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ABSTRACT
Hypertension affects one in two adults in the United States and contributes
to more than 10% of deaths worldwide. The salt sensitivity of blood pressure, a
clinical phenomenon present in one half of hypertensive patients and one quarter
of normotensive individuals, predicts the development of hypertension. The
prevalence of hypertension rises with age, and age-related increases in salt
sensitivity and sympathetic nervous system activity, which promotes renal sodium
reabsorption and plays a pathophysiological role in salt sensitivity and
hypertension, have been documented. Increased mechanistic insight into the
integrated renal and neural mechanisms influencing sodium homeostasis and
blood pressure, particularly in aging, could yield valuable information for the
phenotypically targeted treatment of hypertension.
The renal nerves, comprised of the sensory afferent renal nerves (ARN) and

the efferent renal sympathetic nerves, influence sodium homeostasis and blood
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pressure. The ARN, which include mechanosensitive and chemosensitive fibers,
mediate a sympathoinhibitory reno-renal reflex that suppresses renal sympathetic
nerve activity. The renal sympathetic nerves release norepinephrine, which can
promote salt-sensitive hypertension in part by activating the sodium chloride
cotransporter (NCC).

In this thesis, Sprague Dawley rats were used as a model of normal aging
to demonstrate that 1) the ARN are critical to the sympathoinhibitory and natriuretic
responses to alterations in sodium homeostasis and protect against salt sensitivity
of blood pressure, 2) the paraventricular nucleus of the hypothalamus may be a
site of central integration of the mechanosensitive sympathoinhibitory reno-renal
reflex, 3) norepinephrine promotes NCC activity through an ai-adrenoceptor-gated
WNK1-OxSR1-dependent signaling pathway, driving salt-sensitive hypertension,
and 4) impairments in the sympathoinhibitory reno-renal reflex may promote
sympathoexcitation and NCC-mediated sodium retention, driving salt-sensitive
hypertension in aging rats. Finally, data from the Genetic Epidemiology of Salt
Sensitivity study were used to demonstrate that variance in the gene encoding
Gaiz proteins, which are upregulated in the paraventricular nucleus during high salt
intake in salt-resistant animal models and are required for dietary sodium-evoked
suppression of renal sympathetic outflow, may be a biomarker for the salt
sensitivity of blood pressure in humans. Together, these findings highlight the
integrated renal and neural mechanisms contributing to salt sensitivity and age-

related hypertension.



TABLE OF CONTENTS

DEDICATION ...ttt bbb bbbt et sttt be s %
ACKNOWLEDGMENTS . ...ttt bbb Vi
ABSTRACT L.ttt bRttt ereeraera et viii
TABLE OF CONTENTS ...ttt ettt ens X
LIST OF TABLES ... .ottt bbbt Xiv
LIST OF FIGURES.......cctiiiiiiiee ettt XV
LIST OF ABBREVIATIONS .....c.ooiiiiie ettt Xviii
CHAPTER ONE: INtrOQUCLION. .......coiieiiiieiieiie ettt see e sseesse e 1
HYPEIENSION ... bbbttt bbb 1
Salt Sensitivity Of BIOOA PreSSUIE..........cccoiiiiiiieiece e 3
Overview of Blood Pressure Regulation............cccococoeiieieeic e 4
Renal Sodium Handling and Blood Pressure Regulation .............cccccoceviiininnnnns 7
Overview Of the KidNEY ..o 7

The Proximal Tubule and the Na*/H* EXchanger..........ccccooviiiiiniicnciinins 9
The Loop of Henle and the Na-K-2Cl Cotransporter..........cccccovevveieiiecnenns 10
The Distal Convoluted Tubule and the Sodium Chloride Cotransporter ....... 11
The Collecting Duct and the Epithelial Sodium Channel...............ccc.ccocenenee. 12
The NCC in Health and DiISEASE...........ccccveieiiiiieie e 13
Overview of NCC RegUIAtION ..........ccceiiiiiiiieic e 13



The NCC in MONOGENIC DISOIAEIS......ccvcieiieiieeie e 16
The NCC in HYPEIENSION .....ccueeiiieie ettt 18
The NCC in Salt-Sensitive HYpertension ... 19

Integrated Renal and Sympathetic Nervous System Regulation of Sodium

Balance and BlOOd PreSSUIE.........ccccoiiiiiiiiieieiese e 21
Overview Of the ReNal NEIVES ... 22
The Sensory Afferent Renal NErveS ..o 22
The Efferent Renal Sympathetic Nerves ... 23
The Reno-Renal REFIEXES ..o 24
Central Integration of the Reno-Renal Reflexes ...........cccoovviiiiiiiiiiinnn 26
Central Gaiz Proteins in Sodium HOMEOSLASIS ..........cccoovrereiiineiceeeeiees 29
Bilateral Renal Nerve ADIAtioN ............coooiiiiiiiiiiee e 30
Selective Afferent Renal Nerve ABIation ... 32

Hypertension in the Aging POPUIation...........cccceiiiiiiiiiiiinccc e 33
Modeling Age-Related HYpertension ...........cccoceveriieiininiesecie e 34
The Sympathetic Nervous System in Age-Related Hypertension.................. 35
Renal Sodium Handling and the NCC in Age-Related Hypertension............ 37

Hypothesis and SPECITIC AIMS .......coiiiiiiiiiee e 39
HYPOTNESIS ... bbb 39
SPECITIC AIMS....eiiiii e e e e e e reeareas 39

CHAPTER TWO: General Methods............ccoouiiiiiiiiiiecee e 40

ANIMAUS ..o 40



YU (o [or= 1IN md oot =T [U] =SOSR 41

In Vivo Studies in CoNSCIOUS ANIMALS ..o 46
In Vivo Studies in Anesthetized ANIMALS ........ccoooveiiiiiieie e 53
EX VIVO STUGIES ..ottt sttt nne e e 54
Molecular and Analytical TECNNIQUES .........cceeieiieiice e 55
StatiStiCal ANAIYSIS .....ccveeieiie e 63

CHAPTER THREE: Adrenergic Regulation of the NCC in Salt-Sensitive

HYPEIENSION ...t bbbttt sb e bbb 65
ADSTITAICT ...ttt bbb 65
INEFOTUCTION......eitiiieiee e bbb 66
IMELNOAS ...ttt 69
RESUIES ...ttt 71
DISCUSSION ...ttt bbb bbbt et b ettt be b 82

CHAPTER FOUR: Role of the Afferent Renal Nerves in Sodium Homeostasis and

Blood Pressure Regulation in RALS .........ccoviiiiiiiiie s 94
ADSIIACT. ...t neenre e 94
INEFOTUCTION......eetieieeieee e ettt bt sneene e 95
METNOUS ...ttt 97
RESUIES .ttt et e et e e re e raenreenae s 100
3 o U 7] o] o OSSPSR 115

xii



CHAPTER FIVE: Integrated Renal and Neural Mechanisms of Age-Related

L 1Y 1= (T 0 [0 o SR 128
F N o1 £ = (o] SR TRTTR TR TR TPTURPRRRRRRR 128
N IO TUCTION. ...t ee e eenseneennnnnnnnnns 129
IVIEENIOAS ..ttt nnnnnnnnnnnes 132
RESUILS ..o e ettt e e e et e e e e e e e e et aaaaeas 135
DS CUSSION ..ottt e ettt e e e e e e e e et e e e e e e e ee et eeneeens 153

CHAPTER SIX: GNAI2 Polymorphic Variance Associates with Salt Sensitivity of

Blood Pressure in the Genetic Epidemiology Network of Salt Sensitivity Study 171

YA o 1Y 1 = (X TR TTTTRTRRTTRRTRRRTI 171
LN I OTUGCTION. ...ttt s e e e e eeneeneennnnnnnnnns 172
IMEENOAS ... et e e e e e e et e e e e e e e e e anaaeas 175
RESUILS ..o ettt e e e e e et ane e 177
IS CUSSION ...ttt nnnnnnnnnn 178
CHAPTER SEVEN: Overall DISCUSSION .....cooee e 180
SUMIMETY ettt b bttt e bbbt b e b e e nne e 180
FULUIE DIFCHIONS ..ottt et e e e et aa e 181
Significance and PersSpeCHIVES .........ccccie i 189
BIBLIOG R AP HY .ottt et e e e e e e e ettt aeaeeeeaaeerereeeeeeseaerrereeeeeeeeaaans 192
CURRICULUM VI T AE ..ottt et e e ettt e e e e e s eesetereeeeaeessseseeaeeeeeees 221

Xiii



LIST OF TABLES
Table 1.1. Major anti-hypertensive therapeutiCS.............ccccevviieeeiiiiiiiiiiiii e eeeeeeanns 2
Table 2.1. Nutritional content of normal salt diet and high salt diet obtained from
ENVIQO TeKIad.......oovveiie e 41

Table 2.2. Doses of pharmacological agents used in osmotic minipumps implanted

SUDCULANEOUSIY ... e et e e e e e e eeanes 42
Table 2.3. Detailed protocol for Fos immunohistochemistry ..............cc.occoeeeeee. 58
Table 2.4. Antibody dilutions used for immunoblotting .............ccccccvvieiiiiieeeeeeenn, 60
Table 5.1. GNAI2 SNP FeSUILS ... 178

Xiv



LIST OF FIGURES

Figure 1.1. An overview of blood pressure regulation...........cccccccceeevieeeeeeeeeivinnnnnn. 4
Figure 1.2. Anatomy of the KidNeY ...........cooiiiiiiiiiiicc e 9
Figure 1.3. Model of the NCC regulatory kinase network ............cc.cceevvvvvvvvnnnnnn. 14
Figure 1.4. Model of the contralateral reno-renal reflexes ..............cccevvvvvivvnnnnnn. 25
Figure 3.1. Overview of methods used in Chapter 3...........oooviiiiiieeeeeeeeeiinn, 70

Figure 3.2. Impact of chronic norepinephrine infusion on blood pressure and NCC
FEQUIATION. ...t 72
Figure 3.3 Impact of chronic norepinephrine infusion on mRNA expression of the
NCC, its regulatory kinases, and adrenoceptor subtypes..........ccccccceeeeennne. 73
Figure 3.4. Impact of chronic ai-adrenoceptor antagonism on the development of
norepinephrine-evoked salt-sensitive hypertension..............ccccccvvvcieeeeeeen. 76
Figure 3.5. Impact of chronic B-adrenoceptor antagonism on the development of
norepinephrine-evoked salt-sensitive hypertension...............cccccevvveeeeeeennn. 78
Figure 3.6. Impact of chronic ai- and B-adrenoceptor antagonism on the NCC and
ItS regulatory KiNASES. .........covuuiiiiie e 80
Figure 3.7. Impact of chronic ai-.adrenoceptor antagonism on established
norepinephrine-evoked salt-sensitive hypertension..............ccccccevvveeeeeeenn. 82
Figure 4.1. Overview of methods used in Chapter 4...........ccoooeevviiiiieiiiiin e, 99
Figure 4.2. Effect of selective afferent renal nerve ablation on the cardiovascular,

renal, and PVN neuronal responses to an acute volume expansion ......... 101

XV



Figure 4.3. Impact of an acute volume expansion on renal hemodynamics and
renal PEIVIC PrESSUIE ......covveiiiiiie et e e e e 102
Figure 4.4. Validation of selective afferent renal denervation following acute
SOAIUM ChallENQE ... e 102
Figure 4.5. Effect of selective afferent renal nerve ablation on the cardiovascular,
renal, and PVN neuronal responses to an acute 1M NacCl infusion........... 104
Figure 4.6. Impact of an acute 1M NacCl infusion on renal hemodynamics and renal
PEIVIC PIrESSUIE ...t eeee et e et e e e e e e et e e e e e e e e e e b e e e eeeas 105
Figure 4.7. Effect of high salt intake on afferent renal nerve responsiveness... 107
Figure 4.8. Effect of selective afferent renal nerve ablation on the cardiovascular,

renal, and sympathetic responses to high salt intake in Sprague Dawley rats

Figure 4.9. Effect of selective afferent renal nerve ablation on the cardiovascular,

renal, and sympathetic responses to high salt intake in Dahl Salt Resistant

Figure 4.10. Validation of selective afferent renal nerve ablation following chronic
dietary sodium intake StUAIES ..........covuviiiii i 112
Figure 4.11. Effect of selective afferent renal nerve ablation on the cardiovascular,

renal, and sympathetic responses to high salt intake in Dahl Salt Sensitive rats

Figure 4.12. Effect of selective afferent renal nerve ablation on established Dahl

Salt Sensitive NYPEIENSION .........iiiiiiiii e e 115

XVi



Figure 5.1. Overview of methods used in Chapter 5..........cooviiiiiiiieiveeeeiiinnn. 135
Figure 5.2. Impact of aging on the cardiovascular and renal responses to an acute
VOIUME EXPANSION ..eeviiiiiiee e e e e e e e e e e e e e e e eaeaaas 136
Figure 5.3. Impact of aging on the PVN neuronal responses to an acute volume
LSS T= 1 S [0 o SRR 138
Figure 5.4. Impact of aging on the cardiovascular and renal responses to an acute
LM NACT INFUSION L.ttt ssnensnnnnne 139
Figure 5.5. Impact of aging on the PVN neuronal responses to an acute 1M NacCl
INTUSION . 140
Figure 5.6. Impact of aging on ex vivo afferent renal nerve responsiveness.... 141

Figure 5.7. Impact of aging on blood pressure and sympathetic tone during normal

and high salt INtake ............oiiiii i e 143
Figure 5.8. Impact of aging on NCC activity in ViVO ............cccuvieiiiiieeeeieeiiiinnn. 144
Figure 5.9. Impact of aging on the NCC regulatory kinase network.................. 145

Figure 5.10. Impact of ai-adrenoceptor antagonism on age-related hypertension

ANA NCC ACHVILY....ccceiiieeece e e e e e e eeaenns 146
Figure 5.11. Impact of aging on renal function ..............cccoevviiiiiii e, 148
Figure 5.12. Impact of aging on renal histopathology ............cccccoevieieiiiiiiiinnnnnn. 149

Figure 5.13. Role of the renin angiotensin aldosterone system in the regulation of
blood pressure and NCC activity in aging ratS............cccoeeveveviiieeeiiiiineenenns 150
Figure 5.14. Role of the renal nerves in the regulation of blood pressure, sodium

balance, and NCC activity in aging ratS..........ccoovviiieiiiiiiieecein e 152

XVii



LIST OF ABBREVIATIONS

ADNX i Selective afferent renal nerve ablation
ANOV A e Analysis of variance
ARN s Afferent renal nerves
CGRP .. Calcitonin gene-related peptide
CH20 ettt Free water clearance
DO C A Deoxycorticosterone acetate
DISR et Dahl Salt Resistant
DS S e Dahl Salt Sensitive
ELISA e Enzyme-linked immunosorbent assay
ENAC ... Epithelial sodium channel
GenSalt .......cccoeeeiieiii e, Genetic Epidemiology of Salt Sensitivity
GR . Glomerular filtration rate
[ [ PSSP Hydrochlorothiazide
HR Heart rate
[ 1 TS High salt
LS O e Isoproterenol
KIM-L oo Kidney injury molecule-1
KS-WNKZ ..o Kidney-specific isoform of WNK1
L-WINKL e Full length isoform of WNK1
AP e Mean arterial pressure
N i Sodium chloride cotransporter



N E oo e Norepinephrine

NN = SRR Na+/H+ exchanger
] S Na-K-2ClI cotransporter
N S PP PP PEPPPR PPN Normal salt
OXSRIL ..o Oxidative stress responsive kinase 1
P E e e e e r Phenylephrine
P R A e ————————— Plasma renin activity
PVIN e Paraventricular nucleus
R e Renal blood flow
R P e ———— Renal pelvic pressure
S e Sprague Dawley
SN P e Single nucleotide polymorphism
SPAK ..o STE20/SPS1-related proline-alanine-rich kinase
TRPV1............ Transient receptor potential cation channel subfamily V member 1
UAGT et Urinary angiotensinogen
UNGAV oot Urinary sodium excretion rate
Ve e a et Urinary flow rate
Ve ————————— Volume expansion
WWINK L e With no lysine kinase

XiX



CHAPTER ONE: Introduction
Hypertension

Hypertension, or high blood pressure, affects approximately one in two
adults above the age of 18 in the United States (Muntner et al., 2018; Whelton et
al., 2018). As the strongest risk factor for stroke, myocardial infarction, and chronic
kidney disease, hypertension contributes to more than 10% of deaths worldwide
and represents a significant public health issue that is projected to be the leading
cause of death and disability by the year 2020 (Kannel, 2000; Lifton et al., 2001;
Danaei et al., 2011; Statistics, 2011; World Health, 2013). Normal blood pressure
is defined as a systolic blood pressure of less than 120mmHg and diastolic blood
pressure of less than 80mmHg, and the importance of small increases in blood
pressure is highlighted by a recent change in United States guidelines that reduced
the threshold for diagnosis of hypertension from 140mmHg systolic or 90mmHg
diastolic to 130mmHg systolic or 80mmHg diastolic blood pressure (Whelton et al.,
2018). There is a well-documented benefit of blood pressure reduction on
hypertension-related morbidity and mortality (Rashid et al., 2003; Group et al.,
2015; Hardy et al., 2015). However, therapeutic control of blood pressure to the
recommended target of less than 130/80mmHg is achieved in less than one half
of hypertensive patients (Muntner et al., 2018).

Effective blood pressure control remains elusive in part because the
mechanisms that promote hypertension are incompletely understood.

Approximately 90-95% of hypertensive patients have essential hypertension, in



which no secondary cause of increased blood pressure can be identified
(Carretero & Oparil, 2000). In these individuals, hypertension represents a
heterogeneous disease that may be driven by impairments in one or more of the
physiological systems contributing to blood pressure regulation, which include the
vascular, neurohumoral, and renal systems (Oparil et al., 2003). Currently, anti-
hypertensive medications targeting each of these systems are prescribed broadly
and with little regard to individual phenotype, and anti-hypertensive drug
development has been virtually stagnant for more than a decade (Table 1.1) (Shah
& Stafford, 2017). There is a critical need for new insight into the mechanistic
underpinnings of essential hypertension, which will aid in the identification of new
therapeutic targets and guide the phenotypically targeted use of existing

interventions.

Primary Target |Class/Mechanism
Renal System Thiazide diuretics (NCC antagonists)
Loop diuretics (NKCC2 antagonists)
Potassium sparing diuretics (aldosterone antagonists)
Sympathetic a-blockers
nervous B-blockers
system Central sympatholytics
Cardiovascular |Vasodilators
system Calcium channel blockers
Renin Angiotensin-converting enzyme inhibitors
angiotensin Antiotension receptor antagonists
aldosterone Direct renin inhibitors
system Aldosterone antagonists (potassium sparing diuretics)

Table 1.1. Major anti-hypertensive therapeutics. First line
therapies recommended for the general population are indicated
in bold type.



Salt Sensitivity of Blood Pressure

The salt sensitivity of blood pressure, defined as an exaggerated pressor
response to increased dietary sodium intake, predicts the development and
severity of hypertension and increases the risk of its associated adverse clinical
outcomes (Weinberger et al., 1986; Weinberger, 1996; Morimoto et al., 1997;
Meneton et al., 2005; Franco & Oparil, 2006; Appel et al., 2011). In salt-resistant
individuals, dietary sodium-evoked sympathoinhibition facilitates natriuresis and
maintenance of normotension (Lohmeier et al., 1999; Brooks et al., 2005; Gao et
al., 2005; Osborn et al., 2008; Johns et al., 2011; Johns, 2014). In contrast, salt
sensitivity is characterized by a sympathoexcitatory response to dietary sodium
intake that promotes sodium retention and hypertension (Bayorh et al., 1998;
Miyajima & Yamada, 1999; Huang et al., 2001; Dobesova et al., 2002; Brooks et
al., 2005; Yatabe et al., 2010; Stocker et al., 2013; Johns, 2014). While it has been
estimated that approximately one half of hypertensive individuals and one quarter
of normotensive individuals exhibit salt sensitivity of blood pressure, clinical tests
to determine salt sensitivity versus salt resistance are poorly standardized,
cumbersome, and rarely used (Weinberger et al., 1986). Salt sensitivity is
particularly relevant given that the average daily sodium intake in the United States
is roughly 3.5g per day and far exceeds the recommendations of the American
Heart Association (1.5g/day) and World Health Organization (2g/day) (Appel et al.,
2011; Powles et al., 2013; Mozaffarian et al., 2014). The factors that determine salt

sensitivity versus salt resistance of blood pressure are incompletely characterized



but likely include impairments in the sympathetic nervous system regulation and

renal sodium handling.

Overview of Blood Pressure Regulation
Blood pressure is determined by cardiac output and total peripheral
resistance. Cardiac output is a function of heart rate and stroke volume and reflects
the volume of blood pumped through the heart each minute, while total peripheral
resistance reflects the resistance to blood flow within the systemic vasculature and
is influenced primarily by changes in vessel diameter and blood viscosity. These
factors are in turn modulated by the integrated actions of the cardiovascular,

neurohumoral, and renal systems (Figure 1.1) (Cowley, 2006).
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Figure 1.1. An overview of blood pressure regulation. Blood pressure is
determined by the cardiovascular, renal, and neurohumoral mechanisms that
influence total peripheral resistance and cardiac output. Reproduced from Cowley,
Nature Reviews Genetics (2006) 7:829-840.



The involvement of both the cardiovascular system and the sympathetic
nervous system in blood pressure regulation is highlighted by baroreceptor
reflexes that play a dominant role in acute, moment-to-moment blood pressure
regulation (Cowley et al.,, 1973). The baroreceptor reflexes are mediated by
stretch-sensitive arterial mechanoreceptors that are activated by acute alterations
in blood pressure and in turn influence parasympathetic and sympathetic outflow
to the heart and vasculature. Momentary decreases in blood pressure are rapidly
corrected via an increase in sympathetic outflow that promotes vasoconstriction,
increased cardiac contractility, and increased heart rate as well as a decrease in
parasympathetic nerve activity that contributes to increased heart rate. In contrast,
acute increases in blood pressure are corrected via decreases in sympathetic
outflow and increases in parasympathetic outflow to the heart and vasculature.

In addition to a role in the acute reflex modulation of blood pressure, the
sympathetic nervous system plays a role in long-term blood pressure regulation
that will be described in greater detail in the Sympathetic Nervous System and
Blood Pressure Regulation section. In brief, the sympathetic nervous system can
influence blood pressure directly through the effects of norepinephrine, which
increases heart rate, promotes vasoconstriction, and drives renal sodium
reabsorption. Further, norepinephrine released by the renal sympathetic nerves
can modulate blood pressure indirectly by stimulating the release of renin and
activating the renin angiotensin aldosterone system. The ultimate effectors of the

renin angiotensin aldosterone system are angiotensin |l, a potent vasoconstrictor



that also stimulates renal sodium reabsorption, sympathetic nervous system
activity, and vasopressin secretion, and aldosterone, which promotes renal sodium
reabsorption. Notably, each of these systems influences blood pressure in part by
altering renal sodium handling, and all anti-hypertensive therapeutics influence
renal sodium excretion either directly or through indirect effects on the
cardiovascular system, the sympathetic nervous system, or the renin angiotensin
aldosterone system (Table 1.1) (lvy & Bailey, 2014).

Direct evidence for a role of the kidney in blood pressure regulation was first
observed during the development of the Goldblatt model of hypertension, in which
experimentally induced renal ischemia was found to be sufficient to drive an
increase in blood pressure (Goldblatt et al., 1934). Decades later, the Guytonian
paradigm, in which the kidneys influence blood pressure via the regulation of
extracellular fluid volume, provided mechanistic insight into the relationship
between renal sodium handling and blood pressure regulation (Guyton et al.,
1972). In this paradigm, blood pressure is maintained by a classical pressure-
natriuresis relationship in which an increase in blood pressure drives an increase
in renal perfusion pressure, promoting natriuresis and an associated diuresis that
reduces extracellular fluid volume and returns blood pressure to normal.
Conversely, a decrease in blood pressure results in a decrease in renal perfusion
pressure, promoting renal sodium reabsorption and an increase in extracellular
fluid volume that increases blood pressure. According to the Guytonian model of

blood pressure regulation, hypertension and the salt sensitivity of blood pressure



are characterized by aberrations in the pressure-natriuresis relationship —
hypertension by a rightward shift of the pressure-natriuresis curve, and salt
sensitivity of blood pressure by a reduction in the slope of the curve — which may
reflect pathological changes in renal excretory function and the neurohumoral

systems that influence it.

Renal Sodium Handling and Blood Pressure Regulation

Overview of the Kidney

The kidneys are critical to the maintenance of fluid and electrolyte balance,
among other critical physiological functions that include waste excretion and acid-
base homeostasis. Blood enters the kidney through the afferent renal artery, which
is part of a neurovascular bundle that includes the renal vein and mixed sensory
afferent and efferent sympathetic renal nerves, and eventually reaches the afferent
renal arterioles. Each afferent arteriole empties into a glomerular capillary tuft that
is surrounded by Bowman’s space, or the luminal space within a renal corpuscle
that serves as the start of a nephron. The close proximity of the capillary and the
lumen of Bowman’s capsule allows for the filtration of fluid and small solutes from
the capillaries into the lumen of the nephron, the functional unit of the kidney. The
normal glomerular filtration rate, or volume of filtrate entering the lumen per unit
time, is 180 L/day (120mL/min) in an average, healthy adult, indicating that the
entire 3 liters of plasma in an average adult is filtered into Bowman’s capsule

approximately 60 times per day. Approximately 25,000 mmol sodium is also filtered



each day, and almost all of the filtered water and sodium must be reabsorbed along
the length of the nephron in order to maintain fluid and electrolyte homeostasis.
Each human kidney is composed of approximately 1 million nephrons, and
each nephron consists of a series of segments, including Bowman’s capsule, the
proximal convoluted tubule, the Loop of Henle, the distal convoluted tubule, and
the collecting duct, which empties into a calyx of the renal pelvis and then into the
ureter (Figure 1.2). The movement of water, sodium, and other solutes between
the lumen of the nephron and the bloodstream varies in each of these sequential
segments based on the differential expression and activity of luminal and
basolateral transporters in the epithelial cells that line the nephron, the external
milieu surrounding the nephron, and the physiological needs of the body. In all
segments, activity of the basolateral Na*/K* ATPase creates an electrochemical

gradient that drives the reabsorption of sodium via luminal transporters.
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Figure 1.2. Anatomy of the kidney. Adapted from UptoDate (2019).

The Proximal Tubule and the Na*/H* Exchanger
The proximal tubule, situated primarily in the cortex and extending into the
outer medulla, is the site of reabsorption of approximately two thirds of filtered
water and sodium. In the early part of the proximal tubule, the renal epithelium
generates protons in a process that also creates bicarbonate. The luminal Na*/H*

exchanger (NHE3) moves protons into the lumen in exchange for sodium, while



10

the bicarbonate ion moves into the bloodstream. This process is critical to the
regulation of both sodium homeostasis and acid-base balance. Sodium is also
reabsorbed with glucose, phosphates, and amino acids in the early proximal
tubule, and in the late proximal tubule sodium is reabsorbed in a process that
essentially equates to cotransport with chloride, although the two ions are
transported via different mechanisms. Throughout the proximal tubule, sodium
reabsorption drives the proportional reabsorption of water. The bulk reabsorption
of sodium and water in the proximal tubule is essential to life, and changes in
proximal tubule sodium reabsorption are often compensated for by opposing

changes in the distal nephron.

The Loop of Henle and the Na-K-2Cl Cotransporter

The loop of Henle, which descends into the inner medulla and then ascends
through the medulla into the cortex, receives a modified fluid from the proximal
tubule that is roughly isosmotic compared to plasma. The loop of Henle is
comprised of a descending limb, a thin ascending limb present only in a subset of
nephrons, and a thick ascending limb, and is responsible for the reabsorption of
roughly 25% of filtered sodium and 10% of filtered water. The descending limb of
the loop of Henle is permeable to water, but not to sodium or chloride, and water
reabsorption is driven primarily by interstitial osmolality, which increases
dramatically with depth within the medulla. Selective reabsorption of water creates

a more concentrated filtrate, which promotes the passive reabsorption of chloride
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through chloride channels expressed in the water-impermeable thin ascending
limb. Although the thin ascending limb does not contain sodium transporters,
sodium reabsorption passively accompanies chloride reabsorption due to leaky
tight junctions between epithelial cells.

All nephrons contain a thick ascending limb, which is also impermeable to
water but contains the Na-K-2Cl cotransporter (NKCC2). The NKCC2 uses the
sodium gradient created by selective water reabsorption in the descending limb to
drive the active reabsorption of one sodium and one potassium ion while removing
two chloride ions from the lumen of the nephron. Luminal potassium channels
allow the reabsorbed potassium to diffuse back into the nephron such that
potassium availability is not a limiting factor for sodium reabsorption. This luminal
recycling of potassium results in an imbalance in overall reabsorption whereby the
movement of the two chloride ions is matched by only one sodium ion, creating an
electrical gradient that drives the paracellular reabsorption of other cations —

including sodium.

The Distal Convoluted Tubule and the Sodium Chloride Cotransporter

The distal convoluted tubule, which is contained within the renal cortex,
receives a modified tubular fluid that is more dilute than plasma due to the net
reabsorption of more sodium than water in the loop of Henle. The distal convoluted
tubule is responsible for the reabsorption of approximately 5% of filtered sodium

and is impermeable to water, while expression of the luminal sodium chloride
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cotransporter (NCC) throughout the distal convoluted tubule permits the
reabsorption of sodium with chloride. In the late distal convoluted tubule, sodium
is also reabsorbed in part via the epithelial sodium channel (ENaC), which
generates an electrical gradient driving the paracellular reabsorption of chloride.
Although a relatively small proportion of filtered sodium is reabsorbed in the distal
convoluted tubule, the NCC is highly responsive to alterations in sodium and fluid
homeostasis and therefore plays a critical role in the fine-tuning of renal sodium

excretion (Gamba, 2009; Moes et al., 2014).

The Collecting Duct and the Epithelial Sodium Channel

The collecting duct, which extends from the renal cortex through the
medulla to empty into the renal pelvis, receives a further diluted fluid from the distal
convoluted tubule. The collecting duct is responsible for the reabsorption of
approximately 2-5% of filtered sodium and a variable proportion of filtered water
that depends largely on fluid status and electrolyte balance. Similarly to the late
distal convoluted tubule, sodium is reabsorbed through the ENaC and chloride
follows via paracellular diffusion in the collecting duct. Like the NCC, the ENaC
influences the fine-tuning of renal sodium excretion. The fluid that ultimately exits
the collecting duct into the renal pelvis is excreted as urine and is not further altered

in the renal pelvis or the ureter.
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The NCC in Health and Disease

Overview of NCC Regulation

The activity of the NCC depends on its total protein expression, localization
to the plasma membrane, and phosphorylation at key threonine and serine
residues associated with activation. Highlighting the critical homeostatic role of the
NCC, the abundance, plasma membrane localization, and phosphorylation of the
NCC decrease during high salt intake and increase during low salt intake
(Masilamani et al., 2002; Sandberg et al., 2006; Chiga et al., 2008) and similar
changes are seen in response to alterations in potassium intake (Vallon et al.,
2009; Frindt & Palmer, 2010; Sorensen et al.,, 2013; Castaneda-Bueno et al.,
2014).

NCC activity is modulated in part by hormonal influences that include
aldosterone, angiotensin Il, vasopressin, and norepinephrine (Rojas-Vega &
Gamba, 2016). Aldosterone, administered exogenously or stimulated by a low
sodium diet or loop diuretic infusion, increases both the expression and
phosphorylation of the NCC (Kim et al., 1998; Abdallah et al., 2001; Masilamani et
al., 2002; Chiga et al., 2008; van der Lubbe et al., 2012). Angiotensin II, which
promotes aldosterone secretion, can regulate NCC activity independently of
aldosterone by promoting NCC phosphorylation and localization to the plasma
membrane (Sandberg et al., 2007; San-Cristobal et al., 2009; Zhao et al., 2009;
van der Lubbe et al., 2011). NCC phosphorylation is also stimulated by

vasopressin (Ecelbarger et al., 2001; Saritas et al., 2013). Infusion of



14

norepinephrine, the effector of the sympathetic nervous system, increases NCC
expression and phosphorylation in mice (Mu et al., 2011; Terker et al., 2014), and
prevents dietary sodium-evoked suppression of NCC activity and expression in
rats (Walsh et al.,, 2016). The signaling pathways that mediate the effects of
norepinephrine and other modulators of the NCC are complex and incompletely
understood but involve a kinase network that includes with no lysine (WNK)
kinases, STE20/SPS1-related Proline-Alanine-rich kinase (SPAK), and oxidative
stress responsive kinase 1 (OxSR1) (Figure 1.3) (Subramanya & Ellison, 2014;

Hadchouel et al., 2016).
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Figure 1.3. Model of the NCC regulatory kinase network. The activity of the
NCC depends on its phosphorylation and localization to the plasma membrane.
The NCC is phosphorylated and activated directly by SPAK/OxSR1. WNK1 can
phosphorylate and activate SPAK/OxSR1 and prevent tonic WNK4-mediated
suppression of NCC translocation to the plasma membrane. Kinase-inactive
WNKA4 prevents the translocation of the NCC to the plasma membrane, while
stimulated WNK4 phosphorylates SPAK/OxSR1. Kelch-like 3 and cullin 3
promote degradation of WNK1 and WNK4. Adapted from Subramanya &
Ellision, Clinical Journal of American Society of Nephrology (2014) 9(12):2147-
2163.
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The WNK kinases exist as four isoforms, WNK1-WNK4, of which WNK1,
WNK3, and WNK4 are expressed in the kidney and have varying effects on the
NCC as well as NKCC2 and ENaC (Hadchouel et al., 2016). WNK1 is expressed
ubiquitously in its full length isoform, L-WNKZ1, and in the distal nephron as both L-
WNK1 and a kidney specific isoform (KS-WNK1) that lacks kinase activity. WNK1
promotes the phosphorylation and activation of the NCC via a SPAK-dependent
pathway in which OxSR1 has also been implicated (Anselmo et al., 2006; Chavez-
Canales et al., 2014). KS-WNK1 and a variant of L-WNKZ1 can also promote NCC
activity by inhibiting WNK4, which is expressed in the distal nephron as well as
non-renal tissues and reduces renal NCC expression at the plasma membrane in
unstimulated conditions by diverting the NCC to lysosomal degradation post-Golgi
processing (Wilson et al., 2003; Yang et al., 2003; Yang et al., 2005; Subramanya
et al., 2009; Argaiz et al., 2018). WNKS, present in all segments of the nephron,
similarly promotes NCC activity by phosphorylating and inhibiting WNK4, blunting
lysosomal degradation and thereby increasing NCC protein expression.
Interestingly, while unstimulated WNK4 reduces NCC expression at the plasma
membrane, WNK4 also has the capacity to promote NCC phosphorylation and
activation in a SPAK-dependent pathway under conditions that include angiotensin
Il stimulation (San-Cristobal et al., 2009).

SPAK and OxSR1 are serine/threonine kinases that share a nearly 90%
homologous kinase domain. WNK1 and WNK4 phosphorylate and activate SPAK

and OxSR1, which in turn phosphorylate the NCC at key residues that include
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Thr46, Thr55, and Thr60 in the human NCC (corresponding to Thr44, Thr53, and
Thr58 in rats and mice) (Moriguchi et al., 2005; Vitari et al., 2005; Richardson et
al., 2008). SPAK and OxSR1 have also been implicated in the direct
phosphorylation of Ser73 and indirectly in the phosphorylation of Ser91 in the
human NCC (Ser71 and Ser89, respectively, in rats and mice) (Richardson et al.,
2008; Yang et al., 2010; Filippi et al., 2011). Phosphorylation at Thr60 appears to
be particularly important to NCC activation, as a missense mutation that prevents
phosphorylation at Thr60 also reduces phosphorylation at Thr44 and Thr53 and
significantly reduces NCC activity (Richardson et al., 2008; Glover et al., 2009).
Further, phosphorylation at Thr58 in mice (Thr60 in humans) both stabilizes the
NCC at the plasma membrane and increases its intrinsic activity (Yang et al.,
2013). Demonstrating the relevance of the NCC and its regulatory kinases,
mutations in SLC12A3, the gene encoding the NCC, and in the genes encoding
WNK4 and WNK1 underlie hereditary disorders characterized by dysregulated

renal sodium handling and blood pressure.

The NCC in Monogenic Disorders
Gitelman’s syndrome, familial hyperkalemic hypertension, and
pseudohypoaldosteronism type Il are monogenic diseases characterized by
mutations in SLC12A3 and NCC regulatory kinases that ultimately result in altered
NCC activity. Homozygous loss-of-function mutations in SLC12A3 lead to

Gitelman’s syndrome, an autosomal recessive salt-wasting disease in which
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hypokalemia, hypomagnesemia, and metabolic alkalosis are accompanied by
hypotension (Simon et al., 1996). Interestingly, there is evidence that heterozygous
loss-of-function mutations, which do not manifest in an overt clinical syndrome,
may actually provide protection against the development of hypertension (Fava et
al., 2008; Ji et al., 2008).

In contrast, mutations in the genes encoding WNK1 and WNK4 (Wilson et
al., 2001; Vitari et al., 2005; Yang et al., 2007), along with two other regulatory
proteins that influence the NCC, kelch-like 3 and cullin 3 (see Figure 3) (Boyden
et al.,, 2012; Louis-Dit-Picard et al., 2012; Glover et al., 2014), cause familial
hyperkalemic hypertension, also known as pseudohypoaldosteronism type Il. In
the case of WNK4, disease-related mutations reduce the inhibitory effect of WNK4
on the NCC and stimulate it to activate SPAK and OxSR1 instead (Yang et al.,
2007). In the case of WNKL, intronic mutations drive its overexpression and may
thereby drive activation of SPAK/OxSR1-mediated NCC phosphorylation (Wilson
et al., 2001). Indicating that NCC-mediated sodium reabsorption is a unifying
mechanism driving familial hyperkalemic hypertension, each disease-associated
mutation can promote in an increase in NCC activity (Wilson et al., 2001; Boyden
et al., 2012; Louis-Dit-Picard et al., 2012), and familial hyperkalemic hypertension

is exquisitely sensitive to thiazide diuretics targeting the NCC (Mayan et al., 2002).
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The NCC in Hypertension

Thiazide diuretics, which compete for the chloride-binding site of the NCC
and thereby prevent the cotransport of sodium with chloride, serve as a first-line
therapy for essential hypertension (Hughes, 2004). This suggests a potential
pathophysiological role for the NCC and its regulatory network in more common,
non-genetic forms of hypertension, which has not been directly addressed.
Supporting a role for the NCC in hypertension, the blood pressure response to
hydrochlorothiazide treatment in hypertensive patients is positively correlated with
NCC abundance in urinary exosomes, which reflect total expression levels in the
distal convoluted tubule (Pathare et al., 2017). Building upon a report indicating
that kidney transplant from normotensive, healthy donors can attenuate resistant
hypertension in humans, transplant of a kidney from a patient with Gitelman’s
syndrome due to a known mutation in SLC12A3 rapidly normalized blood pressure
in a patient with kidney failure secondary to longstanding resistant hypertension
(Curtis et al., 1983; Stewart et al., 2018) — suggesting that increased NCC activity,
corrected by a Gitelman’s syndrome transplant with loss-of-function mutations in
SLC12A3, may have been driving sodium retention and resistant hypertension.

Angiotensin Il has an established role in the regulation of both blood
pressure and the NCC, and angiotension Il receptor blockers are approved anti-
hypertensive therapeutics. Suggesting a role for the NCC in angiotensin ll-evoked
hypertension, disruption of the WNK-SPAK signaling pathway attenuates NCC

activation and reduces blood pressure in mice treated with angiotensin |II
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(Cervantes-Perez et al., 2018). The sympathetic nervous system also has an
established role in the regulation of blood pressure and NCC activity. While
norepinephrine can influence NCC activity directly and indirectly, via activation of
the renin angiotensin aldosterone system, several studies have demonstrated that
the direct influence of the sympathetic nervous system on NCC activity is
particularly relevant to salt-sensitive hypertension (Mu et al., 2011; Terker et al.,

2014; Walsh et al., 2016; Liu et al., 2017).

The NCC in Salt-Sensitive Hypertension

Several studies have provided evidence supporting a potential role of the
NCC in the pathogenesis of salt-sensitive hypertension (Mu et al., 2011; Terker et
al., 2014; Walsh et al., 2016; Liu et al., 2017). Signaling via B2-adrenoceptors
results in WNK4 downregulation during chronic infusion of norepinephrine or
isoproterenol, a non-selective B-agonist, evoking salt-sensitive hypertension
associated with an increase in NCC total protein expression, phosphorylation at
Ser71 and Thr53, and activity in mice (Mu et al., 2011). Further, salt-resistant
Sprague Dawley and Dahl Salt Resistant rats exhibited reduced renal
norepinephrine turnover, generally reflective of reduced renal sympathetic outflow,
and enhanced WNK4 expression during high salt intake (Mu et al., 2011). In
contrast, WNK4 mRNA failed to increase and decreased during high salt intake in
DOCA-salt rats and Dahl Salt Sensitive rats, respectively, both of which fail to

suppress renal sympathetic tone during high salt intake and exhibit salt-sensitive
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hypertension (Mu et al., 2011). Supporting a role for increased NCC activity in the
salt-sensitive animals, infusion of isoproterenol during high salt intake promoted
NCC activity and sodium retention in salt-sensitive rats (Mu et al., 2011). Another
group validated the finding that norepinephrine infusion evokes salt-sensitive
hypertension in mice but was unable to reproduce the role of WNK4, calling into
question the link between the B2-WNK4-NCC signaling pathway and salt-sensitive
hypertension (Uchida et al., 2012). However, in another study that used chronic
norepinephrine infusion to drive the development of salt-sensitive hypertension in
mice, an increase in NCC protein expression and phosphorylation at Thr53 was
observed (Terker et al., 2014). The same group used acute infusions of
norepinephrine, isoproterenol, and phenylephrine, a specific ai-agonist, to
investigate NCC regulation in the absence of compensating mechanisms and
observed that ai- and B-adrenoceptors act synergistically to phosphorylate the
NCC via a pathway that requires OxSR1 but not SPAK (Terker et al., 2014).
Although the differential roles of Bi- and Bz-adrenoceptors were not specifically
investigated, Bi-adreceptors were present in distal convoluted tubule cells at far
greater density than B2-adrenoceptors, leading the authors to hypothesize that 1-
adrenoceptors may play a more important role in norepinephrine-mediated NCC
activation (Terker et al., 2014).

Regardless of the signaling pathways linking norepinephrine with NCC
activity, the integrated roles of norepinephrine and the NCC in salt-sensitive

hypertension were highlighted in a study demonstrating that norepinephrine
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infusion in salt-resistant Sprague Dawley rats evoked salt-sensitive hypertension
associated with a failure to suppress NCC activity and expression during high salt
intake (Walsh et al., 2016). Critically, chronic infusion of hydrochlorothiazide
abolished the salt-sensitive component of norepinephrine-evoked hypertension
(Walsh et al., 2016). Together, these observations suggest an important role for
the NCC and for the integrated sympathetic nervous system and renal responses

to dietary sodium intake in the pathophysiology of salt-sensitive hypertension.

Integrated Renal and Sympathetic Nervous System Regulation of Sodium
Balance and Blood Pressure

The sympathetic nervous system influences blood pressure through the
effects of norepinephrine in the heart, the systemic vasculature, and kidney.
Norepinephrine acts at ai-, az-, B1-, and Bz-adrenoceptors that are distributed
differentially throughout the body and produce system-specific effects. In the heart,
norepinephrine acts primarily at i-adrenoceptors to promote an increase in heart
rate, while ai-adrenoceptors in the vasculature mediate vasoconstriction. While
each of these effects can contribute to an increase in blood pressure, the role of
the sympathetic nervous system in long-term blood pressure regulation is derived

primarily from its influence on renal sodium handling.
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Overview of the Renal Nerves
The renal nerves are comprised of the afferent renal nerves, which carry
sensory information from the kidney to the brain, and the efferent renal sympathetic
nerves, which convey sympathetic outflow to the kidney. The afferent and efferent
renal nerves travel intermingled along the renal artery. Human and animal studies
suggest that the efferent renal nerve fibers are far more abundant than afferent
renal nerve fibers, with efferent fibers outnumbering afferent fibers by an estimated

ratio of approximately 25:1 (Tellez et al., 2013; Sakakura et al., 2014).

The Sensory Afferent Renal Nerves

The afferent renal nerves contain mechanosensitive and chemosensitive
fibers that primarily innervate the renal pelvic wall, as well as the renal artery, renal
vein, and ureter (Marfurt & Echtenkamp, 1991). The chemosensitive fibers respond
to alterations in the chemical composition of urine in the renal pelvis, including
increased sodium concentration, and are activated during renal ischemia
(Recordati et al., 1980; Recordati et al., 1981). The mechanosensitive fibers are
activated by increases in renal pelvic pressure within a physiological range (Smyth
et al., 1991; Ma et al., 2002a; Ma et al., 2002b; Kopp et al., 2003) and by the
physiological challenge of an intravenous volume expansion, which increases
renal pelvic pressure (Genovesi et al., 1993; Chien et al., 1997; Chien et al., 2000).

Afferent renal nerve fibers activated by increased renal pelvic pressure also

respond to renal pelvic infusion of substance P (Ma et al., 2002b), a neuropeptide
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released from sensory afferent nerve terminals during stimulation. A mechanistic
role for substance P in afferent renal nerve activation is further supported by
evidence that renal pelvic administration of a substance P antagonist blunts renal
pelvic pressure-evoked afferent renal nerve activity (Kopp & Smith, 1993). While
the molecular underpinnings of substance P release and subsequent afferent renal
nerve activation are incompletely understood, mechanistic studies have implicated
bradykinin, prostaglandin E2, and calcitonin gene-related peptide (Kopp et al.,
1997; Gontijo et al., 1999; Kopp et al., 2000).

Afferent renal nerve activation results in physiological responses that are
integrated within the central nervous system (Francisco et al., 1980; Kopp et al.,
1985). The cell bodies of the afferent renal nerves are contained within the
ipsilateral dorsal root ganglia spanning vertebral levels Te-L3 (Donovan et al., 1983;
Weiss & Chowdhury, 1998), and there is evidence for both monosynaptic
projections to the brainstem (Wyss & Donovan, 1984) and polysynaptic signal
transmission to sympathetic and cardiovascular regulatory sites within the
brainstem and central nervous system that include the rostral ventrolateral
medulla, the circumventricular organs, and the paraventricular nucleus of the

hypothalamus (Solano-Flores et al., 1997).

The Efferent Renal Sympathetic Nerves
The efferent renal nerves are comprised of postganglionic sympathetic

fibers that receive inputs from the brainstem and several sites within the central
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nervous system, including the paraventricular nucleus of the hypothalamus, and
innervate the renal vasculature, all segments of the nephron, and the renal pelvis.
The renal sympathetic nerves synthesize and release norepinephrine, a
neurotransmitter which in turn acts upon 1) ai-adrenoceptors, promoting renal
sodium reabsorption directly via increased activity of sodium transporters including
the NCC and indirectly via a decrease in renal blood flow, and 2) B1-adrenoceptors,

driving renin release and activating the renin angiotensin aldosterone system.

The Reno-Renal Reflexes
Together, the sensory afferent renal nerves and sympathetic efferent renal
nerves comprise a reno-renal reflex arc whereby activation of the afferent renal
nerves promotes alterations in sympathetic outflow to the contralateral kidney. Two
functionally distinct reflexes, one sympathoinhibitory and the other

sympathoexcitatory in nature, have been described (Figure 1.4).
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Figure 1.4. Model of the contralateral reno-renal reflexes. (A) Arrows
delineate a reno-renal reflex arc composed of the sensory afferent renal nerves
originating in one kidney (arrow pointing towards brain) and the renal
sympathetic nerves innervating the contralateral kidney (arrow pointing towards
kidney), (B) the sympathoinhibitory reno-renal reflex, in which afferent renal
nerve activation results in the suppression of sympathetic outflow and a
contralateral natriuretic response, and (C) the sympathoexcitatory reno-renal
reflex, in which afferent renal nerve activation promotes an increase in
sympathetic outflow that drives sodium retention in the contralateral kidney.

Studies in healthy, normotensive animals in which renal pelvic pressure was
increased either by direct manipulation (Smyth et al., 1991; Ma et al., 2002a; Ma
et al., 2002b; Kopp et al., 2003) or by an intravenous volume expansion (Genovesi
et al., 1993; Chien et al., 1997; Chien et al., 2000) have demonstrated that acute
activation of the mechanosensitive afferent renal nerves is associated with the
suppression of efferent renal sympathetic nerve activity and a natriuretic and
diuretic response. These findings indicate that the mechanosensitive afferent renal
nerves mediate a sympathoinhibitory reno-renal reflex that facilitates acute sodium

homeostasis.
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In contrast, activation of an acute sympathoexcitatory reno-renal reflex has
been observed following intrarenal infusion of adenosine (Katholi et al., 1983;
Katholi et al., 1984) and bradykinin (Barry & Johns, 2015) and during renal
ischemia and direct renal pelvic administration of concentrated urine, which
activate renal chemoreceptors (Recordati et al., 1982; Rogenes, 1982). The
sympathoexcitatory reno-renal reflex promotes sodium retention and has been
primarily implicated in disease states that include renal ischemia and heart failure
(Zheng et al., 2018).

While afferent renal nerve activity modulates efferent sympathetic outflow
to the kidney via the reno-renal reflexes, efferent renal sympathetic nerve activity
can also directly influence the afferent renal nerves. Afferent and efferent renal
nerve terminals are often found in tight proximity in the renal pelvis, and the efferent
renal sympathetic nerves release norepinephrine that can act at ai- and a-
adrenoceptors to increase and decrease afferent renal nerve activity, respectively

(Kopp et al., 2007).

Central Integration of the Reno-Renal Reflexes
Studies using spinal cord transection indicate that the reno-renal reflexes
are integrated in the central nervous system (Francisco et al., 1980; Kopp et al.,
1985), and direct electrical stimulation of the afferent renal nerves results in Fos
induction — a marker of neuronal activation — in a number of brainstem and central

nervous system structures that include the paraventricular nucleus of the
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hypothalamus, which plays an important role in the modulation of sympathetic
nervous system activity, sodium and fluid homeostasis, and blood pressure
regulation (Solano-Flores et al., 1997; Guyenet, 2006; Stocker et al., 2010; Zheng
& Patel, 2017).

The paraventricular nucleus contains magnocellular and parvocellular
divisions that are functionally distinct. The magnocellular division contains neurons
that project to the posterior pituitary and release oxytocin or vasopressin into the
circulation there (Ferguson et al.,, 2008). The parvocellular division contains
neurosecretory neurons, which modulate the release of hormones including
adrenocorticotropin hormone and thyroid-stimulating hormone, and preautonomic
neurons, which project to brainstem and spinal autonomic control centers including
the nucleus tractus solitarius, rostral ventrolateral medulla, and intermediolateral
cell column of the spinal cord to influence sympathetic outflow (Guyenet, 2006;
Ferguson et al., 2008; Zheng & Patel, 2017).

A potential role for the paraventricular nucleus in the integration of the reno-
renal reflexes is suggested by studies in which an acute volume expansion
stimulates sympathoinhibitory neurons in the paraventricular nucleus (Haselton et
al., 1994; Patel & Zhang, 1994; Randolph et al., 1998; Cunningham et al., 2002;
Howe et al., 2004) and drives the suppression of renal sympathetic outflow
(Haselton et al., 1994; Kapusta et al., 2012). Further, direct electrical stimulation
of the afferent renal nerves activates RVLM-projecting neurons in the

paraventricular nucleus; however, the study suggested that activation of these
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neurons contributes to increased sympathetic outflow, indicating a potential role
for the paraventricular nucleus in the sympathoexcitatory reno-renal reflex (Xu et
al., 2015).

There is evidence that the paraventricular nucleus also plays a role in
hypertension and salt sensitivity of blood pressure. In salt-resistant animal models,
the PVN plays a role in sympathoinhibition, natriuresis, and maintenance of
normotension (Sly et al., 2001; Akine et al., 2003; Badoer et al., 2003; O'Donaughy
& Brooks, 2006; Frithiof et al., 2014; Larson et al., 2015). In contrast, the PVN
evokes sympathoexcitation — due in part to impaired sympathoinhibition —
accompanied by sodium retention and hypertension in salt-sensitive animal
models (Budzikowski et al., 1998; Huang & Leenen, 1998; Huang et al., 1998;
Huang et al., 2001; Dampney et al., 2005; Li & Pan, 2006; Shi et al., 2007; Gabor
& Leenen, 2009, 2012; Kim et al., 2013; Bardgett et al., 2014; Choe et al., 2015;
Holbein & Toney, 2015). While the mechanistic role of the PVN in the reno-renal
reflexes and long-term blood pressure regulation is incompletely understood,
several studies have indicated a potential role for central nervous system and
PVN-specific Gaiz proteins in the determination of salt sensitivity versus salt
resistance of blood pressure (Kapusta et al., 2012; Kapusta et al., 2013; Wainford

et al., 2015).
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Central Gai> Proteins in Sodium Homeostasis

The Gaiz subunit protein is one of several subtypes of a-subunits that serve
as effector molecules for G-proteins. In general, G-proteins are composed of a-,
B- and y-subunits and associated with G-protein coupled receptors. Ligand binding
at the receptor ultimately results in the dissociation of a linked By complex from the
a-subunit, which then initiates a distinct signaling pathway that depends on the
subtype of the a-subunit. A number of studies indicate that Gaiz signaling pathways
in the central nervous system are involved in the homeostatic responses to acute
and chronic sodium challenges.

In salt-resistant Sprague Dawley, Dahl Salt Resistant, and Brown Norway
rats, high salt intake promotes a PVN-specific increase in Gaiz protein expression
(Kapusta et al., 2012; Kapusta et al., 2013; Wainford et al., 2015). In contrast, Dahl
Salt Sensitive rats fail to upregulate PVN Gai2 protein expression during high salt
intake (Wainford et al., 2015). Importantly, experimental downregulation of central
Gaiz proteins to prevent sodium-evoked increases in PVN Gaiz protein expression
resulted in sympathoexcitation, sodium retention, and the development of salt-
sensitive hypertension during high salt intake in salt-resistant strains (Kapusta et
al., 2013; Wainford et al., 2015). Dietary sodium-evoked sympathoexcitation and
salt-sensitive hypertension were prevented in normally salt-resistant rats that
underwent renal denervation prior to manipulation of central Gai2 proteins

(Kapusta et al., 2013; Wainford et al., 2015).
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Several studies have also demonstrated that central Gaiz proteins are
required for renal sympathetic nerve-mediated homeostatic responses to an acute
volume expansion and a non-pressor acute hypertonic saline infusion (Kapusta et
al., 2012; Wainford et al., 2013). Critically, experimental downregulation of central
Gaiz during a pressor hypertonic saline challenge resulted in impaired
sympathoinhibitory and blood pressure responses accompanied by impaired
activation of PVN parvocellular neurons (Carmichael et al., 2016). Although further
studies using PVN-specific manipulation of Gaiz proteins during acute and chronic
sodium challenge are required, these findings raise the possibility that PVN Gaiz
proteins are critical to the renal nerve-dependent sympathoinhibitory and
natriuretic responses that promote salt resistance during chronic dietary sodium

intake.

Bilateral Renal Nerve Ablation

A central role of the renal nerves in hypertension is supported by studies in
which bilateral renal nerve ablation lowers blood pressure in multiple hypertensive
animal models and in human hypertension (Kline et al., 1980; lliescu et al., 2006;
Esler et al., 2012; Foss et al., 2013; Intapad et al., 2013; Johns & Abdulla, 2013;
Kapusta et al., 2013; Henegar et al., 2014; Hering et al., 2014; Krum et al.,