi.org/10.1210/en.2015-1600

Guo, X., Wang, X., & Gao, Z. (2005). [Effect of neuropeptide Y and neurotensin on diurnal
rhythm of blood pressure and target organ damage for essential hypertension]. Zhonghua

Xin Xue Guan Bing Za Zhi, 33(11), 1006—-1009.

74/96



Higgins, G. A., Hoffman, G. E., Wray, S., & Schwaber, J. S. (1984). Distribution of neurotensin-
immunoreactivity within baroreceptive portions of the nucleus of the tractus solitarius and
the dorsal vagal nucleus of the rat. Journal of Comparative Neurology, 226(2), 155—164.

https://doi.org/https://doi.org/10.1002/cne.902260202

Hindmarch, C. C. T., & Ferguson, A. V. (2016). Physiological roles for the subfornical organ: a
dynamic transcriptome shaped by autonomic state. The Journal of Physiology, 594(6),

1581-1589. https://doi.org/https://doi.org/10.1113/JP270726

Hindmarch, C., Fry, M., Yao, S. T., Smith, P. M., Murphy, D., & Ferguson, A. V. (2008).
Microarray analysis of the transcriptome of the subfornical organ in the rat: regulation by
fluid and food deprivation. American Journal of Physiology-Regulatory, Integrative and
Comparative Physiology, 295(6), R1914-R1920.

https://doi.org/10.1152/ajpregu.90560.2008

Hosono, T., Schmid, H. A., Kanosue, K., & Simon, E. (1999). Neuronal actions of oxytocin on
the subfornical organ of male rats. American Journal of Physiology-Endocrinology and

Metabolism, 276(6), E1004—E1008. https://doi.org/10.1152/ajpendo.1999.276.6.E1004

Huang, S., Egan, J. M., & Fry, W. M. (2019a). Electrophysiological properties of rat subfornical
organ neurons expressing calbindin D28K. Neuroscience, 404, 459-469.

https://doi.org/10.1016/j.neuroscience.2019.02.017

Huang, S., Egan, J. M., & Fry, W. M. (2019b). Electrophysiological properties of rat subfornical
organ neurons expressing calbindin D28K. Neuroscience, 404, 459-469.

https://doi.org/10.1016/j.neuroscience.2019.02.017

75/96



Hwang, J. R., Baek, M. W., Sim, J., Choi, H.-S., Han, J. M., Kim, Y. L., Hwang, J.-1., Kwon, H.
B., Beaudet, N., Sarret, P., & Seong, J. Y. (2010). Intermolecular cross-talk between NTR1
and NTR2 neurotensin receptor promotes intracellular sequestration and functional

inhibition of NTR1 receptors. Biochemical and Biophysical Research Communications,

391(1), 1007—-1013. https://doi.org/https://doi.org/10.1016/j.bbrc.2009.12.007

Iverson, L., Iversen, S., Bloom, F., Douglas, C., Brown, M., & Vale, W. (1978). Calcium-
dependent release of somatostatin and neurotensin from rat brain in vitro. Nature,

273(5658), 161-163. https://doi.org/10.1038/273161a0

Izaguirre, M., Cataldn, V., & Friihbeck, G. (2016). Elucidating the Role of Peripheral
Neurotensin in Appetite Control. Endocrinology, 157(9), 3391-3393.

https://doi.org/10.1210/en.2016-1542

Jacobsen, L., Madsen, P., Jacobsen, C., Nielsen, M. S., Gliemann, J., & Petersen, C. M. (2001).
Activation and Functional Characterization of the Mosaic Receptor SorLA/LR11 *. Journal

of Biological Chemistry, 276(25), 22788-22796. https://doi.org/10.1074/jbc.M 100857200

Jennes, L., Stumpf, W. E., & Kalivas, P. W. (1982). Neurotensin: Topographical distribution in
rat brain by immunohistochemistry. Journal of Comparative Neurology, 210(3), 211-224.

https://doi.org/https://doi.org/10.1002/cne.902100302

Jeong, J. K., Horwath, J. A., Simonyan, H., Blackmore, K. A., Butler, S. D., & Young, C. N.
(2019). Subfornical organ insulin receptors tonically modulate cardiovascular and metabolic
function. Physiological Genomics, 51(8), 333-341.

https://doi.org/10.1152/physiolgenomics.00021.2019

76/96



Jeong, J. K., Simonyan, H., & Young, C. N. (2018). Insulin receptor signaling in the subfornical
organ protects against the development of metabolic syndrome. The FASEB Journal,
32(S1),923.1-923.1.

https://doi.org/https://doi.org/10.1096/fasebj.2018.32.1 supplement.923.1

Jiang, S., Lu, W., Zong, X., Ruan, H., & Liu, Y. (2016). Obesity and hypertension (Review). Exp

Ther Med, 12(4), 2395-2399. https://doi.org/10.3892/etm.2016.3667

Jiang, Z. G., Pessia, M., & North, R. A. (1994). Neurotensin excitation of rat ventral tegmental
neurones. The Journal of Physiology, 474(1), 119-129.

https://doi.org/https://doi.org/10.1113/jphysiol.1994.sp020007

Johnson, A. K., & Gross, P. M. (1993). Sensory circumventricular organs and brain homeostatic

pathways. The FASEB Journal, 7(8), 678—686. https://doi.org/10.1096/fasebj.7.8.8500693

Kaczynska, K., & Szereda-Przestaszewska, M. (2012). Cardio-respiratory effects of systemic
neurotensin injection are mediated through activation of neurotensin NTS1 receptors.
European Journal of Pharmacology, 691(1), 245-250.

https://doi.org/https://doi.org/10.1016/j.ejphar.2012.07.020

Kai, A., Ono, K., Kawano, H., Honda, E., Nakanishi, O., & Inenaga, K. (2006). Galanin inhibits
neural activity in the subfornical organ in rat slice preparation. Neuroscience, 143(3), 769—

777. https://doi.org/10.1016/j.neuroscience.2006.08.043

Kalafatakis, K., & Triantafyllou, K. (2011). Contribution of neurotensin in the immune and
neuroendocrine modulation of normal and abnormal enteric function. Regulatory Peptides,

170(1), 7-17. https://doi.org/https://doi.org/10.1016/j.regpep.2011.04.005

77/96



Kanba, K. S., Kanba, S., Okazaki, H., & Richelson, E. (1986). Binding of [3H]Neurotensin in
Human Brain: Properties and Distribution. Journal of Neurochemistry, 46(3), 946-952.

https://doi.org/https://doi.org/10.1111/5.1471-4159.1986.tb13061.x

Kaur, C., & Ling, E.-A. (2017). The Circumventricular Organs. Histology and Histopathology,

32(9), 879-892. https://doi.org/10.14670/HH-11-881

Kawano, H. (2017). Synaptic contact between median preoptic neurons and subfornical organ

neurons projecting to the paraventricular hypothalamic nucleus. Experimental Brain

Research, 235(4), 1053—-1062. https://doi.org/10.1007/s00221-016-4862-7

Kendir, C., van den Akker, M., Vos, R., & Metsemakers, J. (2018). Cardiovascular disease
patients have increased risk for comorbidity: A cross-sectional study in the Netherlands.

The European Journal of General Practice, 24(1), 45-50.

Kinsman, B. J., Simmonds, S. S., Browning, K. N., Wenner, M. M., Farquhar, W. B., & Stocker,
S. D. (2020). Integration of Hypernatremia and Angiotensin II by the Organum Vasculosum
of the Lamina Terminalis Regulates Thirst. The Journal of Neuroscience, 40(10), 2069.

https://doi.org/10.1523/JINEUROSCI.2208-19.2020

Kitabgi, P. (2006). Differential processing of pro-neurotensin/neuromedin N and relationship to
pro-hormone convertases. Peptides, 27(10), 2508-2514.

https://doi.org/https://doi.org/10.1016/j.peptides.2006.03.038

Kitabgi, P., de Nadai, F., Rovere, C., & Bidard, J.-N. (1992). Biosynthesis, Maturation, Release,
and Degradation of Neurotensin and Neuromedin N. Annals of the New York Academy of

Sciences, 668(1), 30—42. https://doi.org/https://doi.org/10.1111/1.1749-6632.1992.tb27337.x

78/96



Kitabgi, P., De Nadal, F., Cuber, J.-C., Dubuc, I., Nouel, D., & Costentin, J. (1990). Calcium-
dependent release of neuromedin N and neurotensin from mouse hypothalamus.
Neuropeptides, 15(2), 111-114. https://doi.org/https://doi.org/10.1016/0143-

4179(90)90047-3

Kitabgi, P., Masuo, Y., Nicot, A., Berod, A., Cuber, J.-C., & Rosténe, W. (1991). Marked
variations of the relative distributions of neurotensin and neuromedin N in micropunched rat
brain areas suggest differential processing of their common precursor. Neuroscience Letters,

124(1), 9-12. https://doi.org/10.1016/0304-3940(91)90810-G

Kortleven, C., Bruneau, L. C., & Trudeau, L.-E. (2012). Neurotensin inhibits glutamate-mediated
synaptic inputs onto ventral tegmental area dopamine neurons through the release of the
endocannabinoid 2-AG. Neuropharmacology, 63(6), 983-991.

https://doi.org/10.1016/j.neuropharm.2012.07.037

Ku, Y.-H., & Li, Y.-H. (2003). Subfornical organ-angiotensin II pressor system takes part in
pressor response of emotional circuit. Peptides, 24(7), 1063—1067.

https://doi.org/10.1016/S0196-9781(03)00180-3

Kubo, T., & Kihara, M. (1990). Modulation of the aortic baroreceptor reflex by neuropeptide Y,
neurotensin and vasopressin microinjected into the nucleus tractus solitarii of the rat.
Naunyn-Schmiedeberg’s Archives of Pharmacology, 342(2), 182—188.

https://doi.org/10.1007/BF00166962

Kuksis, M., & Ferguson, A. V. (2014). Cellular Actions of Nesfatin-1 in the Subfornical Organ.

Journal of Neuroendocrinology, 26(4), 237-246. https://doi.org/10.1111/jne.12143

79/96



Kuksis, M., Smith, P. M., & Ferguson, A. V. (2014a). Hydrogen Sulfide Regulates
Cardiovascular Function by Influencing the Excitability of Subfornical Organ Neurons.

PLoS ONE, 9(8), €105772. https://doi.org/10.1371/journal.pone.0105772

Kuksis, M., Smith, P. M., & Ferguson, A. V. (2014b). Hydrogen Sulfide Regulates
Cardiovascular Function by Influencing the Excitability of Subfornical Organ Neurons.

PLOS ONE, 9(8), e105772-. https://doi.org/10.1371/journal.pone.0105772

Lakhi, S., Snow, W., & Fry, M. (2013). Insulin modulates the electrical activity of subfornical
organ neurons. NeuroReport, 24(6).
https://journals.lww.com/neuroreport/fulltext/2013/04170/insulin_modulates_the electrical

_activity of.12.aspx

Larsen, P. J., & Mikkelsen, J. D. (1995). Functional identification of central afferent projections
conveying information of acute &quot;stress&quot; to the hypothalamic paraventricular
nucleus. The Journal of Neuroscience, 15(4), 2609.

https://doi.org/10.1523/INEUROSCI.15-04-02609.1995

Lavie, C. J., Arena, R., Swift, D. L., Johannsen, N. M., Sui, X., Lee, D., Earnest, C. P., Church,
T. S., O’Keefe, J. H., Milani, R. V, & Blair, S. N. (2015). Exercise and the Cardiovascular
System. Circulation Research, 117(2), 207-219.

https://doi.org/10.1161/CIRCRESAHA.117.305205

Lavoie, J. L., Cassell, M. D., Gross, K. W., & Sigmund, C. D. (2004a). Adjacent Expression of
Renin and Angiotensinogen in the Rostral Ventrolateral Medulla Using a Dual-Reporter
Transgenic Model. Hypertension, 43(5), 1116—-1119.

https://doi.org/10.1161/01.HYP.0000125143.73301.94

80/96



Lavoie, J. L., Cassell, M. D., Gross, K. W., & Sigmund, C. D. (2004b). Localization of renin
expressing cells in the brain, by use of a REN-eGFP transgenic model. Physiological

Genomics, 16(2), 240-246. https://doi.org/10.1152/physiolgenomics.00131.2003

Lazarus, L. H., Perrin, M. H., & Brown, M. R. (1977). Mast cell binding of neurotensin. I.
Iodination of neurotensin and characterization of the interaction of neurotensin with mast
cell receptor sites. Journal of Biological Chemistry, 252(20), 7174-7179.

https://doi.org/https://doi.org/10.1016/S0021-9258(19)66951-6

Lee, D., Pate, R. R., Lavie, C. J., Sui, X., Church, T. S., & Blair, S. N. (2014). Leisure-Time
Running Reduces All-Cause and Cardiovascular Mortality Risk. Journal of the American
College of Cardiology, 64(5), 472—481.

https://doi.org/https://doi.org/10.1016/j.jacc.2014.04.058

Lee, D., Sui, X., Church, T. S., Lavie, C. J., Jackson, A. S., & Blair, S. N. (2012). Changes in
Fitness and Fatness on the Development of Cardiovascular Disease Risk Factors:
Hypertension, Metabolic Syndrome, and Hypercholesterolemia. Journal of the American
College of Cardiology, 59(7), 665—672.

https://doi.org/https://doi.org/10.1016/j.jacc.2011.11.013

Lee, M. R., Hinton, D. J., Unal, S. S., Richelson, E., & Choi, D.-S. (2011). Increased Ethanol
Consumption and Preference in Mice Lacking Neurotensin Receptor Type 2. Alcoholism:
Clinical and Experimental Research, 35(1), 99-107.

https://doi.org/https://doi.org/10.1111/1.1530-0277.2010.01326.x

Leinninger, G. M., Opland, D. M., Jo, Y.-H., Faouzi, M., Christensen, L., Cappellucci, L. A.,

Rhodes, C. J., Gnegy, M. E., Becker, J. B, Pothos, E. N., Seasholtz, A. F., Thompson, R.

81/96



C., & Myers Jr., M. G. (2011). Leptin Action via Neurotensin Neurons Controls Orexin, the
Mesolimbic Dopamine System and Energy Balance. Cell Metabolism, 14(3), 313-323.

https://doi.org/10.1016/j.cmet.2011.06.016

Leinninger, G. M., Opland, D. M., Jo, Y.-H., Faouzi, M., Christensen, L., Cappellucci, L. A.,
Rhodes, C. J., Gnegy, M. E., Becker, J. B., Pothos, E. N., Seasholtz, A. F., Thompson, R.
C., & Myers, M. G. (2011). Leptin Action via Neurotensin Neurons Controls Orexin, the
Mesolimbic Dopamine System and Energy Balance. Cell Metabolism, 14(3), 313-323.

https://doi.org/10.1016/j.cmet.2011.06.016

Li, J., Song, J., Zaytseva, Y. Y., Liu, Y., Rychahou, P., Jiang, K., Starr, M. E., Kim, J. T., Harris,
J. W., Yiannikouris, F. B., Katz, W. S., Nilsson, P. M., Orho-Melander, M., Chen, J., Zhu,
H., Fahrenholz, T., Higashi, R. M., Gao, T., Morris, A. J., ... Evers, B. M. (2016). An
obligatory role for neurotensin in high-fat-diet-induced obesity. Nature, 533(7603), 411—

415. https://doi.org/10.1038/nature1 7662

Li, Z., & Ferguson, A. V. (1993). Angiotensin II responsiveness of rat paraventricular and
subfornical organ neurons in vitro. Neuroscience, 55(1), 197-207.

https://doi.org/https://doi.org/10.1016/0306-4522(93)90466-S

Lind, R., & Johnson, A. (1982). Subfornical organ-median preoptic connections and drinking
and pressor responses to angiotensin Il. The Journal of Neuroscience, 2(8), 1043—1051.

https://doi.org/10.1523/JNEUROSCI.02-08-01043.1982

Lind, R. W. (1986). Bi-directional, chemically specified neural connections between the
subfornical organ and the midbrain raphe system. Brain Research, 384(2), 250-261.

https://doi.org/10.1016/0006-8993(86)91161-3

82/96



Maeda, K., & Frohman, L. A. (1978). Dissociation of Systemic and Central Effects of
Neurotensin on the Secretion of Growth Hormone, Prolactin, and Thyrotropin*.

Endocrinology, 103(5), 1903-1909. https://doi.org/10.1210/endo-103-5-1903

Mangiapane, M. L., & Simpson, J. B. (1980). Subfornical organ: forebrain site of pressor and
dipsogenic action of angiotensin II. American Journal of Physiology-Regulatory,
Integrative and Comparative Physiology, 239(5), R382—R389.

https://doi.org/10.1152/ajpregu.1980.239.5.R382

Martin, S., Navarro, V., Vincent, J. P., & Mazella, J. (2002). Neurotensin receptor—1 and —3
complex modulates the cellular signaling of neurotensin in the HT29 cell line.

Gastroenterology, 123(4), 1135-1143. https://doi.org/10.1053/gast.2002.36000

McKinley, M. J., Badoer, E., Vivas, L., & Oldfield, B. J. (1995). Comparison of c-fos expression
in the lamina terminalis of conscious rats after intravenous or intracerebroventricular
angiotensin. Brain Research Bulletin, 37(2), 131-137.

https://doi.org/https://doi.org/10.1016/0361-9230(94)00266-4

McKinley, M. J., Burns, P., Colvill, L. M., Oldfield, B. J., Wade, J. D., Weisinger, R. S., &
Tregear, G. W. (1997). Distribution of Fos Immunoreactivity in the Lamina Terminalis and
Hypothalamus Induced by Centrally Administered Relaxin in Conscious Rats. Journal of

Neuroendocrinology, 9(6), 431-437. https://doi.org/10.1046/j.1365-2826.1997.00600.x

McKinley, M. J., McAllen, R. M., Davern, P., Giles, M. E., Penschow, J., Sunn, N., Uschakov,
A., & Oldfield, B. J. (2003). The Sensory Circumventricular Organs of the Mammalian

Brain (Vol. 172). Springer Berlin Heidelberg. https://doi.org/10.1007/978-3-642-55532-9

83/96



Medeiros, N., Dai, L., & Ferguson, A. V. (2012). Glucose-responsive neurons in the subfornical
organ of the rat—a novel site for direct CNS monitoring of circulating glucose.
Neuroscience, 201, 157-165.

https://doi.org/https://doi.org/10.1016/j.neuroscience.2011.11.028

Miselis, R. R. (1981). The efferent projections of the subfornical organ of the rat: A
circumventricular organ within a neural network subserving water balance. Brain Research,

230(1), 1-23. https://doi.org/https://doi.org/10.1016/0006-8993(81)90388-7

Mitchell, V. A., Kawahara, H., & Vaughan, C. W. (2009). Neurotensin inhibition of GABAergic
transmission via mGluR-induced endocannabinoid signalling in rat periaqueductal grey. The
Journal of Physiology, 587(11), 2511-2520.

https://doi.org/https://doi.org/10.1113/jphysiol.2008.167429

Moreau, J. M., & Ciriello, J. (2013). Nesfatin-1 induces Fos expression and elicits dipsogenic
responses in subfornical organ. Behavioural Brain Research, 250, 343-350.

https://doi.org/10.1016/j.bbr.2013.05.036

Nagai, K., & Frohman, L. A. (1978). Neurotensin Hyperglycemia: Evidence for Histamine
Mediation and the Assessment of a Possible Physiologic Role. Diabetes, 27(5), 577-582.

https://doi.org/10.2337/diab.27.5.577

Naganuma, F., Kroeger, D., Bandaru, S. S., Absi, G., Madara, J. C., & Vetrivelan, R. (2019).
Lateral hypothalamic neurotensin neurons promote arousal and hyperthermia. PLOS

Biology, 17(3), €3000172. https://doi.org/10.1371/journal.pbio.3000172

Namvar, S., Gyte, A., Denn, M., Leighton, B., & Piggins, H. D. (2016). Dietary fat and

corticosterone levels are contributing factors to meal anticipation. American Journal of

84/96



Physiology-Regulatory, Integrative and Comparative Physiology, 310(8), R711-R723.

https://doi.org/10.1152/ajpregu.00308.2015

Normandeau, C. P., Torruella Suédrez, M. L., Sarret, P., McElligott, Z. A., & Dumont, E. C.
(2018). Neurotensin and dynorphin Bi-Directionally modulate CeA inhibition of oval BNST
neurons in male mice. Neuropharmacology, 143, 113—121.

https://doi.org/https://doi.org/10.1016/j.neuropharm.2018.09.03 1

Nunes, F. C., & de Andrade Braga, V. (2011). Chronic angiotensin II infusion modulates
angiotensin II type I receptor expression in the subfornical organ and the rostral
ventrolateral medulla in hypertensive rats. Journal of the Renin-Angiotensin-Aldosterone

System, 12, 440—-445. https://api.semanticscholar.org/CorpusID:21984353

Nykjaer, A., & Willnow, T. E. (2012). Sortilin: a receptor to regulate neuronal viability and
function. Trends in Neurosciences, 35(4), 261-270.

https://doi.org/10.1016/j.tins.2012.01.003

Ogawa, W. N., Baptista, V., Aguiar, J. F., & Varanda, W. A. (2005). Neurotensin modulates
synaptic transmission in the nucleus of the solitary tract of the rat. Neuroscience, 130(2),

309-315. https://doi.org/https://doi.org/10.1016/j.neuroscience.2004.09.019

Ogden, L. G, He, J., Lydick, E., & Whelton, P. K. (2000). Long-Term Absolute Benefit of
Lowering Blood Pressure in Hypertensive Patients According to the JNC VI Risk

Stratification. Hypertension, 35(2), 539-543. https://doi.org/10.1161/01.HYP.35.2.539

OISHI, M., INAGAKI, C., FUIIWARA, M., TAKAORI, S., YAJIMA, H., & AKAZAWA, Y.
(1981). POSSIBLE MECHANISMS OF THE TRIPHASIC EFFECTS OF

NEUROTENSIN ON THE RAT BLOOD PRESSURE. Japanese Journal of

85/96



Pharmacology, 31(6), 1043—1050. https://doi.org/https://doi.org/10.1016/S0021-

5198(19)52782-2

Oka, Y., Ye, M., & Zuker, C. S. (2015). Thirst driving and suppressing signals encoded by
distinct neural populations in the brain. Nature, 520(7547), 349-352.

https://doi.org/10.1038/nature14108

Ono, K., Honda, E., & Inenaga, K. (2001). Angiotensin II Induces Inward Currents in
Subfornical Organ Neurones of Rats. Journal of Neuroendocrinology, 13(6), 517-523.

https://doi.org/https://doi.org/10.1046/1.1365-2826.2001.00663.x

Opland, D., Sutton, A., Woodworth, H., Brown, J., Bugescu, R., Garcia, A., Christensen, L.,
Rhodes, C., Myers, M., & Leinninger, G. (2013). Loss of neurotensin receptor-1 disrupts
the control of the mesolimbic dopamine system by leptin and promotes hedonic feeding and
obesity. Molecular Metabolism, 2(4), 423-434.

https://doi.org/https://doi.org/10.1016/j.molmet.2013.07.008

Ortiga-Carvalho, T. M., Chiamolera, M. 1., Pazos-Moura, C. C., & Wondisford, F. E. (2016).
Hypothalamus-Pituitary-Thyroid Axis. In Comprehensive Physiology (pp. 1387—-1428).

https://doi.org/https://doi.org/10.1002/cphy.c150027

Osadchii, O. E. (2015). Emerging role of neurotensin in regulation of the cardiovascular system.
European Journal of Pharmacology, 762, 184—192.

https://doi.org/https://doi.org/10.1016/j.ejphar.2015.05.025

Peterson, C. S. (2019). The regulation of subfornical organ neurons [University of Manitoba].

http://hdl.handle.net/1993/34097

86/96



Peterson, C. S., Huang, S., Lee, S. A., Ferguson, A. V, & Fry, W. M. (2018). The transcriptome
of the rat subfornical organ is altered in response to early postnatal overnutrition. /BRO

Reports, 5, 17-23. https://doi.org/https://doi.org/10.1016/j.ibror.2018.06.001

Pierret, P., Christolomme, A., Bosler, O., Perrin, J., & Orsini, J. C. (1994). Catecholaminergic
projections from the solitary tract nucleus to the perifornical hypothalamus. Brain Research

Bulletin, 35(2), 153—159. https://doi.org/https://doi.org/10.1016/0361-9230(94)90096-5

Pulman, K. J., Fry, W. M., Cottrell, G. T., & Ferguson, A. V. (2006). The Subfornical Organ: A
Central Target for Circulating Feeding Signals. The Journal of Neuroscience, 26(7), 2022.

https://doi.org/10.1523/JINEUROSCI.3218-05.2006

Quirion, R., Gaudreau, P., St-Pierre, S., Rioux, F., & Pert, C. B. (1982). Autoradiographic
distribution of [3H]neurotensin receptors in rat brain: Visualization by tritium-sensitive

film. Peptides, 3(5), 757-763. https://doi.org/https://doi.org/10.1016/0196-9781(82)90011-0

Ratner, C., He, Z., Grunddal, K. V, Skov, L. J., Hartmann, B., Zhang, F., Feuchtinger, A.,
Bjerregaard, A., Christoffersen, C., Tschop, M. H., Finan, B., DiMarchi, R. D., Leinninger,
G. M., Williams, K. W., Clemmensen, C., & Holst, B. (2019). Long-Acting Neurotensin
Synergizes With Liraglutide to Reverse Obesity Through a Melanocortin-Dependent

Pathway. Diabetes, 68(6), 1329-1340. https://doi.org/10.2337/db18-1009

Riediger, T., Rauch, M., & Schmid, H. A. (1999). Actions of amylin on subfornical organ
neurons and on drinking behavior in rats. American Journal of Physiology-Regulatory,
Integrative and Comparative Physiology, 276(2), R514-R521.

https://doi.org/10.1152/ajpregu.1999.276.2.R514

87/96



Rioux, F., Kérouac, R., & St-Pierre, S. (1982). Analysis of the biphasic depressor-pressor effect
and tachycardia caused by neurotensin in ganglion-blocked rats. Neuropeptides, 3(2), 113—

127. https://doi.org/https://doi.org/10.1016/0143-4179(82)90007-5

Rohmeiss, P., Beyer, C., Hocher, B., Qadri, F., Gretz, N., Strauch, M., & Unger, T. (1995).
Osmotically induced natriuresis and blood pressure response involves angiotensin AT1
receptors in the subfornical organ. Journal of Hypertension, 13(12), 1399???1404.

https://doi.org/10.1097/00004872-199512000-00005

Roncari, C. F., David, R. B., Johnson, R. F., De Paula, P. M., Colombari, D. S. A., De Luca, L.
A., Johnson, A. K., Colombari, E., & Menani, J. V. (2014). Angiotensinergic and
cholinergic receptors of the subfornical organ mediate sodium intake induced by

GABAergic activation of the lateral parabrachial nucleus. Neuroscience, 262, 1-8.

https://doi.org/https://doi.org/10.1016/j.neuroscience.2013.12.038

Rosas-Arellano, M. P., Solano-Flores, L. P., & Ciriello, J. (1996). Neurotensin projections to
subfornical organ from arcuate nucleus. Brain Research, 706(2), 323-327.

https://doi.org/https://doi.org/10.1016/0006-8993(95)01339-3

Rosell, S. (1982). THE ROLE OF NEUROTENSIN IN THE UPTAKE AND DISTRIBUTION
OF FAT*. Annals of the New York Academy of Sciences, 400(1), 183—197.

https://doi.org/https://doi.org/10.1111/j.1749-6632.1982.tb31569.x

Rossie, S. S., & Miller, R. J. (1982). Regulation of mast cell histamine release by neurotensin.
Life Sciences, 31(6), 509-516. https://doi.org/https://doi.org/10.1016/0024-3205(82)90478-

7

88/96



Rowe, W. B., Nicot, A., Sharma, S., Gully, D., Walker, C.-D., Rosténe, W. H., Meaney, M. J., &
Quirion, R. (1997). Central Administration of the Neurotensin Receptor Antagonist,
SR48692, Modulates Diurnal and Stress-Related Hypothalamic-Pituitary-Adrenal Activity.

Neuroendocrinology, 66(2), 75-85. https://doi.org/10.1159/000127223

Rushton, C. A., & Kadam, U. T. (2014). Impact of non-cardiovascular disease comorbidity on
cardiovascular disease symptom severity: A population-based study. International Journal

of Cardiology, 175(1), 154—161. https://doi.org/https://doi.org/10.1016/j.ijcard.2014.05.001

Saavedra, J. M., Brownstein, M. J., Stephen Kizer, J., & Palkovits, M. (1976). Biogenic amines
and related enzymes in the circumventricular organs of the rat. Brain Research, 107(2),

412—417. https://doi.org/10.1016/0006-8993(76)90238-9

Saper, C. B., & Lowell, B. B. (2014). The hypothalamus. Current Biology, 24(23), R1111-

R1116. https://doi.org/10.1016/j.cub.2014.10.023

Sapru, H. N. (2013). Role of the hypothalamic arcuate nucleus in cardiovascular regulation.

Autonomic Neuroscience, 175(1-2), 38-50. https://doi.org/10.1016/j.autneu.2012.10.016

Scrogin, K. E., Johnson, A. K., & Schmid, H. A. (1998). Multiple receptor subtypes mediate the
effects of serotonin on rat subfornical organ neurons. American Journal of Physiology-
Regulatory, Integrative and Comparative Physiology, 275(6), R2035-R2042.

https://doi.org/10.1152/ajpregu.1998.275.6.R2035

Shioya, M., & Tanaka, J. (1989). Inputs from the nucleus of the solitary tract to subfornical
organ neurons projecting to the paraventricular nucleus in the rat. Brain Research, 483(1),

192-195. https://doi.org/https://doi.org/10.1016/0006-8993(89)90054-1

89/96



Shute, L. (2016). The effects of neuropeptide Y on dissociated subfornical organ neurons.

University of Manitoba.

Silverman, A. J., Hoffman, D. L., & Zimmerman, E. A. (1981). The descending afferent
connections of the paraventricular nucleus of the hypothalamus (PVN). Brain Research

Bulletin, 6(1), 47-61. https://doi.org/https://doi.org/10.1016/S0361-9230(81)80068-8

Simpson, J. B., & Routtenberg, A. (1973). Subfornical Organ: Site of Drinking Elicitation by
Angiotensin II. Science, 181(4105), 1172—1175.

https://doi.org/10.1126/science.181.4105.1172

Smith, P. M., Chambers, A. P., Price, C. J., Ho, W., Hopf, C., Sharkey, K. A., & Ferguson, A. V.
(2009a). The subfornical organ: a central nervous system site for actions of circulating

leptin. American Journal of Physiology-Regulatory, Integrative and Comparative

Physiology, 296(3), R512—-R520. https://doi.org/10.1152/ajpregu.90858.2008

Smith, P. M., Chambers, A. P., Price, C. J., Ho, W., Hopf, C., Sharkey, K. A., & Ferguson, A. V.
(2009b). The subfornical organ: a central nervous system site for actions of circulating
leptin. American Journal of Physiology-Regulatory, Integrative and Comparative

Physiology, 296(3), R512-R520. https://doi.org/10.1152/ajpregu.90858.2008

Smith, P. M., & Ferguson, A. V. (2010). Electrical stimulation of the subfornical organ induces
feeding and drinking in satiated rats. The FASEB Journal, 24(S1), 994.1-994.1.

https://doi.org/https://doi.org/10.1096/fasebj.24.1 supplement.994.1

Smith, P. M., & Ferguson, A. V. (2012). Cardiovascular Actions of Leptin in the Subfornical
Organ are Abolished by Diet-Induced Obesity. Journal of Neuroendocrinology, 24(3), 504—

510. https://doi.org/https://doi.org/10.1111/1.1365-2826.2011.02257.x

90/96



Smith, P. M., Rozanski, G., & Ferguson, A. V. (2010). Acute electrical stimulation of the
subfornical organ induces feeding in satiated rats. Physiology & Behavior, 99(4), 534-537.

https://doi.org/https://doi.org/10.1016/j.physbeh.2010.01.013

Smith, P. M., Samson, W. K., & Ferguson, A. V. (2007). Cardiovascular Actions of Orexin-A in
the Rat Subfornical Organ. Journal of Neuroendocrinology, 19(1), 7-13.

https://doi.org/https://doi.org/10.1111/1.1365-2826.2006.01497 .x

Smits, S. M., Terwisscha van Scheltinga, A. F., van der Linden, A. J. A., Burbach, J. P. H,, &
Smidt, M. P. (2004). Species differences in brain pre-pro-neurotensin/neuromedin N mRNA
distribution: the expression pattern in mice resembles more closely that of primates than
rats. Molecular Brain Research, 125(1), 22-28.

https://doi.org/https://doi.org/10.1016/j.molbrainres.2004.03.001

Stanley, B. G., Hoebel, B. G., & Leibowitz, S. F. (1983). Neurotensin: Effects of hypothalamic
and intravenous injections on eating and drinking in rats. Peptides, 4(4), 493—500.

https://doi.org/https://doi.org/10.1016/0196-9781(83)90054-2

St-Gelais, F., Legault, M., Bourque, M.-J., Rompré¢, P.-P., & Trudeau, L.-E. (2004). Role of
Calcium in Neurotensin-Evoked Enhancement in Firing in Mesencephalic Dopamine
Neurons. The Journal of Neuroscience, 24(10), 2566.

https://doi.org/10.1523/JINEUROSCI.5376-03.2004

Stolakis, V., Kalafatakis, K., Botis, J., Zarros, A., & Liapi, C. (2010). The regulatory role of
neurotensin on the hypothalamic—anterior pituitary axons: Emphasis on the control of
thyroid-related functions. Neuropeptides, 44(1), 1-7.

https://doi.org/https://doi.org/10.1016/j.npep.2009.09.005

91/96



Stolar, M. W., & Chilton, R. J. (2003). Type 2 diabetes, cardiovascular risk, and the link to
insulin resistance. Clinical Therapeutics, 25, B4-B31.

https://doi.org/https://doi.org/10.1016/S0149-2918(03)80240-0

Swanson, L. W., & Lind, R. W. (1986). Neural projections subserving the initiation of a specific
motivated behavior in the rat: new projections from the subfornical organ. Brain Research,

379(2), 399-403. https://doi.org/10.1016/0006-8993(86)90799-7

Takahashi, M., & Tanaka, J. (2017). Noradrenaline receptor mechanisms modulate the
angiotensin II-induced water intake in the subfornical organ in rats. Experimental Brain

Research, 235(3), 833—839. https://doi.org/10.1007/s00221-016-4844-9

Thunhorst, R. L., Beltz, T. G., & Johnson, A. K. (1999). Effects of subfornical organ lesions on
acutely induced thirst and salt appetite. American Journal of Physiology-Regulatory,
Integrative and Comparative Physiology, 277(1), RS6—-R65.

https://doi.org/10.1152/ajpregu.1999.277.1.R56

Tiruneh, M. A., Huang, B. S., & Leenen, F. H. H. (2013). Role of angiotensin II type 1 receptors
in the subfornical organ in the pressor responses to central sodium in rats. Brain Research,

1527, 79-86. https://doi.org/https://doi.org/10.1016/j.brainres.2013.06.028

Torruella-Suérez, M. L., & McElligott, Z. A. (2020). Neurotensin in reward processes.
Neuropharmacology, 167, 108005.

https://doi.org/https://doi.org/10.1016/j.neuropharm.2020.108005

Tschumi, C. W., & Beckstead, M. J. (2019). Diverse actions of the modulatory peptide
neurotensin on central synaptic transmission. European Journal of Neuroscience, 49(6),

784-793. https://doi.org/https://doi.org/10.1111/ejn.13858

92/96



Ufnal, M., & Skrzypecki, J. (2014). Blood borne hormones in a cross-talk between peripheral
and brain mechanisms regulating blood pressure, the role of circumventricular organs.

Neuropeptides, 48(2), 65—73. https://doi.org/https://doi.org/10.1016/j.npep.2014.01.003

Uhl, G. R. (1982). DISTRIBUTION OF NEUROTENSIN AND ITS RECEPTOR IN THE
CENTRAL NERVOUS SYSTEM. Annals of the New York Academy of Sciences, 400(1),

132—149. https://doi.org/https://doi.org/10.1111/j.1749-6632.1982.tb31565.x

Uhl, G. R., & Kuhar, M. J. (1984). Chronic neuroleptic treatment enhances neurotensin receptor
binding in human and rat substantia nigra. Nature, 309(5966), 350-352.

https://doi.org/10.1038/309350a0

Vachon, P., Massé, R., & Gibbs, B. F. (2004). Substance P and neurotensin are up-regulated in
the lumbar spinal cord of animals with neuropathic pain. Canadian Journal of Veterinary

Research = Revue Canadienne de Recherche Veterinaire, 68(2), 86-92.

van der Kooy, D., Koda, L. Y., McGinty, J. F., Gerfen, C. R., & Bloom, F. E. (1984). The
organization of projections from the cortes, amygdala, and hypothalamus to the nucleus of
the solitary tract in rat. Journal of Comparative Neurology, 224(1), 1-24.

https://doi.org/https://doi.org/10.1002/cne.902240102

van Houten, M., Schiffrin, E. L., Mann, J. F. E., Posner, B. 1., & Boucher, R. (1980).
Radioautographic localization of specific binding sites for blood-borne angiotensin II in the

rat brain. Brain Research, 186(2), 480—485. https://doi.org/10.1016/0006-8993(80)90995-6

Vijayan, E., Carraway, R., Leeman, S. E., & McCann, S. M. (1988). Use of antiserum to

neurotensin reveals a physiological role for the peptide in rat prolactin release. Proceedings

93/96



of the National Academy of Sciences, 85(24), 9866—9869.

https://doi.org/10.1073/pnas.85.24.9866

Vincent, J.-P., Mazella, J., & Kitabgi, P. (1999). Neurotensin and neurotensin receptors. 7rends
in Pharmacological Sciences, 20(7), 302-309.

https://doi.org/https://doi.org/10.1016/S0165-6147(99)01357-7

Wang, H.-W., Huang, B. S., White, R. A., Chen, A., Ahmad, M., & Leenen, F. H. H. (2016).
Mineralocorticoid and angiotensin II type 1 receptors in the subfornical organ mediate
angiotensin II — induced hypothalamic reactive oxygen species and hypertension.

Neuroscience, 329, 112—121. https://doi.org/10.1016/j.neuroscience.2016.04.050

Wang, J., Zhang, H., Feng, Y.-P., Meng, H., Wu, L.-P., Wang, W., Li, H., Zhang, T., Zhang, J.-
S., & Li, Y.-Q. (2014). Morphological evidence for a neurotensinergic periaqueductal gray-
rostral ventromedial medulla-spinal dorsal horn descending pathway in rat. Frontiers in

Neuroanatomy, 8. https://doi.org/10.3389/fnana.2014.00112

Wei, S.-G., Zhang, Z.-H., Beltz, T. G., Yu, Y., Johnson, A. K., & Felder, R. B. (2013).
Subfornical Organ Mediates Sympathetic and Hemodynamic Responses to Blood-Borne

Proinflammatory Cytokines. Hypertension, 62(1), 118—125.

https://doi.org/10.1161/HYPERTENSIONAHA.113.01404

Whelton, P. K., Perneger T.V., He, J., & Klag, M. J. (1996). The role of blood pressure as a risk

factor for renal disease: a review of the epidemiologic evidence. 10(10), 683—689.

World Health Organization. (2021). Cardiovasular Disease. https://www.who.int/news-

room/fact-sheets/detail/cardiovascular-diseases-(cvds)

94/96



Wu, T., Li, A., & Wang, H.-L. (1995). Neurotensin increases the cationic conductance of rat
substantia nigra dopaminergic neurons through the inositol 1,4,5-trisphosphate-calcium

pathway. Brain Research, 683(2), 242-250. https://doi.org/10.1016/0006-8993(95)00379-5

Wu, T., & Wang, H.-L. (1995). Protein kinase C mediates neurotensin inhibition of inwardly
rectifying potassium currents in rat substantia nigra dopaminergic neurons. Neuroscience

Letters, 184(2), 121-124. https://doi.org/10.1016/0304-3940(94)11185-L

Young, D. B. (2010). Control of Cardiac Output. Colloquium Series on Integrated Systems

Physiology: From Molecule to Function, 2(1), 1-97.

Yu, Y., Wei, S.-G., Weiss, R. M., & Felder, R. B. (2017). TNF-a receptor 1 knockdown in the
subfornical organ ameliorates sympathetic excitation and cardiac hemodynamics in heart
failure rats. American Journal of Physiology-Heart and Circulatory Physiology, 313(4),

H744-H756. https://doi.org/10.1152/ajpheart.00280.2017

Yu, Y., Wei, S.-G., Weiss, R. M., & Felder, R. B. (2018). Angiotensin II Type 1a Receptors in
the Subfornical Organ Modulate Neuroinflammation in the Hypothalamic Paraventricular
Nucleus in Heart Failure Rats. Neuroscience, 381, 46—58.

https://doi.org/10.1016/j.neuroscience.2018.04.012

Zatz, R., Dunn, B., Meyer, T., Anderson, S., & Rennke, H. (1986). Prevention of diabetic
glomerulopathy by pharmacological amelioration of glomerular capillary hypertension. The

Journal of Clinical Investigation, 77(6), 1925—1930. https://doi.org/10.1172/JCI112521

Zhang, H., Dong, H., & Lei, S. (2015). Neurotensinergic augmentation of glutamate release at the

perforant path-granule cell synapse in rat dentate gyrus: Roles of L-Type Ca2+ channels,

95/96



calmodulin and myosin light-chain kinase. Neuropharmacology, 95, 252-260.

https://doi.org/https://doi.org/10.1016/j.neuropharm.2015.03.028

96/96



