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ABSTRACT
TIFFANY L THAI: Functional Characterization of ADP Ribosyl Cycl&ignaling
Pathways in the Renal Microcirculation
(Under the direction of William J. Arendshorst, PhD)

Due to its role in the regulation of salt and water balance, the kidney is thought to be
the primary organ involved in arterial blood pressure regulation. The mechanismsmgver
contraction of renal resistance arteries/arterioles are incomypletgerstood, however. The
purpose of my dissertation was to investigate the importance of a novel signaiwgyat
involving the enzyme ADP ribosyl (ADPR) cyclase in the regulation of calciwaff)C
signaling in afferent arterioles and regulation of renal vascularaesest

Physiological measurements of renal blood flow (RBF) were performed on
anesthetized rats before, during, and after pharmacological blockade of ADB&e@nd its
downstream target, the ryanodine receptors (RyR). Inhibition of ADPR cyclasebhasdé
conditions resulted in a significant increase in RBF, and impairment of ADEl&seyor
RyR function attenuated RBF responses to the vasoconstrictors angiot€Asig I,
norepinephrine (NE), and endothelin-1 (ET-1) by 30-50%. Further analysisect ieat
ADPR cyclase and RyR contribute to vasoconstrictor responses induced b¥&ither
receptor, EX or ETs.

Measurements of cytosolic €@oncentration ([CZ];) in isolated rat afferent
arterioles revealed that the second messenger nicotinic acid adenine dueigdeosphate
(NAADP) participated in the actions of NE and ET-1. {Garansients produced by either

agonist were



diminished by at least 50% in the presence of disruption of lysosorfiabO4AADP
receptor inhibition.

Real time quantitative RT-PCR studies on isolated mouse preglomerussamesi
arterioles determined mRNA expression of ADPR cyclase family men@i2#38 and
CD157. Genetic knockout of CD38 resulted in attenuated RBF responses to Ang Il, NE, and
ET-1. Pharmacological blockade of ADPR in CD38-/- animals resulted in noicagrif
attenuation of Ang ll-induced renal vasoconstriction, suggesting that CD3®fhsas the
predominant ADPR cyclase.

Overall, these studies provide evidence for the physiological function of ADPR
cyclase, its second messengers, and downstream effectors in the regulegiat of
hemodynamics. Further investigation of this pathway in the renal vaseuhaturesult in a

deeper understanding of renal hemodynamics.
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CHAPTER |

Introduction



A. ROLE OF THE RENAL VASCULATURE IN BLOOD PRESSURE

REGULATION.

Inside the kidney lies a vast network of tubules and blood vessels designed to
efficiently regulate the volume and composition of plasma and extracellitrtfius
playing a crucial role in determining arterial pressure. Blood flovestire kidney through
the renal artery and travels through the preglomerular vasculature consistiteylobar,
arcuate, and interlobular arteries before entering the afferenbbetand glomerulus. In the
glomerulus, ultrafiltration occurs as fluid passes through hypothetical pogésnoérular
endothelial cells, collagen and glycoproteins of the basement membrane, paodesliof
podocytes of Bowman's capsule (which may have a filtration function in additioyirtg la
down basement membrane) (133; 244). Post-glomerular efferent arterioles hold blood
containing high concentrations of blood cells, proteins, and other un-filterable substance
Efferent arterioles branch to form the cortical peritubular capiiaae medullary vasa recta
where blood becomes de-oxygenated before returning to the venous circulation. The state of
contraction and relaxation imparted by the pre- and post-glomerular mesistessels
determine glomerular capillary hydrostatic pressure and the ritedoflow through the
glomerulus, into Bowman's space, and into the proximal tubule where the reaipsangti

secretion of electrolytes is initiated to maintain plasma volume andoy¢etcomposition.

Fluid flows through the proximal tubule where cells covered in luminal microvilli
reabsorb 67% of the filtered salt and water and virtually all glucose and andepast the
“leaky” cells of the descending limb of the loop of Henle that allow free pasdaggter and
solute and the “tight” cells of the ascending limb that prevent water reabsorption.

Reabsorption of solute without water sets the gradient for “free” watesogaion at more
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distal nephron sites that are sensitive to anti-diuretic hormone (vasopressin)ar Tudiat
permeability regulated by hormone-sensitive aquaporin-2 favors thetionnod
concentrated or dilute urine depending on hydration state and the plasma level of anti-
diuretic hormone. Fluid leaving the thick ascending limb of Henle is presented to the
macula densa, part of the juxtaglomerular apparatus important as a sigal fer
tubuloglomerular feedback and control of preglomerular vascular resistAftee the distal
tubule fluid enters the collecting duct where aldosterone dictates the amount of sa
reabsorbed by principal cells and intercalated cells determine pH. wdtralretic hormone
favors sodium excretion by inhibiting epithelial sodium channels (ENaC) along the
medullary collecting duct. Fluid leaving the collecting ducts passes out thtioeigpapilla

and into the pelvis, ureter and bladder for excretion.

Whereas the loop of Henle and vasa recta in the renal medulla are primarily
responsible for fluid concentration, the afferent arteriole is primasiyaesible for
determining the glomerular filtration rate and fluid flow entering thihoting tubules.
Regulatory factors affecting afferent arteriolar resistanceide neural and hormonal
systems and paracrine / autacrine substances (180). In addition, this actiorffefene a
arteriole occurs as a myogenic response to the hydrostatic pressurafferdet arteriole
and as a tubuloglomerular feedback response to the composition in the distal tubule and is

termed autoregulation (180).

Autoregulation was first observed in the kidney in the 1930s upon the observation
that blood flow remains constant despite changes in perfusion pressure over a defined
pressure range (125; 258; 102). Currently, two mechanisms of autoregulatienenaly

accepted: a rapid myogenic response and more delayed tubuloglomerular feedback (TGF
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(43). The myogenic response is an inherent property of VSMC of resistarelestthat
causes the vessels to constrict in response to increases in pressuri@ldistezish since
isolated perfused afferent arterioles respond to mechanical stretch hyctiogstl58).
Since myogenic response is flow- independent, it has been presumed that veadldensi
hoop stress is the primary signal (92), however this has yet to be detériftnatever the
initiating factor, VSMC in the wall of the preglomerular arteriesféotes depolarize in
response to an increase in luminal pressure to activate L-typel@amnels and produce

vasoconstriction (see section C).

A second, slower autoregulatory mechanism also exists. The anatomy of the nephron
is such that the macula densa region at the end of the thick ascending limb of eple’
(and also cortical collecting duct) touches the parent afferent arterisla.résult of this
anatomy, TGF can occur to regulate blood flow and glomerular function. Modifiedligbithe
cells called macula densa sense the composition of tubular fluid (44). Signals af tubul
origin are transduced to the afferent arteriole to alter vessel tone anddblade RBF and
GFR. Itis generally accepted that'NK*, and Cl concentration or load delivered in the
tubular fluid are sensed by the W&'/2CI transporter (NKCC2) located in the luminal
membrane of macula densa cells (98). In response to increased eletriobpert, macula
densa cells produce varying levels of adenosine and/or ATP (29). VSMC of affiedetat a
lesser extent, efferent arterioles possess a family of purinecgiptaes (Al receptors for
adenosine or P2X1 receptors for ATP) that respond to ATP and adenosine to produce

vasoconstriction (245).

Recent data suggest that third and fourth autoregulatory mechanisms maysalso exi

What is currently known as the third autoregulatory mechanism has been iddntiflaee
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groups of investigators and is slower than the myogenic response and TGF (128; 130) and
has been characterized as very low frequency (224). Very recentlyistaokang Al
adenosine receptors were given the NKCC2 inhibitor furosemide to reveallagossible
autoregulatory mechanism (131). Since the putative fourth mechanism sharesautisee

with TGF, however, it may simply represent a previously unidentified componentrof TG

that is independent of both Al receptors and NKCC2.

The volume and composition of blood entering the kidney directly impacts sodium
excretion and blood volume. Changes in GFR imparted by alterations in afferent and
efferent arteriolar tone determine the amount of sodium passing into the drimboia and
thus the amount of sodium reabsorbed. In addition, afferent arteriolar contraction and
relaxation increases and decreases cortical blood flow. Since proximabktaidutiular
sodium reabsorption occurs largely by diffusion, changes in cortical blood flpactm
reabsorption in these segments (138). Efferent arteriolar tone determohdfangenlood
flow. This impacts reabsorption by proximal tubules of deep nephrons. In addition, it is
thought that equilibration of the fluid in the descending limb of Henle’s loop with the blood
in the vasa recta of juxtamedullary nephrons is a necessary step in urine etiocentrus,

efferent arteriolar tone directly influences urine concentration 166; 203).

B. REGULATION OF VASCULAR TONE.

Due to the importance of renal resistance arteriolar diameter in gov€@fiftyand
systemic AP, the mechanisms dictating the contractile state of thesss/kas been the
subject of a great deal of research. The basic cellular mechanisms & ©Sftaction are

similar in systemic arteries and renal microvessels, with the bulk of tlhr@cile response



relying on the regulation of cytosolic calcium concentration 2(]pa VSMC work together
with underlying endothelial cells (EC) to dictate arteriolar tone, anti]jGsa key

regulatory factor in both cell types. In VSMC, fGabinds to calmodulin (CaM), leading to
the activation of myosin light chain kinase and phosphorylation of myosin light chais. Thi
alters the conformation of myosin such that the heads bind actin filaments andedause
contraction. Myosin light chain kinase is also regulated by myosin light chain
phospohrylase, an enzyme that dephosphorylates and inactivates the kinase. Myosin lig
chain phosphorylase is, in turn, inhibited by phosphorylation by Rho kinase(43). In EC, on
the other hand, [G4; activates endothelial nitric oxide synthase, leading to production of
nitric oxide (NO), a potent vasodilator(76). NO diffuses rapidly into nearby VSMC
activating guanylyl cyclase and increasing production of cyclic GMRII&C8MP then
produces VSMC relaxation by three main mechanisms: 1) directly inhibigfige@try

through store-operated Eahannels, 2) stimulating large-conductancé"@ativated K
channels (Bl and K efflux to produce plasma membrane hyperpolarization, thus
inactivating voltage gated €achannels, and 3) increasing activity of cGMP-dependent
protein kinase, an enzyme that phosphorylates and activates myosin light chain pisesphat

leading to the dephosphorylation of MLCK (28).

Due to the importance of €an vasomotor tone, VSMC have evolved a variety of
different signaling pathways regulating a plethora of €aannels. These channels can
cause global increases in fCJato produce vasoconstriction or a small subset of channels
can act locally to produce small increases in localiz&€d €dled “sparks” that influence a
variety of signals in subcellular domains. fGais increased primarily via two general

mechanisms: entry from outside via plasma membrane channels and releab#ization



from sarcoplasmic reticular (SR) stores maintained by the sarcoplasgdoplasmic

reticulum ATPase (SERCA).

Three families of Cd channels exist in the plasma membrane: voltage-gatéd Ca
channels whose activities depend on the plasma membrane potential, and two tlasses o
voltage-independent channels: receptor-operatétiodBannels (ROC) that are directly
activated by G protein-coupled receptors (GPCR), and store-operatech@anels (SOC)
that open in response to depletion of SR'G#ores. Of the voltage-gated’Cehannels,
three are known to be present in renal microvessels. L-type and T-type charstes ex
both afferent and efferent arterioles (101) whereas P/Q type vess#&siad only on

afferent arterioles (104).

L-type channels have been implicated in the regulation of basal afferdlar
tone and responses to ATP, Ang Il, norepinephrine (NE), vasopressin, and endothelin-1 (ET-
1) (118; 141; 193). Inhibitors of L-type channels preferentially dilate thecatfarteriole,
suggesting a minor role for L type channels in the regulation of basalntféeteriolar tone
(26). L-type channels in the efferent arteriole may be activated byeioiest(7) or by
inhibition of nitric oxide synthases (71). In the afferent arteriole, depataon caused by
cell stretching, nerve stimulation, or activation of GPCR on VSMC increlasgsabability

of opening of the L-type channel to allow*Canflux (85; 13).

More recently, T-type voltage gated’Cahannels have been shown to participate in
the regulation of basal tone and in Ang llI-induced constriction of both afferent areheffe
arterioles. Inhibitors of T-type channels produce efferent and affenteniolar dilation

(103; 70) and attenuate constrictor responses to Ang Il (72) in an isolated perfused



hydronephrotic kidney model. The constrictor effect of T-channel activation ishthiaulge
mediated by release of €drom SR stores since T channel inhibitors have no effect on Ang
Il responses in the hydronephrotic kidney model in the presence of inhibition of SBRCA b

thapsigargin (103).

P/Q type voltage-gated Eachannels have also been identified in afferent arterioles,
but the exact function and importance of these channels remain a mystery (104judyne
has shown that inhibition of a subunit of P/Q type voltage gatéddBannels attenuates

[Ca®™]i and contractile responses to depolarization in isolated afferent arteti@®®s (

A family of plasma membrane transient receptor potential channels Gr&pP)
currently emerging as important regulators of{Gan renal microvessels. TRPC 1,3,4,5,
and 6 have been identified in preglomerular resistance arterioles (563 anth6 being
most abundantly expressed. TRPV4, TRPV5, and TRPM7 are expressed at very hsgh level
in whole kidney homogenate, but the exact location of these channels is unknown (142). In
addition, TRPC6 stimulation results in increases irf [z renal afferent arterioles,
suggesting a possible physiological function for this channel(67). TRP chamaelsltage-
independent and are therefore classified as ROCs (though it has been argsmu¢hBRPS
can be store-operated). In particular, TRPC6 has been shown to be receptor-operated in
VSMC, opening in response to Ang Il and vasopressin (207; 149). Activation of a GPCR
stimulates TRP channels via phospholipase C (PLC)-mediated cleavage of
phosphatidylinositol bisphosphate (Rl form diacylglycerol (DAG). DAG then activates
a signaling pathway independent of protein kinase C (PKC) to stimulate TRP channels

allow C&* entry (3).



Besides the channels listed above, it has long been thought that another chatsnel exis
in the plasma membrane that opens to alloWedry into the cell after depletion of SR or
ER stores. This process was termed "capacitative calcium entrytoe-tperated calcium
entry" and the putative channels involved were called“@dease activated &aurrent
channels” (CRAC) or store-operated’Cehannels (SOC). Early attempts at the
identification of SOCs centered around the TRP channels, in particular cafidrizal
channels (TRPCs) (263; 243; 154; 200; 155; 249; 264). Fault was seen in most of these
experiments, however, and TRPCL1 is the only TRP channel currently thought to be involved
in store-operated Gaentry (5; 115). The main argument against the role of TRP channels
as SOC is that the large, non-selective currents generated by TRP cldferdiom the
currents generated upon store-depletion (5; 225). Recently, however, a chstemellsas
been identified whose current looks very similar to the traditional CRAC curréhts
system consists of two proteins: Stim1 and Orail or Orai2 (169; 205). Stim1 is thought to
reside in the membrane of the SR/ER and contain an EF hand domain that séhise®si€a
inside SR/ER stores. Conformational changes in Stim are thought to cause ahamges
conformation of Orai whereupon Orai allows’Ce enter the cell through its central pore
(199). These new data does not exclude the possibility that TRP channelsorfapclien
as SOC channels with different currents from the traditional CRAC currertisthéf or not

TRP channels use Stim1 as a sensor is currently being debated (199; 5).

In the afferent arteriole, aentry can be almost obliterated by the L-type voltage-
gated C&' channel antagonist, nifedipine (27). This is not the case in the efferent arteriole,
however, and it has been suggested that SOCs are responsible for much &f émera

(157). Although less important in €aentry in the afferent arteriole, SOCs are also present



in this vascular segment (58). Interestingly*'Gantry via L-type channels and SOC is
enhanced in preglomerular VSMC of the spontaneously hypertensive rat (SHR) (60; 124
69). The roles of Stim1, Orail and 2, and TRPC1 store-operatéei@gy in renal VSMC

remain to be determined.

In the SR, ryanodine receptors (RyR) and inositol 1,4,5-trisphosphate receptors
(IP3R) regulate efflux of Cdstores maintained by SERCA. sFPare present in the
membranes of the SR and are activated by ("PCRs activate PLC leading to cleavage of
PIP2 into IR and DAG. As mentioned previously, DAG goes on to activate TRP channels in
the plasma membrane. 3;1&n the other hand, diffuses into the cytoplasm to activgk dR
the SR. Once activated, a conformational change caugesdelease Cafrom SR stores

(218; 182).

Type 1 IRR are expressed in renal afferent arterioles and glomeruli (106) and play
important roles in vasoconstriction of renal vessels.islPequired for autoregulation in a
blood perfused juxtamedullary nephron preparation (119). Ang ll-induc&dr@asients in
afferent arterioles(61) and isolated preglomerular VSMC(81), and RBBness in
vivo(206) are significantly attenuated duringRAnhibition. The actions of
norepinephrine(208), vasopressin(68), and ghrelin(52) on VSM&][@egulation in the

renal vasculature are also mediated hy IP

RyR are also present in SR membranes where they function to amplgynafly
increase in [C4];. C&" binds directly to the RyR causing a conformational change that
allows C&" to pass from the SR, through the pore between the four subunits of the RyR, and

into the cytosol (117). Recent research indicates that RyR are present in thaseniature
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and participate in renal vascular reactivity to a variety of GPCR ag@®st589; 240; 277;

212). RyR signaling is discussed at length below.

In addition to SR and extracellular stores, a small amountdfi€maintained in
other organelles and contributes to overal’[;an some cell types. Late endosomal and
lysosomal vesicles possess &G exchanger that maintains a high concentration 6f Ca
in these organelles. The contribution of these vesicles to renal vasocamshraginot been
studied, however both pulmonary and coronary artery VSMC show attenu&tesigbaling
in the absence of acidified vesicles, indicating participation of lysosomaktaes in
global VSMC C4&' responses(274; 135). It is important to note that the amounfbf Ca
inside these vesicles is not large enough to trigger a globat&ponse and that RyR
coupled to lysosomal vesicles most likely amplify smafl‘@dfluxes from acidic vesicles

(135).

Although their function has not been studied specifically in renal microveS$¢CV
mitochondria also participate in the regulation of{§an some VSMC. Mitochondria take
up large quantities of Gafrom the cytoplasm. As a result of this property, mitochondria
influence [C&']; in two ways: 1) decreases in f(Jamodulate SOC and 2) positioning of
mitochondria near Gachannels can alter the influence of that channel orf'JjCa
Mitochondria positioned near the SR have also been shown to directly mediate tiye @ctivi

IPsR in the SR(30).

Many of the same G&channels in VSMC are also present in endothelial cells with
Cd" increases activating eNOS and releasing NO to cause vasodilatatjoag 168l as

regulation of PLA2 and production of prostaglandins. Voltage-gatétoBannels (23; 246),
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store-operated Gachannels(186; 40), $R(187; 96), receptor-operated channels(192; 126),
and RyR(153) are all present in endothelial cells. Vasodilators such as bradgturatea

these channels to enhance NO production (25).
C. RYANODINE RECEPTORS--REGULATORS OF [CaZ*]i

Half a century ago, the observation was made that ryanodine, an insectilditblis
from the South American plaRyania speciosaould contract skeletal (196) and cardiac
muscle (109) by excitation-contraction coupling. At that time it was wideligved that
Cd" release from the SR/ER was due to reversal of SERCA (42). Studie§>@sfigthen
led to the discovery that release occurred in the cisternae of the SR/ERnpambéch
SERCA was absent (174). The search for tHé @éease channel soon focused on
identification of the target of ryanodine and the RyR was characterized (190)bifdiRy
assays resulted in the discovery that ryanodine colocalized with the burst ob&zrved
in cisternae (75). The primary function of RyR i€ Qaobilization and excitation-
contraction coupling. In non-skeletal muscle, this largely occurs by arafitih of [C&;

by C&*-induced C4' release (CICR).

Early on, scientists determined that skeletal muscle RyR differedustig and
functionally from cardiac RyR (116; 171). Presently, three RyR subtypes have bee
identified and termed RyR1 (the typical skeletal muscle RyR), RyR2 (itnanyrcardiac
muscle RyR), and RyR3, a more ubiquitously expressed RyR originallyctdrazad from
brain tissue (185). Skeletal muscle RyR are coupled to dihydropyridine recieptioe
skeletal muscle plasma membrane so that opening of these channels diggelty telease

of C&* from the SR by conformational coupling(270). “Centry is not a prerequisite for
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RyR opening in skeletal muscle. Rather, a conformational change of theoghijrydine
receptor leads to RyR opening (16). Non-skeletal RyR do not physicallganvath
voltage-gated GA channels, but rather amplify €y CICR secondary to €aentry. The
magnitude of C4 release elicited by RyRs may vary according to subtype. Whereas RyR1
and RyR2 are thought to primarily mediate cellular-wide glob&l @sponses, stimulation

of RyR3 releases only small amounts of Geom the SR/ER in highly localized regions

(251; 195). These small Ed'sparks” may exist in microdomains nearGactivated K

channels to produce membrane hyperpolarization (156; 137).

Gating of RyRs and/or sensitivity to €&an be altered by a variety of factors
including protein binding, ion binding, oxidation, nitrosylation, and phosphorylation.
Calmodulin binds to RyR in both €abound and unbound states. In skeletal muscf, Ca
bound calmodulin impairs RyR gating, wherea$'@=e calmodulin enhances activity (80).
In cardiac muscle, calmodulin inhibits RyR opening independent of whether it is lmound t
C&* (168) and decreases RyR2 sensitivity t6'0&). Calmodulin also alters RyR
sensitivity by activating calcium/calmodulin-dependent protein kina@aMll), leading to
phosphorylation and activation of RyR(259; 99). RyR in cardiac muscle can also be
phosphorylated by protein kinase A (PKA). PKA is anchored to RyRs by the A kinase
anchoring protein mAKAP (15). The effect of serine phosphorylation by PKA is
controversial. Some labs suggest that phosphorylation impairs binding of inhibitory FK506
binding proteins (FKBP) leading to activation(164; 165). These results have beestent
however (226; 262). In renal VSMC, activation of PKA by prostaglandin P@y lead to

vasodilation by inhibiting IRmediated C# release (198).
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Several other proteins have been shown to regulate RyR activity. Most notably, the
FKBP, known for their affinity for the immunosuppressant FK506 (tacrolimus) aretpote
inhibitors of RyR. FKBP stabilize the RyR tetramer and decrease seggiiGa (15).

RyR1 and RyR3 specifically associate with FKBP12. RyR2 can asswtihtboth FKBP12
and FKBP12.6, with much higher affinity for FKBP12.6 (15). Sorcin is also inhibitory and
may help turn off RyR responses since it binds to RyRs only in the presence oféfigh [C
(15). Calsequestrin, a SR/ER%Chinding protein, may inhibit RyR by forming a complex
with junction and triadin and binding to RyR when {§8R/ER is low(97). The adapter

protein homer inhibits RyR2 and activates RyR(15).

C&" can activate RyR from both the cytosol and the SR/ER lumen. Cytosdlic Ca
can inhibit RyR1 at high concentrations (1 mM), and RyR2 at even higher concentfafions
mM) (144). In addition to G4 2 mM Mdf* can also bind RyR1 and 2 to competitively
inhibit RyR responses to €a In the presence of physiological ATP (5 mM), free f\ids
low (0.5-1 mM) since most Mdis bound by ATP. In this way, ATP enhances RyR activity
through decreasing free ¥fg Under certain physiological conditions such as ischemia,
however, ATP levels decrease and’Mgvels increase, causing Kanduced inactivation

of RyRs(15). RyR3s are not inhibited by’Car Mg?* (144).

All 3 RyR exist in VSMC (107; 181) and RyR have been implicated in VSMC
responses to constrictor responses to Ang 11(61), norepinephrine(173), acetgl@¥li

and endothelin-1(62; 135) and dilatory responses to agmatine, bradykinin, and NO(276).

D. IDENTIFICATION AND CHARACTERIZATION OF ADP RIBOSYL CYCL ASE
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IP; was identified in the early 1980s as a second messenger responsibfg for Ca
mobilization (230). Subsequent studies showed incidences wh&re6Xilization in
several cell types such as airway epithelium, pancreatic betaazallsea urchin oocytes can
occur in the presence of little or ngs jfroduction (167; 233). Cyclic ADP ribose (CADPR)
was one of several compounds identified in the search fdm@bilizing metabolites along
with sphingosine derivatives, cyclicslRarachadonic acid, and inositol tetrakisphosphate
(256). While there were little data ever produced indicating the importance othter
identified compounds in vivo, cADPR is equally potent at mobilizing &= IR (45) and is
present in a variety of mammalian tissues including brain, heart, and liver (247).
Furthermore, an endogenous producer of cCADPR, ADP ribosyl cyclase (ARRRe&ywas
isolated from the ovotestes of the sea glysia californica(145) and subsequently found
to share homology with two mammalian enzymes: CD38 and CD157 (231; 112). Itis
possible that other mammalian isoforms exist including a form specifictio ¥&MVIC (49)

and one unique to mesangial cells(178; 134).

Further characterization revealed that ADPR cyclases catatgaeton
transforming NAD to cADPR and nicotinamide(93). In dimeric form, ADPR cyclases
residing in the plasma membrane produce cADPR, functioning optimally at a pH oh6.7. |
addition plasma membrane cyclases act as ADPR hydrolases, conve@R& ¢8 ADPR.
Dimeric ADPR may enhance the Canobilizing actions of cCADPR(46). Studies using
erythrocyte ghosts showed that the catalytic activity of ADPR sgslaccurs primarily in
the extracellular domain (147). As a result of a large pore formed between msioihe
dimeric form, it was hypothesized that CADPR is formed extracefutant! transported

through the pore into the cell where it acts to mobiliz& (78). 3T3 fibroblasts lacking
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ADPR cyclase also transport cADPR, however, so other nucleoside transpagersiige
for importing extracellularly-formed cADPR must exist (78). One conundrumimenha
however. Extracellular concentrations of NA&re low except during cases of tissue
necrosis, so how does the extracellular enzymatic portion of ADPR cyclass aegulated
levels of its substrate? To answer this question, experiments were perfornfechin w
connexin 43 hemichannels were shown to colocalize with ADPR cyclase in the plasma
membrane and transport NA[Y8). It is currently thought that the hemichannels provide a
high enough local concentration of NABear the extracellular domain of the cyclase to
drive the forward reaction, producing cCADPR. It has also been proposed that
uncharacterized channels exist that link adjacent cells to transport c&k@RRne cell to
another. This has been demonstrated in tracheal smooth muscle strips wh@se [Ca

increases in response to cCADPR production by neighboring mucosal cells.

It is clear that cyclase dimerization is required for CADPR production. érhaining
guestion is what signal produces dimerization. Like many molecules, dimerdRi® AD
cyclase form via disulphide bonding, a likely consequence of oxidation of thiol groups by
superoxide. Oxidative stress enhances cADPR production by ADPR cyclases of bovine
coronary artery VSMC (271). Inisolated afferent arterioles, Ang teames superoxide
production and Ca responses are inhibited by the superoxide dismutase mimetic tempol
(64). In the same study, Eaesponses to Ang Il were also shown to be attenuated in the
presence of the NADPH oxidase inhibitor apocynin (64). The already attenespedses
show no further inhibition by subsequent addition of the ADPR cyclase inhibitor
nicotinamide, suggesting a common signaling pathway. Collectively, theséeesr

indicate that ADPR cyclase is likely activated by NADPH oxidase-irdipceduction of
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superoxide in the plasma membrane. Recent research indicates that ADRBR mytaalso
activate NADPH oxidase in the SR membrane of bovine coronary arterial rag(it5).
Application of a cell permeable indicator of reactive oxygen species showéddoesation

of superoxide near the SR membrane that was blocked by inhibitors of NADPH oxidase,
ADPR cyclase, or RyR. Since redox status may alter RyR activity, ismggested that
superoxide from SR NADPH oxidase may directly increase the probability ofngpehi

RyR. This hypothesis remains to be tested, however.

It was obvious from early studies thag Bhd cADPR signaling overlapped based on
the characteristics of €arelease induced by cADPR ang IR sea urchin egg homogenates
(45). For this reason, it was first thought that cCADPR may activaislia the ER
membrane. This was proven not to be the case as inhibitorsRoh#e no effect on
cADPR-induced CZ release (45) and sincesl8id not competitively displace radiolabelled
cADPR (146). The mechanism of cADPR-induced‘@aobilization was discovered to
occur via binding to RyR in the ER membrane (83). When ryanodine was given at an
inhibitory dose of 100pM, cADPR-induced Tanobilization from rat brain microsomes
was attenuated (254). Other studies showed that CADPR increases the frexdwandiac
RyR channel opening (170). Photoaffinity labeling revealed that CADPR tuirid®
proteins, both much smaller than RyR, indicating that cCADPR most likely did notigirec

bind to RyR (248).

It was soon determined that a family of inhibitory FK506 binding proteins including
FKBP12 and FKBP12.6 bind to RyR to prevent Gativation(242). Pharmacologically,
FK506 removes FKBP from RyR, increasing open probability of RyR (239). Expesiment

pancreatic cell microsomes show that cADPR removes FKBP12.6 from RyR and that
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microsomes lacking FKBP12.6 show no’Ceelease in response to CADPR. These results
suggest that CADPR activates RyR by removing inhibitory FKBP (184). Furtltamnea

for this hypothesis comes from experiments on reconstituted RyR from bovineV&iviic.

An antibody against FKBP12 prevents cADPR-induced increases in the probability
opening of RyRs (239). Tracheal myocytes lacking FKBP12.6 do not respond to cADPR

(250).

While knowledge of the specific intracellular actions of CADPR was expgndikey
discovery solidified the significance of ADPR cyclase as an impargutator of [C4];.
In addition to IR and NAD', NADP could also cause Eaelease from sea urchin
microsomes (41). This &arelease was insensitive to theRFnhibitor heparin and the
cADPR competitive antagonist 8-amino-cADPR and occurs by production of nicatidic a
adenine dinucleotide phosphate (NAADP) (148). Furthermore, thionicotinamide-NADP, a
analogue of NADP which does not inhibiti®r cADPR-induced Ca release, inhibited the
actions of NAADP injected into sea urchin eggs (35). Endogenous NAADP reledées Ca

from internal stores of a variety of mammalian tissues as well (34).

The search for the mechanism by which NAADP is generated in intactvaalsoon
underway. ADPR cyclase isolated fréxplysia californicaand human CD38 could
synthesize NAADP from NADP in an vitro setting at a pH of 4.0(1). This requirement for
a low pH was a welcome surprise since bigphysiaADPR cyclase and CD38 were known
to internalize into endocytic vesicles (1; 221; 47). After it was detedrivee ADPR
cyclases produced NAADP, the question remained as to how NAADP was degraded. An
efficient second messenger must be degraded to ensure sensitivity of the $ystemt

experiments show that, like cADPR, NAADP can be converted to ADP-ribose 2'-phleosphat
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by CD38 (94), thus reversing the actions of NAADP production. Unlike synthesis of
NAADP, which only occurs at low pH, breakdown of NAADP can occur at physiological or

low pH.

NAADP induces colocalization of lysosomal vesicles with RyR (135; 136). id&#s
spurred the “trigger zone” hypothesis proposed by Kinnear et al. These ineestibatight
that NAADP receptors inside of lysosomal vesicles allowed small amounts‘ao@xit the
vesicle upon production of NAADP by lysosomal ADPR cyclase. It was later siaivn t
NAADP binds to TRP-ML1 channels in lysosomal membranes to cause tHiselase (2;

14). This small amount of &aactivates nearby RyR on the SR/ ER to amplify the signal
and cause global aincreases. Another recent advance in thinking about NAADP
signaling is based on the observation that NAADP (isolated from sea urch)remggses a
phospholipid environment to potentiate binding to its receptor (37). NAADP might also be
produced by ADPR cyclases in lipid rafts or calveole in addition to production in lysosomal
vesicles. Cell membranes of pulmonary VSMC fractionated based on cholesterot conte
reveal that regions enriched in cholesterol (lipid rafts/calveolae) admtgh levels of CD38.
Furthermore, cholesterol depletion attenuated ésponses to endothelin Efeceptor
stimulation and Eg -mediated enhancement of ADPR cyclase activity was abolished in the
absence of calveolae. More research is needed to explore this exciting nevafaspe
NAADP signaling.

E. EVIDENCE SUGGESTING A ROLE FOR ADPR CYCLASE IN NON-RENAL

VASCULAR SMOOTH MUSCLE

Due to the virtually ubiquitous role of ADPR cyclase irf Gagnaling and the

importance of C& signaling in regulation of vascular tone, it is not surprising that the
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hypothesis appeared shortly after the discovery of cADPR and NAADP thattwsel
messengers are important in hemodynamics. Indeed, eight years afterghe ini
characterization of CADPR from sea urchin eggs, the first study was publismadcerg the
effects of this second messenger ofi*@aobilization from the SR of coronary arterial
myocytes (132). In this study, porcine VSMC were permeabilized and injectedADPPR.
cADPR increased [G; in these cells, an effect that was not blocked by tkR ihibitor
heparin. Depletion of SR €astores resulted in no effect of cADPR. Not only is ADPR
cyclase present in VSMC, but activity is at least 20 times higher thaseatin HL-60

cells, an immune cell type containing the ADPR cyclase/antigen CD38(50PRAvas
subsequently shown to increas€da aortic VSMC microsomes(269). Inhibition of ADPR
cyclase produced relaxation of pre-contracted coronary artery ringsgtindia role for
ADPR cyclase in the maintenance of vascular tone (88). Although prior to the work
presented herein, therewas no current evidence implicating ADPR cyclagalation of
vascular tone in an animal in vivo, pulmonary arteries had been shown to be prevented from

constricting under hypoxic conditions in rat lung in situ (53).

Characterization of VSMC ADPR cyclase revealed the enzyme to barsimil
previously characterized ADPR cyclases. A selective antagonist ofRABB-cCADPR
attenuated KCl-induced €aand contractile responses in isolated small coronary arteries
(273), indicating involvement of cADPR in CICR. Like other cell types, CADPRasgs
the open probability of RyRs reconstituted from coronary artery VSMC (151). RADP
VSMC also likely works by removal of FKBP12.6 from RyRs since FKBP12.6 and not
FKBP12 is expressed in coronary arterial VSMC and since both FK506 and a nonselective

FKBP antibody attenuate the increase in open probability of reconstituted Ry#Rgeabs
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after treatment with cADPR(239). The similarities of ADPR cyctagraling between cell
types is not surprising considering the ubiquitous nature of CD38, an ADPR cyutabe f
member expressed in VSMC(50; 173). Another ADPR cyclase family membeasxisay
with properties different from CD38. Unlike CD38 from HL-60 cells, aortic ADp&ase
is inhibited by ZA" and C@" and activated by retinoic acid and 3,5,3"-triiodothyronine, a
property different from HL-60 cell CD38(50). Furthermore, unlike ADPR cyclase i
endothelial cells (276) and sea urchin egg homogenates(255), VSMC ADPR cyclase i

inhibited by NO(266), suggesting cell type specific properties of ADRRisgs.

Although the data are sparse, ADPR cyclase is likely also present in endotiisia
ADPR cyclase activity is present in coronary artery endothelia galiler resting
conditions. This activity is increased by the vasodilator bradykinin and 8BRBADpairs
bradykinin-induced C4 transients in intact coronary artery endothelium (276) indicating a
possible role for ADPR cyclase in bradykinin-mediated dilation secondaryi@avation

of eNOS.

Of physiological relevance, ADPR cyclase is likely a downstrezaget for a variety
of G protein coupled receptors (GPCRs) important in vascular health and diseade. Sma
mesenteric arteriolar contractile responses (90) and shark antegenteric arterial Ga
responses (62) to endothelin-1(ET-1) are attenuated in during ADPR cgnthsADPR
inhibiton. Contractile responses to norepinephrine are smaller in aortas of/QDB8-than
in wild type control animals(173) and coronary artery SMC responses to acetychii
attenuated by inhibitors of ADPR cyclase and cADPR(87), further proof of thetampoole
of ADPR cyclase in agonist-induced responses in VSMC. NAADP may beybentifc
important in VSMC responses to endothelin-1. Coronary arterial SMCs produce NAADP in
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response to ET-1 (274) and both pulmonary (135) and coronary (274) arterial VS{#C Ca

responses are significantly blunted by disrupters of NAADP signaling.
F. EVIDENCE SUGGESTING A ROLE FOR ADPR CYCLASE IN THE KIDNEY

CD38 and CD157 are both expressed at high levels in kidney tissue (122; 234). In
addition, there is evidence suggesting that the kidney may express an alteonatioé f
ADPR cyclase since the inhibitor 4,4-dihydroxyazobenzene is reported to inhibR ADP
cyclase in kidney but not human CD38 or ADPR cyclase from other tissues(178). The
kidney is an extremely heterogeneous tissue, however, where manyizpédall types
work together to achieve the overall goal of capillary fluid exchange and egitheshsport.
In vitro studies indicate that ADPR cyclase likely mediates key functiomsanf kidney
tissue types. The concerted effort of VSMCs and endothelial cells in steablas,
including the afferent arterioles controls vascular resistance and the valllnhoed passing
through the glomerulus and ultrafiltrate into the tubules. ADPR cyclasetadipresent in
VSMC of small renal arterioles where it mediates increases fii][@a shown by cADPR
injection into permeabilized single renal VSMC (150), and the cADPR inhibitocBBRPR
attenuates responses to Ga@lsmall renal VSMC, indicating participation of CADPR in
CICR. The strength of this hypothesis is solidified by findings that iGereases by KCI-
induced hyperpolarization in isolated renal afferent arterioles are attehin the presence

of 8Br-cADPR (66).

Much recent work has been done indicating that isolated renal affererdlastegly
heavily on ADPR cyclase and cADPR to mediate signaling pathways doamstfeGPCR.

Ang ll-induced C4&' responses in afferent arterioles were significantly attenuated in the
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presence of ADPR cyclase inhibitors nicotinamide arfd @Zn8Br-cADPR (61). Addition
of superoxide inhibitors did not enhance this effect of ADPR cyclase inhibitors, but did
attenuate Ang Il-induced €atransients on their own, indicating a dependence of ADPR
cyclase signaling responses to Ang Il on superoxide production(64)reEdptor signaling
is also inhibited by nicotinamide and 8Br-cADPR more than signaling mediate@zby E
receptors, suggesting heterogeneity amongst GPCR signaling pathwlagsenal

vasculature (65).

Although very little work has been done to confirm the fact, endothelial cells of
preglomerular resistance arterioles may also possess ADPReagamaling pathways
downstream of vasodilators. One study showed that agmatine, a vasodilator thatyworks b
increasing NO production in endothelial cells produces its effects waaoti of ADPR
cyclase. Single nephron GFR is increased by agmatine, indicative of atestowtil of

preglomerular resistance arterioles, an effect attenuated in Senpecof 8Br-cADPR (212).

Glomerular mesangial cells have very high ADPR cyclase activijywBén
compared to whole kidney homogenates. The expression and activity of CD38 in lisese ce
is regulated by TNFe; indicating a likely immune function (268). cADPR may function to
regulate mesangial cell proliferation and protein synthesis viagidtes in [CA']; (134).
NAADP also elicits C& release from isolated mesangial cell microsomes, but the effect of
this release is unknown (267). Glomeruli also have very high levels of ADPR cyclase

activity (36), though little is known about the precise function of ADPR cycladenmeguli.

Juxtaglomerular cells at the end of the afferent arteriole produce oamigulate

levels of local and circulating Ang Il for long-term regulation of GFR ahdiliar salt
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reabsorption as well as aldosterone production. Cultured As4.1 juxtglomerular cgllsepr
cADPR for the regulation of [G§; (265). Increased [G§; commonly inhibits renin
synthesis and release (216) . Further study is required to determine thodogjigesl

importance of CADPR or ADPR cyclase in renin release.
G. STATEMENT OF PURPOSE

| have tested the hypothesis that the ADPR cyclase signaling cascticipgias
importantly to the regulation of renal hemodynamics. To this end, | have used a canbinati
of [C&"]; measurements and molecular biological analysis of ADPR cyclaseAeRils in
isolated preglomerular resistance arterioles and in vivo RBF and MAP mmeasisen
anesthetized rats and mice. These studies provide the first evidence inderaingscular
expression of ADPR cyclases as well as a physiological role for the eraynts
downstream targets in the regulation of renal afferent arteriol&f][Gzaseline RBF
regulation, and integrated RBF responses to GPCR agonist-induced renal vastioonstr
Characterization of the physiological effects of this pathway will furdlse knowledge of

the regulation of renal hemodynamics in health and disease.
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CHAPTER Il

ADP-ribosyl cyclase and ryanodine receptor activity contribute to basal vasomotor tone

and agonist-induced renal vasoconstriction in vivo

Reprinted with permission frolimerican Journal of Physiology Renal Physiol@§3:
F1107-1114. Copyright © 2009 by the American Physiological Society. All rights of
reproduction of any form reserved.



A. ABSTRACT
An important role for the enzyme ADP-ribosylcyclase (ADPR cyclase)ta

downstream targets, the ryanodine receptors (RyR), is emerging fortg eanascular

systems. We hypothesized that the ADPR cyclase/RyR pathway conttiutgsilation of

renal vasomotor tone in vivo. To test this, we continuously measured renal blood flow
(RBF) in anesthetized Sprague-Dawley rats. Infusion of the ADPR cynlabéor

nicotinamide intrarenally at low doses inhibits angiotensin 1l (Ang Il)-reordpinephrine
(NE)-induced vasoconstriction by 72% and 67% (P<0.001). RBF studies in rats were
extended to mice lacking the predominant form of ADPR cyclase (CD38). Acute rena
vasoconstrictor responses to Ang Il and NE are impaired by 59% and 52%, respettivel
anesthetized CD38-/- mice compared to wild type controls (P<0.05). Intramgscian of

the RyR activator FK506 decreases RBF by 22% (P<0.03). Furthermore, RyRanhibiti

with ruthenium red attenuates Ang Il and NE responses by 50% and 59%, vedpecti
(P<0.01). Given at higher doses, nicotinamide increases basal RBF by 22% (P<0.001). Non-
receptor-mediated renal vasoconstriction by L-type voltage-gatéccBannels is also
dependent on ADPR cyclase and RyRs. Nicotinamide and ruthenium red inhibit constriction
by the L-type channel agonist Bay-K8644 by 59% (P<0.02) and 63% (P<0.001). We
conclude that: 1) ADPR cyclase activity contributes to regulation of vasalmotor tone

under resting conditions, 2) renal vasoconstriction induced by G-protein couplptbrece
agonists Ang Il and NE is mediated in part by ADPR cyclase and RyRs, amPR A

cyclase and RyRs participate in L-type channel-mediated renal vasazt@rsin vivo.
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B. INTRODUCTION

Regulation of renal hemodynamics is essential for the maintenancedcdrildii
electrolyte balance and arterial blood pressure. Recent rises in morbidity#atityrates
associated with obesity and hypertension have made apparent the urgency of understanding
the molecular mechanisms of blood pressure regulation, resulting in discovery obgomple
integrated C# signaling pathways for regulation of renal vascular resistance \R6/R
210). Stimulation of these pathways leads to increases in cytosdlic@aentration
([Ca®*];) via activation of plasma membrane*Cehannels as well as Eaelease channels in
the sarcoplasmic reticulum (SR). The latter include inositol trisphospdptors (IERS)
and ryanodine receptors (RyRS). The wide variety of mechanisms involvedih [Ca
regulation make it possible for vascular smooth muscle cells (VSMCs) to tgenera
individualized responses to different vasoconstrictor stimuli. For example,bekas
suggested that greater than 50% of angiotensin Il (Ang Il)-induced chiar{@$]; in
afferent arterioles occurs by €a&ntry, whereas the actions of norepinephrine (NE) are more

dependent on Gamobilization from internal stores (210).

The role of IBRs in agonist-induced regulation of vascular resistance has been
extensively studied (73; 119; 206; 208). Considerably less is known about the role of RyRs
in agonist-induced constriction in renal and other vascular beds (21; 51). One megRs of R
activation involves the enzyme ADP ribosyl cyclase (ADPR cyclase) emeration of the
second messengers cyclic ADP ribose (cCADPR) and nicotinic acid ADP (NAGRP272).
Evidence indicates ADPR cyclase is important if*@ignaling in the renal vasculature.
Cyclase activity is high in lysates from VSMCs in renal microvessedsglomeruli(36; 150)
and cADPR applied extracellularly to isolated permeabilized VSMCs froremal artery
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increases [C4]; (150). Furthermore, cADPR contracts isolated rat interlobular arteries
(150), and inhibition of ADPR cyclase, cCADPR, or RyRs attenuat&sr€sponses to Ang |I
or endothelin-1 (ET-1) in isolated rat afferent arterioles (61; 65). Thestarstudies

demonstrate a potential physiological role for the enzyme in the renaamicilation.

Whereas in vitro stimulation of ADPR cyclase activity in VSMCs leadstivadion
of pathways implicated in vasoconstriction, the actions of this enzyme in endotbldiare
predicted to cause vasodilatation. Inhibition of ADPR cyclase, CADPR, or Ry&soided
to prevent production of nitric oxide (NO), a potent vasodilator, in response to bradykinin or
the C&" ionophore A-23187 in bovine coronary artery endothelium (272). In some cases,
ADPR cyclase in VSMCs may lead to dilation rather than constriction. Thigggested by
the fact that inhibition of CADPR in isolated rat renal arteries attenteltestion produced

by urocortin (211).

The importance of the ADPR cyclase/RyR signaling pathway has not been
determined in any vascular network in vivo. Although experiments in isolated cells and
vessels provide useful information regarding the nature of ADPR cyclaseethmghy
opposite results of ADPR cyclase activation in VSMCs and endothelial cellsardeinot
integrate possible interactions between endothelial cells and VSMCs thatroeimar. To
address this deficiency, we tested the hypothesis that the ADPR qyathgey contributes
to both basal renal vascular tone and vasoconstriction produced acutely by Ang II, and
norepinephrine (NE), and the L type voltage-gatetf €laannel agonist, Bay-K8644. The
effects of pharmacological inhibitors of ADPR cyclase and its downstrdani@s, RyRs,

were determined in acute RBF studies conducted on anesthetized rats. Thekfenetic
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deletion of ADPR cyclase were determined in acute RBF studies compacm¢poking the

predominant form of ADPR cyclase (215), CD38 (CD38-/-) with wild type animals

C. MATERIALS AND METHODS

Sprague-Dawley rats were obtained from our local breeding facilityd8&Dmice
on a C57 black 6 background were obtained as breeding pairs from Dr. Fran Lund (Trudeau
Institute, (188)) and bred locally. Wild type mice of a similar background weaeebt
from Jackson Labs as breeder pairs. All animals were cared for and useddairés
accordance with institutional guidelines. Animals were anesthetized ssiligm
pentobarbital (Nembutal, 50-60 mg/kg body wt ip for rats, 80-90 mg/kg body wt ip det mi

Abbott, Chicago, IL).

The surgical preparation for acute RBF studies in rats was performedaxisrd
for our laboratory (129). Briefly, the right femoral artery was catlestéifor continuous
measurement of MAP. The right femoral vein was catheterized for infusion oiebestium
albumin (4.75% at 50 pl/min for a length of time equal to body wt/4, then reduced to
10pl/min for the remainder of the experiment) and administration of subsequent doses of
pentobarbital as needed. A tracheotomy was performed and a curved catheateewted i
into the aorta and positioned at the opening of the left renal artery for diracemal
infusion of pharmacological agents. RBF was measured in the left remallariz flow

probe (model 1RB, Transonic, Ithab#y).

The surgical preparation for RBF studies in mice was previously establisbed i
laboratory (19) and modified for the purposes of this study. Briefly, a pulled PEh@®erat

was inserted into the right femoral artery and attached to a pressure ¢ear(&tatham P23
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DB) for measurement of MAP. Two pulled PE10 catheters were insertethénftenoral

vein for bolus injections of Ang Il and NE and continuous infusion of 2.4% bovine serum
albumin (10 pl/min) throughout the experiment. A tracheotomy was performed using a
PE100 catheter. A flow probe (Transonic syst&d20, Ithaca, NY; 0.5-V probe) was
placed around the left renal artery for measurement of RBF. Animalsal@sed to
stabilize for 1 hr prior to the start of an experiment. Hematocrit, urine flow, \kisheand

body wt were measured to ensure consistency of animal conditions.

Bolus InjectionsFor rats, bolus injections (10 ul) were given intrarenally in the
manner standard in our laboratory (129). The following concentrations were usedl: Ang
(0.38 uM = 4 ng), NE (9.75 uM = 20 ng), FK506 (31 mM = 250 ug), Bay-K8644 (0.70 mM

= 2.5 ug). The same doses of Ang Il and NE were used for 10 pl venous injection in mice.

Pharmacological InhibitorsWe used nicotinamide to inhibit ADPR cyclase (24, 88;
152; 172). Nicotinamide is a byproduct of the ADPR cyclase reaction(145), andrshifts t
reaction to produce NAD+ rather than cADPR or NAADP. Nicotinamide may rahsoiti
Poly (ADP-ribose) polymerase-1 (PARP-1) (179; 260). PARP-1 is found in both emalothel
cells (232) and VSMCs (91) and is activated under situations of extreme(8jreSsnce the
animals used in our study were closely monitored for stable hemodynamic conditions

activation of PARP-1 is unlikely.

Ruthenium red was used to inhibit RyRs. The effects of ruthenium red on RyRs are
well documented (39; 161). Ruthenium red may also inhibit-8gtivated K+ channels
(BKcg) (261). Although these channels have been shown to be present in renal microvessels

(57), BKcachannel inhibition would result in vessel contraction and our studies show
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ruthenium red inhibits agonist-induced contraction, arguing that the predominanbéffect

ruthenium red is on RyRs.

Nicotinamide or ruthenium red was infused into the renal artery gilimih for 3
min before vasoconstrictor injection and continued for an additional 2 min. Multiple doses
of these agonists were tested in the same animal. Concentrations of ruthehauna re
nicotinamide were based upon in vitro published concentrations (61; 63) and calcsllated a
estimated final renal arterial concentration. Concentrations thatdah®® or RBF were
not used to inhibit vasoconstrictive agents. The target plasma concentrationsiofumictz
and ruthenium red are 3 mM (6 mg/kg/min) and 5 uM (126 pg/kg/min) in the rengl arter

respectively.

Inhibitors were given at the highest dose that did not significantly @sal RBF or
MAP. The estimated plasma concentration of nicotinamide (3 mM) is higher tha@y4lué |
nicotinamide on cyclase activities of sea urchin egg homogenates (1.5 mM) aiRd ADP
cyclase isolated frorAplysia californica(0.04 mM) (219). Concentrations from 3-5 mM
have also been shown to inhibit®Ceesponses tp-NAD, the substrate for ADPR cyclase in
sea urchin egg homogenates after 2 min (219) and inhibir&@ponses to Ang Il in isolated
afferent arterioles shortly after application (61). Infusion of nicotidamt 6 mg/kg/min is
therefore likely sufficient to inhibit ADPR cyclase activity. Simjathe estimated plasma
concentration of ruthenium red (5 pM) is much higher than thgpiiblished for ruthenium

red on isolated RyR from rabbit skeletal muscle (117).

Inhibition of Basal Vascular Tord o0 evaluate activity of ADPR cyclase under

resting conditions, a high dose of nicotinamide (12 mg/kg/min) was infused intentde r
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artery for 20 min at 140l/min. The animal was then allowed to rest for 20 min, during
which time RBF returned to normal. Multiple doses were given to the same animal

Concentrations after which RBF did not return to normal or MAP changed were not used.

Pharmacological AgentsNicotinamide, ruthenium red, Bay-K8644, and Ang Il were
obtained from Sigma (St Louis, MO), FK506 was from Cayman Chemical (Ann Arbpr, M
and NE was from Abbott Labs (Chicago, IL). NE, Ang Il, ruthenium red, and nicotieami
were dissolved in 0.9% NaCl. Bay-K8644 and FK506 were dissolved in 10% DMSO and

0.9% NaCl.

Data Analysis Data were collected using Labtech Notebook software and graphs
were created using Sigma Plot software. Statistics were peddognone way ANOVA test

using Sigma Stat software.

D. RESULTS

Results are reported on 36 Sprague-Dawley rats whose age averaged 7.6ek§.1 we
Under basal conditions, mean MAP, RBF, hematocrit, and urine flow were 112 + 3 mmHg,
4.47 + 0.23 ml/min/g kidney wt, 43 + 1%, and 32 + 2 pl/min, respectively. Due to the
reversible nature of Bay-K8644, FK506, Ang Il, and NE, bolus injections of multiplesagent
could be given within the same animal. Only one inhibitor was used in an animal; each rat

received either nicotinamide or ruthenium red.

ADPR cyclase activity mediates vasoconstriction produced by Ang Il and dNE.
determine the physiological importance of ADPR cyclase activityamiaginduced renal
vasoconstriction, we assessed the effect of the ADPR cyclase inhibitonamate on the
acute renal response to Ang Il. Ang Il injected into the renal arteryadect&kBF by 25 +
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3% in the control period (Fig. 2.1A and B). Intrarenal infusion of nicotinami@le (
mg/kg/min) did not significantly alter baseline MAP or RBF, but attenuaBd iesponses
to Ang Il to a 7 + 2% decrease in RBF (P<0.001). This effect of nicotinamide pidk/ra
reversible; the RBF response to Ang Il was completely restoredl@ftain (Fig. 2.1B).
These data demonstrate that ADPR cyclase activity strongly inflaefeg |I-mediated

renal vasoconstriction in vivo.

We also tested nicotinamide's ability to inhibit NE-induced renal vasocadiastric
NE injected into the renal artery produced an average 24 + 3% decrease in RER2(ki
and B). Short-term nicotinamide infusion inhibited the effect of NE by ~70%, as NE
decreased RBF to 8 £ 1% of normal (P<0.001). These data indicate that ADP$e cycla
activation contributes to a significant percentage of NE-induced renal vasatmmstrin

the recovery period, the response to NE was greater than control.

ADPR cyclase activity contributes to renal vasoconstriction induced by L-type
voltage-gated C4 channels.Since nicotinamide similarly inhibited Ang 1I- and NE-
induced contraction despite reported differences in the degreé’ah@hilization (210), we
tested whether basal activity of ADPR cyclase contributes to vasoctiostpooduced
independently of GPCRs. For this purpose, we evaluated renal vasoconstrictioedrigger
directly activating L-type voltage-gated £a&hannels using the agonist Bay-K8644.
Intrarenal BayK-8644 injection produced a 78 = 7% decrease in RBF (Fig. 2.3A and B).
This response was inhibited by 59% with nicotinamide (P=0.01), attenuating camstoct
33 £ 12% of baseline RBF. Again, the effects of nicotinamide were reversibleegponse

to Bay-K8644 returned to normal after 10 min. These data establish a physiololgicd
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basal ADPR cyclase activity in constriction induced b§*@atry via voltage-gated &a

channels.

Basal renal vasomotor tone involves ADPR cyclase actilzipses of nicotinamide
used to inhibit Ang I, NE, and Bay-K8644 did not significantly alter RBF or MAP when
infused into the renal artery for 3 min (Fig. 2.4A) prior to vasoconstrictor injection. T
determine the contribution of ADPR cyclase activity to basal renal vagonkin vivo, we
infused nicotinamide at a higher dose (12 mg/kg/min for 20 min). At this dose, localized
relaxation of the renal vasculature was observed (Fig. 2.4B). RBF incrga22d:18%
(P<0.001) without changing MAP. Doses higher than 12 mg/kg/min reduced MAP,
indicating systemic effects, and were therefore not used. Our results dexteotnstt
nicotinamide inhibits the tonic renal actions of endogenous stimuli signalinggthAIDPR

cyclase to maintain basal renal vascular resistance.

Stimulation of RyRs causes renal vasoconstrictitmdetermine whether RyRs
function in the renal vasculature in vivo, we used FK506 to stimulate RyRs. FK506 activate
RyRs in the same manner as cADPR, by binding and removing the inhibitory molecule
FKBP12 or FKBP12.6 from the RyR (33). Injection of FK506 into the renal artery caused
22 + 6% constriction, compared with 5 + 1% constriction due to vehicle alone (P=0.02; Fig.
2.5). These results demonstrate the presence of functional RyRs, capable oficgriba

renal vasculature upon activation.

RyRs mediate Ang II- and NE-induced renal vasoconstricli@further assess the
physiological importance of RyRs in the renal vasculature, we determinext¢né te

which RyRs are involved in acute vasoconstriction produced by Ang Il and NE. Ruthenium
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red was used to inhibit RyRs. Ang Il produced a 30 * 5% decrease in RBF during control
conditions (Fig. 2.6). Intrarenal infusion of ruthenium red did not alter basal RBF or MAP
after 3 min, but inhibited RBF responses to Ang Il in a dose-dependent manner. The highes
dose attenuated Ang Il- mediated renal vasoconstriction to a 15 + 2% decreBs$e in R

(P<0.01). The inhibitory effect of ruthenium red was reversible after 10 min.

Similarly, ruthenium red attenuated NE-induced renal vasoconstriction. NE ptoduce
a 27 = 4% decrease in RBF in the control period (Fig. 2.7). The highest dose of ruthenium
red tested decreased the renal vascular response to 11 + 2% (P<0.01). Responses to NE
returned to normal after 10 min. We conclude that RyRs contribute to GPCR-meeliated r

vasoconstriction in vivo.

RyRs mediate voltage-gated’Cahannel-induced renal vasoconstrictioBue to the
apparent similarity of RyR involvement in the vascular effects of AngdINig, we tested
whether RyRs contribute to L-type voltage-gated*@aannel-induced renal
vasoconstriction. Intrarenal injection of the L-type channel agonist BayK-86ddiqed a
78 £ 7% decrease in RBF (Fig. 2.8). This response was inhibited 63% by ruthenium red
(P<0.001), resulting in an attenuated RBF response of 29 + 4%. Bay-K8644-induced RBF
responses returned to normal after 10 min. These results demonstrate involvem&s of Ry

in renal vascular responses elicited by stimulating €stry.

Genetic disruption of ADPR cyclase in mice leads to impaired renal vascular
responses to Ang Il and NH.0 determine the effect of chronic inhibition of ADPR cyclase
on Ang II- and NE-induced renal vasoconstriction, we compared RBF responseslito Ang

and NE injected iv in wild type and CD38-/- mice. CD38-/- mice showed impameadl re
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vascular reactivity to both Ang Il and NE. Whereas Ang Il and NE produced 30 + 8% and

37 + 6% decreases in RBF in wild type animals, mice lacking CD38 showed 8 £ 1% and 19 *
4% decreases in RBF, respectively (Fig. 2.9, P<0.05 for both). These data imditate t
mutation of the ADPR cyclase, CD38, results in attenuated renal vascular resjpofisg Il

and NE in vivo. Furthermore, our results demonstrate the requirement for ADPBeaycla

renal vasoconstriction is not specific to rats, but exists in multiple species.
E. DISCUSSION

Our study is the first to provide information about the functional importance of the
ADPR cyclase/RyR signaling pathway in the regulation of renal vas@gdstance in vivo.
Collectively, our results support the notion that ADPR cyclase and its interesedrat
linked to renal vasoconstriction through activation of RyR and enhancemerft efifleced
Cd" release (CICR). Results obtained using pharmacological inhibitors and a knockout
mouse model indicate that ADPR cyclase and RyRs mediate the renal vastales of
Ang Il and NE. In addition, the ADPR cyclase/RyR system contributes to renal
vasoconstriction elicited by activation of Cantry through L-type channels independent of
GPCR associated second messengers, providing additional insight into the impafrthrsce
signaling system in Gametabolism and contraction of resistance arterioles in vivo. Our
study reinforces our previous results showing that the ADPR cyclas@&iiray
contributes significantly to the regulation of fCJain individual afferent arterioles (64; 61)
and extends these findings to the regulation of vascular resistance in the irghct ren
microcirculation during basal conditions as well as during GPCR agonist-inceread r

vasoconstriction.
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Basal levels of ADPR cyclase contribute to the maintenance of toniovestahotor
tone under resting conditions. The vasodepressor effects of nicotinamide have long been
recognized (113; 238). More recent work shows that the mechanism is relateBRo AD
cyclase inhibition (12; 88). In the present study, infusion of high dose nicotinamideento t
renal artery produced a significant increase in RBF while MAP is staldieative of renal
vasodilatation. The dilation observed is rapid in onset, increases over the observattn per
and is readily reversible. One possible explanation for this biphasic resptmsietine large
immediate increase in RBF reflects inhibition of ADPR cyclase and iatst@ttenuation of
downstream C4 signaling. The secondary, slower progressive increase in RBF may
represent a component of Caignaling affected by prolonged period of low fGacaused

by depletion of SR stores, associated with vasodilatation.

Basal activities of ADPR cyclase and RyRs are functionally impbmntathe renal
vasculature as evidenced by their contribution to the acute renal canseggonse to L-
type C&*channel activation. Nicotinamide and ruthenium red inhibited a significant portion
of the renal vasoconstriction induced by the L-typ&" €hannel agonist Bay-K8644 which
was not dependent on GPCR activation of ADPR cyclase. It is not clear whetBarthe
K8644 response involves direct ADPR cyclase activation or the presence of badalvigsic
of cADPR and/or NAADP, which are sufficient to enhance RyR receptor aotivayi C&*
entry initiated by Bay-K8644. The latter seems more plausible; pariarpait ADPR
cyclase activity in vasoconstriction induced by activation of L-typ €sannels is most
likely due to the impact of cCADPR on CICR. Biochemical studies show that cADgR\g
sensitizes RyR to [G§; (175; 223) and acts predominately, if not exclusively, by this

mechanism (159) and that tonic ADPR cyclase activity is present in coramneary
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homogenates (87; 88). Tonic activity of ADPR cyclase seems sufficipmtale cADPR
to sensitize RyRs to respond to small changes i?ﬂ@eesulting in CICR and amplification
leading to increased RVR. This idea is supported by recent data showing tHat speci
inhibition of cADPR with 8Br-cADPR attenuates KCl-induced increases ifiTGa isolated

afferent arterioles (66).

RyRs are generally considered downstream targets for the products Bf &ybRse
in other vascular beds (4; 63; 87). cADPR activates RyRs by removing FK506 binding
proteins (FKBPs) that associate with the receptor (184; 239). When used ¢liascah
immunosuppressant, FK506 often produces a side-effect of hypertension (191; 238). In th
present study, FK506 caused pronounced renal vasoconstriction when injected intd the rena
artery, demonstrating the functional importance of RyRs in acute regutdtthe renal
circulation. Aside from effects on RyRs, FK506 also inhibits the actions of theralc
activated protein phosphatase calcineurin. Calcineurin is present in VSMC anonfiinct
gene expression (183). Effects of calcineurin in VSMC and other cell typesy&igware
primarily elicited through activation of transcription factors including ratele factor of
activated T-cells (NFAT) and changes in protein levels (108; 229). Such change® mediat
long-term renal effects of FK506 and likely contribute to FK506-induced hypemten$he
nearly instantaneous effect of FK506 on RBF seen in our study, however, is too rapid to be
dependent on changes in gene expression and is therefore not likely due to aalcineur
inhibition.

Our in vivo data verify previously reported effects of FK506 on blood flow in isolated
preparations. FK506 is reported to decrease RBF by 23% in an in situ autoperfused rat

kidney(10) and contract isolated rat and human renal arteries (217). To our kregwielglg
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one other study has investigated the effects of acute FK506 infusion on RBF in vivo (252).
In this study, FK506 was continuously administered iv in the presence of L-NAMEhior
and resulted in a 47% decrease in RBF. Our study shows that effects of FK506 o RBF ar

localized to the kidney and occur when nitric oxide is present.

The actions of ADPR cyclase and RyRs are responsible for a majority of excate r
vasoconstriction elicited by Ang Il and NE. We found that either nicotinamideh@anium
red blocked up to 70% of agonist-induced renal vasoconstriction without changing baseline
MAP. Furthermore, we show that CD38-/- mice have significantly attenuatebvascular
responses to Ang Il and NE. It is unclear whether ADPR cyclase daigliaetivated by Ang
Il and NE, or if basal levels of cCADPR and/or NAADP enhance renal vascsfonges to
Ang Il and NE. The previously reported literature has suggested that ADRReycl
contributes to agonist-induced vasoconstriction. ADPR cyclase, CADPR, and RyRs
participate in Ang Il-mediated increases in {gidn preglomerular resistance arterioles (61),
those triggered by KCl-induced depolarization (66) and constrictor responsesate NE
attenuated in aortic rings of CD38-/- mice (173). RyRs have also bebcateg in NE
signaling in vascular myocytes (21). Our studies add to this pool of knowledge by
demonstrating a functional role of ADPR cyclase and RyRs in the renal ataseuh vivo.
Further studies are required to clarify the relative importance of agodiged activation of

this signaling pathway as compared to basal levels sufficient to accommddite C

It is interesting to note that we observed a trend towards greater asoalar
responses to Ang Il and NE during recovery after acute dose-dependentaniabttie
ADPR cyclase/RyR pathway. Sustained inhibition of'@aobilization may have resulted in

accumulation of Cd in SR stores that were unmasked as exaggeratéadlzase and
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agonist-induced contraction during the recovery period. This exaggerated respense

particularly prominent in NE experiments involving nicotinamide.

Our results suggest that ADPR cyclase and RyRs may function importabdth
afferent and efferent arterioles. Activation of L-typ€Gzhannels is likely to increase renal
vascular resistance by a primary action of'@atry in the preglomerular vasculature,
predominantly afferent arterioles (26; 77). In contrast, effereniae® appear to have few,
if any, L-type C&' channels that are activated by Bay-K8644 or KCl-induced depolarization
(26; 77; 157). Our results indicate that nicotinamide and ruthenium red inhibit more than
50% of the renal vascular response to Bay-K8644. In this regard, our results highlight the
functional role of ADPR cyclase/RyR signaling in afferent arteripladiated renal

vasoconstriction initiated by €aentry.

ADPR cyclase may contribute to efferent arteriolar constriction ds ®atlier work
on isolated rat afferent arterioles indicates an important role of the Aixitase/RyR
system in Ang - and ET-1-induced increases in‘[;€65; 61). The importance of this
system in C& signaling in the efferent arteriole is unknown. It is well accepted that the
major resistance sites responsible for regulation of RBF are the smaditeliafferent and
efferent arterioles and that Ang Il and NE constrict both sets of glomeartdsioles. The
relative strength of contraction is reported to be equal (17; 227; 228), or with pnagddmi
effects on efferent arterioles (176). Since these studies suggest that 808 of renal
vasoconstriction takes place in the efferent arteriole, our findings thatnaicotie and
ruthenium red inhibit 50-70% of Ang Il- and NE-induced contraction raise the question that
the ADPR cyclase/RyR signaling pathway may contribute to efferemtaar constriction

as well.
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In summary, we present RBF evidence that the ADPR cyclase/RyR patltayayan
important physiological role in the regulation of basal renal vasculataiesesduring resting
conditions and in acute renal vasoconstrictor responses elicited by Arif)dandNBay-
K8644 injection into the renal artery. This is the first study to document the functional
importance of the ADPR cyclase/RyR pathway in the vasculature in vivorelmatanfusion
of high-dose nicotinamide to inhibit ADPR cyclase activity produces renatilasation as
evidenced by increased RBF and reduced RVR in the absence of a change in M&P. Low
doses of nicotinamide that did not affect basal RBF markedly attenuate theeaalte
vasoconstriction produced by intrarenal injection of Ang Il, NE or Bay-K8644.| thrak
cases, the constriction appeared to be mediated by RyR as ruthenium red teelueaal
microcirculatory response to each agonist. Renal vascular reactivihgttd And NE was
markedly attenuated in mice lacking the ADPR cyclase CD38, solidifyindusios of
vascular signaling based on nicotinamide inhibition of ADPR cyclase in ratsBalhe
K8644 studies provide insight into the functional importance of the ADPR cyclase/RyR
pathway in C& signaling and CICR in renal vasoconstriction that occurs independent of

GPCRs.
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Figure 2.1. A: Representative recording of RBF (black) and MARyafter Ang I
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maximum decrease in RBF in response to Ang Il ducontrol (ctrl), increasing doses
nicotinamide, or recovery period (rec). n=8; *: F3{L, t: P<0.01 vs. contr

42



% of Inltlal

Time (min)

Nicotinamide (mg/kg/min)

0 (ciri) i 3 U (rec)

Max. % NE-Induced Change In RBF g
=

*

Figure 2.2. A: Recording of RBF (black) and MAP (gray) respongeNIE injection at time
zero during infusion of saline (top) or nicotinamitb inhibit ADPR cyclase (bottomB:
Average maximum percent change in RBF in respandétduring the control period (ci,
in the presence of increasing doses of nicotinanudduring recovery period (rec). n=8.
P<0.05 vs. control.
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Figure 2.3. A: Typical tracing of RBF (black) and MAP (gray) irsp®nse to intraren.
injection of the Ltype voltag-gated C&" channel agonist, Bal8644 (2.5 pg) durin
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CHAPTER IlI

ADP-ribosyl cyclase and ryanodine receptors mediate endotheliaiI EE receptor-

induced renal vasoconstriction in vivo

Reprinted with permission frolimerican Journal of Physiology Renal Physiol@§%:
F360-368. Copyright © 2009 by the American Physiological Society. All rights of

reproduction of any form reserved.



A. ABSTRACT

ADP ribosyl cyclase (ADPR cyclase) and ryanodine receptors (RyRgipaté in
calcium transduction in isolated afferent arterioles. We hypothesizettighaignaling
pathway is activated by kTand EE receptors in the renal vasculature to mediate
vasoconstriction in vivo. To test this, we measured acute renal blood flow (RBF) response
to ET-1 in anesthetized rats and mice in the presence and absence of functional ADPR
cyclase and/or RyR. Inhibitors of ADPR cyclase (nicotinamide) or RyRdiniim red)
reduced RBF responses to ET-1 by 44% (P<0.04 for both) in Sprague-Dawley rats. Mice
lacking the predominant form of ADPR cyclase (CD38-/-) had RBF responséslidhat
were 47% weaker than those seen in wild type mice (P=0.01). Seleciivedeptor
stimulation (ET-1 + BQ788) produced decreases in RBF that were attenuatei layd 3
56% by nicotinamide or ruthenium red, respectively (P<0.02 for both). ADPR cyclase or
RyR inhibition also reduced vasoconstrictor effects of the le€eptor agonist sarafotoxin
S6c¢ (77% and 54%, respectively, P<0.02 for both)g iEE€eptor stimulation by ET-1 + the
ETa receptor antagonist BQ123 elicited responses that were attenuated bgcb808@by
nicotinamide and ruthenium red, respectively (P<0.01 for both). Nicotinamide attenuated
RBF responses to S6c by 54% during inhibition of nitric oxide synthesis (P=0.001). We
conclude that in the renal microcirculation in vivo: 1) ET-1-induced vasoconstriction is
mediated by ADPR cyclase and RyR, 8) both Bfd EE receptors activate this pathway,

and 3) ADPR cyclase participates ingg€ceptor signaling independent of NO.
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B. INTRODUCTION

Endothelin-1 (ET-1) is one of the most potent vasoconstrictors identified to date.
Dysfunction in ET-1 regulation or receptor signaling has been implicated irakever
cardiovascular diseases including atherosclerosis, coronary artergediseagestive heart
failure, cerebrovascular disease, and systemic and pulmonary hymertemsl in acute and
chronic renal disease (82; 139; 160; 204; 213; 214). ET-1 is thought to act primarily in a
local paracrine fashion in the vasculature, being secreted from endotbisiaduminally
to act on nearby vascular smooth muscle cells (VSMC). Circulating levelB-bfappear to
have a relatively minor influence on vascular tone. In this regard, it has been proyabsed t

ETB receptors bind circulating ET-1 and provide a clearance function (214).

The renal vasculature is particularly responsive to ET-1 (140; 201). Acute
intravenous administration of ET-1 decreases in renal blood flow (RBF) in arfirhéts
140) and increases renal vascular resistance in humans without affetetired pressure
(202). The effects of ET-1 on RBF are due to contraction of preglomerularsagede
afferent and efferent arterioles as has been shown in specializedlisalstelar
preparations (55; 120; 143) and in vivo (140; 201). Although ET-1 does not affect steady-
state RBF autoregulation, ET-1 stimulation of NO production alters the dgmafihe

preglomerular myogenic response (220).

ET-1 signals via two G protein coupled receptors(GPCRy: &0 EE (160; 194;
214). Stimulation of E{ or ETg receptors results in elevation of cytosolic calcium
concentration [Cd];. ET-1 stimulates the production of inositol 1,4,5-triphosphatg &t

1,2-diacylglycerol (DAG). IRcan bind to IBRs on the sarcoplasmic reticulum (SR) to
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release C& while DAG activates PKC, resulting in downstream activation of myosin light

chain kinase and cell contraction.

Most VSMC have SR with Gasensitive ryanodine receptors (RyR) that participate
in C&* mobilization. RyR can be activated by second messengers produced by the enzyme
ADP ribosyl cyclase (ADPR cyclase) (1; 272). We have previously obsertatithADPR
cyclase/RyR signaling pathway plays a significant role in mediagisigonses to Ang Il in
Cd" signaling in isolated afferent arterioles (64) and renal vasocorwtriotivivo (241).
However, little is known about which GPCRs activate this particular secondngesse
system in specific vascular beds. Participation may depend on vessel size &od &ntt
vascular bed. For example, it appears that thromboxa(iexA,) signaling through the TP
receptor does not involve ADPR cyclase and RyR in isolated renal arteri¢swBéfeas
ADPR cyclase inhibition dilates TxAoreconstricted coronary arteries (88). Interestingly,
isolated aortas from mice genetically lacking the predominant form of RAE)elase
(CD38-/-) show normal contractile responses to ET-1 but contraction tedtieenergic
receptor agonist phenylephrine is weaker than that seen in wild type mice (1&3ndw
thata-adrenergic receptor-induced renal vasoconstriction is dependent on ADRBecyot

RyR in vivo (241).

Evidence indicates that ET-1 activates ADPR cyclase in VSMC of coraeas/,
mesenteric, and pulmonary beds. The ADPR cyclase inhibitor nicotinamide aenuat
contraction of mesenteric arteries elicited by ET-1 (90). Evidence mtgdidoth second
messengers produced by ADPR cyclase in VSMC responses to ET-1. Incubatimmafyg
arterial myocytes with ET-1 stimulates production of the ADPR cyclasawmiée nicotinic

acid ADP (NAADP) (274). In pulmonary arterial VSMC,Caesponses to ET-1 are
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attenuated by bafilomycin A1, an inhibitor of NAADP-inducedGalease (135). Selective
inhibition of cyclic ADP ribose, a second metabolite formed by ADPR cyclabheBBr-

Cadpr attenuates Earesponses to ET-1 in rat renal afferent arterioles (65).

To our knowledge, the importance of ADPR cyclase/RyR signaling in mediiing
1-induced vasoconstriction has not been studied in vivo in any vascular bed. Due to the
emerging importance of ADPR cyclase in GPCR signaling, we hypotddbiaeADPR
cyclase and RyR contribute to renal vascular responses to ET-1 in vivo. We deatdhaine
importance of this signaling pathway in responses to & EE receptor stimulation in the

renal microcirculation.
C. MATERIALS AND METHODS

Sprague Dawley rats, wild type C57BL6 mice, and CD38-/- mice on a C57BL6
background were obtained from our Chapel Hill breeding facility. CD38-/- mdevdd
type control breeder pairs were originally obtained from Dr. Frances {undeau Institute,
Saranac Lake, NY) and Jackson Labs (Bar Harbor, ME), respectivelynidlhis were
cared for and used in accordance with institutional guidelines. Protocols weveegbpy
the local Institutionahnimal Care and Use Committee. Animals were anesthetized using
sodium pentobarbital (Nembutal, 50-60 mg/kg body wt ip for rats, 80-90 mg/kg body wt ip

for mice, Abbott, Chicago, IL).

Surgical Procedures in Rat$he surgical preparation for measurement of RBF in
rats was performed as is standard in our laboratory (129; 127; 241). The rigtalfarteoy
was catheterized using a PE50 catheter for continuous measurement ofterésrpegssure

(MAP) via a pressure transducer (Statham P23 dB). The right femoral veinthetecaed
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using three PE10 catheters for infin of bovine serum albumin (4.75% at 50 pl/min
min=body wt (g)/4, then reduced to 10 ul/min foe temainder of the experimer
maintenance of anesthesia using sodium pentoblaabkitaquired, and injection N..-nitro-
L-arginine methyl ester (NAME) when applicable. The bladder was catheteramed
tracheotomy was performed. A curved PESO0 cathvedsrinserted into the left comm
iliac, passed up the aorta, and positioned sudhthiaip of the catheter was facing but
obstructing théeft renal artery for administration of pharmacotad agents. An ultrason
flow transducer was placed around the left renarato measure RBF (model 1R

Transonic, IthacayY).

Surgical Procedures in Mi- Procedures for measuring RBF in micere modified
from those previously developed in our laborai(20). A pulled PE50 catheter wasserted
into the right femoral artery for continuous measnent of MAP via a pressure transdu
(Statham P23 dB). Pulled PE10 catheters weretetséarto a femoral vein for i
administration of bovine serum albumin (2.4%, 10k for the duration othe experiment)
and ET4. A tracheotomy was performed and the bladddretatized. The left renal arte
was freed from the renal vein, and RBF was measuyeah ultrasonic flow transduc

(0.5V, Transonic, Ithaca, NY

Assessment of Renal Vascular ctivity- In rats, 10 pl bolus injections of -1 (7.5
ng) and S6¢ (7.5 ng) were given directly into theal artery in the manner previou
described (129; 127Previous studies show that RBF and MAP respoitsES-1 and S6¢
recover, albeit slowly, over 30 m(129). As a result, multiple doses of ETend/or S6¢

were given to the same animal. In mice, a 10 pdof ET-1 (7.5 ng) was injected into
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femoral vein. L-NAME (25 mg/kg in 1 ml/kg 0.9% NaCl) was injected into a fehveia

of rats 30 min prior to the start of an experiment.

Ruthenium red (126 pg/kg/min), an inhibitor of RyR, nicotinamide (6 mg/kg/min), an
ADPR cyclase inhibitor, BQ123 (18.64 ug/kg/min), amE&ceptor antagonist, and BQ788
(18.64 pg/kg/min), an Eglreceptor antagonist, were infused into the renal artery 3 min prior
and 5 min following ET-1 or S6¢ injection. These doses of nicotinamide and ruthenium red
were based on an earlier study in which we established effective inhibitiamgdf-Aand
NE- induced renal vasoconstriction while neither agent affected basal RBFR(244). It
is important to note that complete inhibition was not reached at the doses used isght pre
study as higher amounts are known to produce more pronounced inhibition of ADPR cyclase
as evidenced by frank renal vasodilatation (241). Following the inhibitory period, thal anim
was allowed to recover for 10 min prior to a final assessment of reactivigfl cimses, the
response during the recovery period returned to the control level indicatidgeagisibility
of inhibitors and stability of the preparation. The doses of ET receptor antagwaikisown
to effectively antagonize EaTand EE receptors selectively (129). To avoid possible

overlapping effects, each rat received only one inhibitor (nicotinamide onrutheed).

Pharmacological Agent&T-1, L-NAME, nicotinamide, and ruthenium red were
purchased from Sigma Aldrich (St. Louis, MO). S6c, BQ123, and BQ788 were obtained
from American Peptide Company (Sunnyvale, CA). All pharmacological agergs we

dissolved in 0.9% NacCl.

Data AnalysisData were collected using Labtech Notebook software and graphs

were created using SigmaPIlot softwafatistical analyses of differences in RBF responses
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between control and experimental periods were performed by a paired stutsttissing

SigmasStat software.

D. RESULTS

Results are reported for a total of 58 male Sprague-Dawley rats anpragi+ 0.1
weeks of age. In rats not treated with L-NAME, RBF and MAP were 3.8 + On2im/dy
kidney wt and 100 + 4 mmHg, respectively. L-NAME treated animals showed ansedrea

MAP (145 £ 3 mmHg, P<0.001) and decreased RBF (3.0 £ 0.3 ml/min/g, P<0.05).

ET-1-induced renal vasoconstriction is dependent on ADPR cyclase activation and
RyR. To determine whether ADPR cyclase mediates renal vascular responses, twd=T
gave intrarenal bolus injections of ET-1 to rats before and during intrarenabmbighe
ADPR cyclase inhibitor nicotinamide. ET-1 injection into the renal arteryedeed RBF by
31 £+ 3% (Fig. 3.1). This response was impaired in the presence of nicotinamide such that
only a 17 £ 3% decrease in RBF was produced by the same amount of ET-1, a response tha

was decreased 45% from that observed in the control period (P<0.01).

To test the importance of RyR, we compared renal vascular responses to E€-1 in t
presence or absence of the RyR inhibitor ruthenium red in other animals. The 29 £ 4%
decrease in RBF was induced by ET-1 under control conditions was attenuated fuiymuthe
red. ET-1 produced a 16 + 3% decrease in RBF in the experimental period (Fig. 3.2). Thus,
both ADPR cyclase and RyR appear to play a role in acute ET-1 responses inlthe rena

microcirculation of normotensive rats.

Renal vascular responses toH€ceptor stimulation are mediated by ADPR cyclase
and RyR.ETx and ETE receptors are both present in the renal microvasculature and mediate
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total RBF responses to ET-1 (48; 89; 129). As a result, we asked whether the impafrtance
ADPR cyclase in the renal hemodynamic actions of ET-1 is selectivegndent on one ET

receptor subtype over the other.

To specifically stimulate Edreceptors, we injected ET-1 into the renal artery of rats
in the presence of the selectivegd€ceptor antagonist BQ788. In the absence of
nicotinamide, the combination of ET-1 + BQ788 decreased RBF by 50 + 5% (Fig. 3.3).
When nicotinamide was infused into the renal artery to inhibit ADPR cyclasegriktictor
response to Edreceptor stimulation was markedly attenuated. During ADPR cyclase
inhibition, ET-1 + BQ788 decreased RBF by 28 + 3%, an attenuated response compared to
ET-1 + BQ788 given without nicotinamide (P<0.01). Similarly, RyR inhibition with
ruthenium red attenuated the acute RBF response to ET-1 + BQ788 from 56 + 10% to 25 +
4% (P<0.02, Fig. 3.4). Together, these data demonstrate a significant role forcikElBse

and RyR in E§ receptor-mediated renal vasoconstriction.

Vasoconstrictor responses to g&Eceptor stimulation are dependent on activation of
ADPR cyclase and RyRIo test the importance of ADPR cyclase and RyR ip e€eptor
signaling, we injected the specific Efeceptor agonist sarafotoxin S6c into the renal artery.

In other animals, a combination of the £Zdntagonist BQ123 and ET-1 was tested. When

given into the renal artery, S6¢ and ET-1 + BQ123 reduced RBF by 22 + 4% (Fig. 3.5) and
13 £ 2% (Fig. 3.6), respectively. Thus, as has been previously demonstrated (129), we found
that ETg receptor stimulation elicits net renal vasoconstriction. Nicotinamide aiigirke

inhibited the vascular effects of both S6¢c and ET-1 + BQ123 such that only a5 = 2%

decrease in RBF was observed in both groups (P<0.01 for both). These findings suggest that
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ADPR cyclase participates in acute renal vasoconstrictor responsésctived=Tg receptor

stimulation in a healthy rat kidney.

Other experiments indicate that RyR participate ig EECeptor responses in the renal
vasculature in vivo. Prior to administration of ruthenium red, S6¢c and ET-1 + BQ123
decreased RBF by 16 + 3 (Fig. 3.7) and 9 + 1% (Fig. 3.8), respectively. In the sanls,anima
ruthenium red attenuated RBF changes during ieteptor stimulation. During RyR
inhibition in these groups, S6¢c and ET-1 + BQ123 decreased RBF by 7 £ 2% and 4 £ 1%,

respectively (P<0.02 for both), reductions of approximately 50%.

ADPR cyclase activation by gTeceptors is independent of nitric oxide addition
to vasoconstrictor properties of Efleceptors on VSMC, Elreceptors are present on
endothelial cells of renal vessels (114; 253). When stimulated, these recepdoedXO
and other dilator agents that buffer ET-1-induced renal vasoconstrictionl@/)1; Since
interactions between NO and ADPR cyclase have been reported in both VSMC and
endothelial cells of non-renal arteries (266; 276), we asked whether ttis effe
nicotinamide on Ed receptor-induced renal vasoconstriction persist in the absence of NO
production. To test this, we evaluated the effect of ADPR cyclase inhibition on S6¢
responses during inhibition of NO synthase using L-NAME. DUthtNAME infusion, S6c¢
decreased RBF by 28 + 3% (Fig. 3.9). Nicotinamide attenuated the S6c responset such tha
13 £ 2 % decrease in RBF was observed in the experimental period (P<0.005). These result
suggest that ADPR cyclase activation bysE@ceptor stimulation occurs in the absence as

well as the presence of NO.
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RBF responses to ET-1 are impaired in mice with decreased ADPR cyclasg.activit
The importance of ADPR cyclase in renal vascular responses to ET-1 weseddsemice
lacking the predominant form of ADPR cyclase (CD38). ET-1 injected iv produced a 19 *
3% decrease in RBF in wild type mice, compared with a 10 = 1% decrease in GDi88-/-
(P<0.02, Fig. 3.10). This finding in mice reinforces our pharmacological studies on rats
demonstrating the importance of ADPR cyclase in renal vascular respondeg to the

rat.
E. DISCUSSION

Our study is the first to demonstrate a dependence of ET-1 signaling on ADPR
cyclase activation and RyR in the microcirculation of any organ in rats exedmvivo.
Acute ET-1-induced vasoconstriction in the kidney is critically dependent octtlagyaof
ADPR cyclase and RyR. This conclusion is based on results obtained using pharmelcologic
inhibitors and a knockout mouse. We find that botia Bfid EE receptors utilize the ADPR
cyclase/RyR signaling pathway to produce vasoconstriction of renstiarese arterioles in
rats. Experiments in mice demonstrate the importance of one ADPR cychalgeni@mber
in particular, CD38, in ET-1-induced renal vasoconstriction. Our study extends previous
work establishing the importance of ADPR cyclase and RyR in mediatif{ji[@sponses
to ET-1 receptor stimulation in isolated renal afferent arterioles (65) anttlps new

information regarding the importance of this pathway in an integrated, natunarenent.

We found that ADPR cyclase and RyR mediate a significant portion of anate r
vasoconstriction produced by ET-1. In our rat studies, pharmacological agents used to

inhibit both ADPR cyclase and RyR attenuated renal vasoconstrictor respon3e$ by E
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~45%. Nicotinamide and ruthenium red are widely used to inhibit ADPR cyclase and RyR
respectively. Nicotinamide is a byproduct of ADPR cyclase conversion BiN& cADPR

and NADP+ to NAADP (1; 145) and nicotinamide shifts the ADPR cyclase oeadt

produce relatively small amounts of NAD+ and NADP+ rather than adding signijica

the pool of cADPR and NAADP. Although nicotinamide may also inhibit poly (ADP-ribose)
polymerase-1 (PARP-1) (260), this is unlikely to be a major factor in our studoes si
PARP-1 is generally activated only under incidences of extreme &jemsd our animals

were closely monitored to ensure the most physiological conditions possible. As a
commonly used inhibitor of RyR, ruthenium red binds directly to RyR, causing a
conformational change that renders the channel inactive (161). Ruthenium reldanay a
inhibit C&*-activated K channels (Bl,) (22; 161), known to be present in renal
microvessels (162). If this were the primary action, however, ruthenium red would be

predicted to enhance vasoconstriction rather than oppose it as is seen in our study.

Our rat results were reinforced by studies on mice lacking the predorfanarnf
ADPR cyclase (CD38-/-). Three forms of ADPR cyclase are known $t: etkie non-
mammalian ADPR cyclase of the sea hapéysia californicaand the two mammalian
ADPR cyclases lymphocyte antigen CD38, and bone marrow stromal cell samfagen
BST-1 (CD157) (215). Whereas CD157 is present primarily on immune cell types and is
upregulated during periods of stress, CD38 is more constitutively expresseckapkssed
in several tissues (74). Isolated aortas without intact endothelium from CbB&/have
impaired responses to phenylephrine, suggesting a vasoconstrictor role of GKKe&8ad-
adrenoceptors (173). It is noteworthy that another form of ADPR cyclasé\settsi

retinoic acid may exist in VSMC, although this form is poorly characte(&@@d In an
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earlier study, we reported weaker than normal acute renal vascplanses to Ang Il and
norepinephrine in CD38-/- mice, suggesting that CD38 exists in resistancelestarid
mediates vasoconstriction in the kidney triggered by &1d adrenoceptors (241).
Presently, we found that mice deficient in CD38 show attenuated renal vasqubsisessto
iv injection of ET-1, supporting the notion that ADPR cyclase mediates acute rii:ded

renal vasoconstriction in the mouse.

ET-1 responses were attenuated by 45% in the presence of either nicotinamide or
ruthenium red. Similarly, responses to ET-1 in CD38-/- mice were 47% less thdd in wi
type controls. Collectively, these results indicate that the ADPR eyBigR signaling
pathway accounts for roughly one-half of acute vasoconstriction of resistdedseles in the
kidney in response to ET-1. Previous in vitro results indicate thahtPits receptor play an
important role in mediating [¢4; responses to ET-1 in renal microvessels (9; 105).
Although one cannot discern from the current data whether the contribution of the ADPR
cyclase and IfPpathways to ET-1-induced renal vasoconstriction work independently, it is
probable that a synergistic effect exists between these two signaicitanisms. RyR are
Cd” sensitive receptors that can amplify {gafrom any source. Garelease from I§Rs on
the SR may activate nearby RyR by*Giaduced C&' release (CICR). cADPR may also
contribute to the amplification of 4R signaling since CADPR sensitizes RyR to CICR. In
addition to cCADPR, ET-1 stimulation of ADPR cyclase may produce NAADP in VSMC.
C&" exiting from lysosomal stores via stimulation of NAADP receptors rsyactivate
RyR to cause CICR (135). It is noteworthy that we used concentrations of phbrgizal

agents that produced less than maximal inhibition of their intended targets, so tihedbse
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degree of inhibition in rats represents a conservative estimate of the invohadrA&®

ribosyl cyclase and RyR in the integrated renal responses.

Large systemic arteries predominantly expresg ite€eptors on VSMC and BT
receptors on endothelial cells (214). In many vascular begds;ge€ptors are also expressed
on venous VSMC (194). In the kidney, Efleceptor stimulation on VSMC produces
vasoconstriction (129; 127). ETeceptor stimulation on endothelial cells leads to
production of the vasodilator NO (127; 214) whereag Eteptors on VSMC elicit
vasoconstriction (55; 120; 129). This occurs both in vitro and in vivo (54; 55; 120; 140; 201).
Since both EX and EE receptors mediate renal vascular responses to ET-1, we analyzed the
contribution of the ADPR cyclase/RyR pathway to signaling by each receptor
experimental design included selective stimulation of each receptor subtyed as both
together. Antagonist specificity and dosage have been established previausly i
laboratory (129; 127). Both BQ123 and BQ788 effectively produce near-complete amhibiti
of ETa and EE receptor subtypes, respectively, at the doses employed herein. Our present
results together with previous studies by Just et al. (129; 127) suggest thatiameracst
exist between Ed and EE receptors since Elreceptor stimulation produces a net dilator
effect when ET receptors are co-stimulated, but selective stimulation gfrEdeptors alone

results in vasoconstriction.

Nicotinamide attenuated renal vasoconstriction produced Ry &cEptor
stimulation by ET-1 + BQ788, indicating a role for ADPR cyclase signaling pr&ceptor-
induced renal vasoconstriction in vivo. Our previous study demonstrated a dilatboaffe
basal renal vascular resistance when a high dose of nicotinamide was a&dedr(®41).

Importantly, the dose used in the present study was low enough to not affect restinog RBF
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MAP. Our in vivo results for vasomotor tone extend those fof JGaen in isolated

afferent arterioles (65) and testicular peritubular smooth musclgtg)land establish the
importance of the ADPR cyclase signaling pathway in renal vascufamsss in
anesthetized rodents. In individual afferent arterioles, both nicotinamide andQR&CcA
selective blocker 8Br-cADPR attenuated {Giaresponses to EiTreceptor stimulation (65).
Similarly, the cADPR selective antagonist 8NéADPR attenuated Gaincreases in
response to EJdreceptor stimulation in testicular peritubular smooth muscle cells (11). To
our knowledge, only one study has examined the link betwegmd€€ptor activation and
RyR. This study of isolated peritubular smooth muscle cells showed that antagonis
concentrations of ryanodine inhibited fCJaresponses to ETreceptor stimulation (11). We
provide new information that RyR are important mediators @f iEE€eptor signaling in the
renal vasculature in vivo. By design we focused on the role of ADPR cyclase anthRyRs
mediating ET-1-induced renal vasoconstriction and did not assess participatitrebC4"
signaling pathways. Interactions among multiple pathways are probalde DR has
been shown to sensitize the RyRs toG#o favor CICR (84; 269; 272). For example, the
[C&®"]; and renal vasoconstrictasponse initiated B9a* entry through L-type Ca

channels is potentiated by basal RyR activity (66; 241).

We provide new evidence that the magnitude of constriction elicited pyde@&ptors
is dependent upon the activity of the ADPR cyclase/RyR signaling pathwayegsbiisrare
consistent with those for [3; experiments in peritubular smooth muscle cells in vitro(11)
and rat cerebellum where ETeceptor signaling is dependent on cADPR and/or RyR, but
differ from previous findings in isolated afferent arterioles showing thetGesponses to

S6c¢ were not significantly diminished by nicotinamide (65). The contrast betwesults
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likely reflects differences between in vitro and in vivo preparations. Imphbytant study
indicates that, whereas ETeceptor responses may not be mediated by ADPR cyclase in
afferent arterioles without intact endothelium in vitro, in vivo renal constriegponses to

ETg receptor activation are dependent on the enzyme.

Unlike ETa receptors that are only found on VSMCsgEé&ceptors are present on
both VSMCs and endothelial cells and contribute to both constrictor and dilator responses
(214). Likewise, ADPR cyclase contributes to signaling pathways in both cedl (¢p;

212), a fact that may have an impact on interpretation of our results. Since we have
previously seen that high concentrations of nicotinamide can increase bas@/RB&nd

since the vasoconstrictor response t@ EIreduced rather than enhanced by nicotinamide in
the current study as would be expected if Edceptor-induced dilation were inhibited, we
conclude that the bulk of the activity of ADPR cyclase in response to ET-1 isilikislg
VSMCs rather than endothelial cells. ADPR cyclase signaling may ocoemal endothelial
cells. However, inhibition of ADPR cyclase suggests a predominant action in 1Nl .V
The role of ADPR cyclase and RyRs indggEceptor-induced vasodilatation in the renal

microcirculation requires futher investigation.

Interestingly, the attenuation of the g&=feceptor agonist S6c¢c-induced renal
vasoconstriction by nicotinamide was significantly greater that of BQ12B-1 & BQ788 +
ET-1 (P<0.05, data not shown). Synergy may exist betwegraid EE receptor signaling
pathways in the renal vasculature (120; 129). Our data likely reflectd¢hissuggesting
that ADPR cyclase is more important ingg€ceptor signaling in the presence of activg ET

receptors.
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Since endothelial cells possesssE&ceptors, we tested whether in vivo responses
depend on Ed receptor-mediated NO production by investigating the contribution of ADPR
cyclase to S6c-induced renal vasoconstriction during inhibition of nitric oxide synthase
(NOS) activity. We found that inhibition of S6¢ responses by nicotinamide occurred in the
presence of L-NAME, indicating involvement of ADPR cyclase independent oidantg
endothelium. As mentioned previously, the interactions between ADPR cyclase and NO
appear to be complex and cell-type specific. Our data clearly show that renal
vasoconstriction elicited by ETreceptors occurs via ADPR cyclase activation whether or
not NO is present and add to the aforementioned suggestion that the bulk of the effect of
ADPR cyclase inhibition in the renal vasculature in vivo is dependent on VSMCs and not
endothelial cells. In this regard, our results suggest that NO is probablyening®a major
inhibitory effect on ADPR cyclase activity in renal VSMC in vivo as has begorted for

coronary artery VSMC in vitro(266).

In summary, we present RBF evidence showing that ADPR cyclase and Riyieme
acute renal vascular responses to ET-1 in vivo and extend our previous study of the renal
microcirculation demonstrating the importance of the ADPR cyclase/RyRlIsg pathway
in G protein coupled receptor stimulation by Ang Il and norepinephrine (241). Qhes is
first animal study to investigate this area in any vascular bed in vivo wegex
interactions between cell and tissue types occur naturally. Intraremsibimfof
nicotinamide or ruthenium red at doses that did not alter MAP or basal RBF attieRB&te
responses to ET-1. Importantly, this was the case for responses to s&légtared E|
receptor stimulation as well. Moreover, CD38-/- mice showed attenuatéad3ponses to

ET-1. ETs receptor dependence on ADPR cyclase was seen even in the absence as well as
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the presence of NO production, suggesting direct effects on renal VSMC. (ts res
provide new insight into ET-1's regulation of renal hemodynamics under normal cosditi
and have implications for regulation of renal hemodynamics in the hypertstesigavhen

ET receptors are upregulated and more tonically activated (213; 214).
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Figure 3.1. A: Average RBF responses to intrarena-1 injection under control conditiol
before (bold line) and during nicotinamide infusiato the renal artery (6 mg/kg/min, fii
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Figure 3.6. A: Average RBF changes produced by-1 injection in the presence of t
ETa receptor antagonist BQ123 prior (bold line during intrarenal infusion of nicotinamic
(6 mg/kg/min, fine line).B: Average maximum RBF responses to Eii the presence «
BQ123 before (ctrl), during (nic), and after (re@yotinamide, n=12. *: P<0.(
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Figure 3.8. A: Average RBF response to -1 injected intrarenally in the presence
BQ123 before (bold line) and during intrarenal milcamide infusion (6 mg/kg/min, fin
line). B: Average change in RBF in response tc-1 in the presence of BQ123 bef
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CHAPTER IV

NAADP receptors mediate calcium signaling stimulated by endothelna harepinephrine

in renal afferent arterioles

Submitted to the American Journal of Physiology—Renal Physiology



CHAPTER V

Mice Lacking the ADP Ribosyl Cyclase CD38 Exhibit Attenuated Renal \dastigction to
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CHAPTER VI

General Discussion



A. OVERVIEW OF RESULTS

The overall purpose of this dissertation was to determine the role, if any, of the
ADPR cyclase signaling pathway in the regulation of renal hemodynarhicthis end, |
employed a variety of in vivo and in vitro techniques to demonstrate expression and
physiological relevance of ADPR cyclase signaling in the renal \atsical | found that
ADPR cyclase regulates baseline RBF and ADPR cyclase and RyR enedrato
vasoconstrictor responses to Ang I, NE, and ET-1. Furthermore, | showed expres$sion of
ADPR cyclase family members in renal preglomerular resistanceodseand determined
CD38 to be the family member primarily responsible for the physiologicalteftd the
enzyme on RBF. Finally, | determined a functional role for the second messexgbBP
in mediating NE- and ET-1-induced [€R responses in renal afferent arterioles. These
findings contribute greatly to the current understanding of RBF regulation andetbei
groundwork for future studies characterizing the physiological eftédtss pathway in

health and disease and are summarized in figure 6.1.

[Ca®™]; regulation in VSMC and endothelial cells contributes importantly to overall
vessel tone and regulation of local tissue perfusion. In the renal vasculdareticals in
[C&®"]; of these cells and concurrent changes in contractile state of pre and postigiomer
resistance arterioles influence RBF and GFR, leading to alteratisa$t and water
excretion and ultimately blood volume and blood pressure. Thus, afferent and efferent
arteriolar [C&']; signaling can produce systemic hypertension and kidney disease. The
purpose of this dissertation was to investigate a nov&lsignaling pathway involved in the
regulation of renal vascular tone. While previous work has lead to the discovery of a

plethora of plasma membrane®Cahannels in VSMC and endothelial cells, | chose to
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investigate a newly discovered enzyme system, ADPR cyclase, capgbleecating two

second messengers involved in mobilization of @am intracellular stores in VSMC.

Prior to the start of this dissertation, little was known about the presence & ADP
cyclase in renal resistance arterioles. In fact, only two publicationtgdxisne
demonstrating production of the second messenger CADPR in renal microvesséls a
ability to increase [Cd]; in VSMC (150) and a second showing attenuatedJGasponses
to the vasoconstrictor Ang Il in isolated renal afferent arterioles iprésmence of inhibitors
of ADPR cyclase, cCADPR, and RyR (61). Based on this information, | began to atiéress
guestion of the significance of ADPR cyclase in the renal vasculature foyrpieig in vivo
studies aimed at testing whether ADPR cyclase and the downstream tdrggt eé¢cond
messengers produced by the enzyme, RyR perform a physiological role in the rena
vasculature to regulate RBF. Measurements of RBF in anesthetized Speaglay-Eats
showed functional RyR as evidenced by vasoconstrictor responses tadbélization
secondary to RyR opening by FK506, an agent that removes inhibitory FK506 binding
proteins. Vasodilatory responses to ADPR cyclase inhibition by nicotinamide lesl to t
conclusion that ADPR cyclase activity contributes to the regulation of leasdlwascular

tone under resting conditions.

Renal vascular tone in vivo is largely determibgdocal paracrine / autacrine factors
and GPCR agonists. As a result, my subsequent studies asked whether ADRRacytlas
RyR patrticipate in downstream in vivo renal vasoconstriction by three common
vasoconstrictors: Ang Il, NE, and ET-1. Renal vasoconstrictor responses tbafigNE
were attenuated during ADPR cyclase or RyR inhibition in anesthetizedtnpligating

cADPR and/or NAADP production or activity downstream ofiAhda; adrenergic
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receptors. While ATis the primary contractile Ang Il receptor in the renal vasculature (222)
and NE likely works almost exclusively loy adrenergic receptor activation (209), ET-1
produces renal vasoconstriction by acting on botk &1d EE receptor subtypes (129). For
this reason, | used a combination ofafEand EE receptor agonists and antagonists to
analyze individual effects of ADPR cyclase and RyR inhibition on ET receptompasbty
Interestingly, | found inhibition of both ExTand EE receptor-induced renal vasoconstriction
during ADPR cyclase or RyR inhibition, suggesting involvement of ADPR cyclgsalsig

pathways downstream of both receptor subtypes in renal VSMC.

While the cardiovascular importance of ADPR cyclase is only beginning to be
elucidated, biochemical studies of the enzyme led to extensive chaedmiaraf two
mammalian ADPR cyclase family members: CD38 and CD157 (BST-1) (224), bdth wel
known antigens presented on a variety of immune cell types. As a result, while
immunological and biochemical studies often differentiate between the tvilg faembers,
cardiovascular studies tend to focus on ADPR cyclases in general. CD38 oftgedtas
expression and activity levels than CD157. However, few studies have determined the
expression or action of specific ADPR cyclases in any blood vessel. Thussbogkt to
examine expression levels of both ADPR cyclases in renal microvessels. ohpésh this,
| used an iron oxide and sieving preparation to isolate preglomerular resistenotear
from wild type C57black6 mice and expression levels of CD38 and CD157 mRNA were
measured by real time quantitative RT-PCR. mRNA of both ADPR cyclasesxpeessed
in wild type tissues. To determine whether knockout of CD38 increased CD157, | cdmpare

expression between wild type and CD38-/- strains. Surprisingly, CD157 mRBIA wa
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decreased, rather than increased, indicating a lack of upregulation of CD157hsetheeaof

CD38.

To ask whether CD38 is the primary ADPR cyclase regulating renal vascula
reactivity to Ang Il, NE, and ET-1, responses to these agonists were compavedrbefld
type and CD38-/- mice. Animals lacking CD38 produced consistently weaker RBF
responses to GPCR stimulation. The ADPR cyclase inhibitor nicotinamide, whicktalm
completely abolished Ang lI-induced renal vasoconstriction in wild type nhiad no
significant effect on Ang Il responses in CD38-/- animals. Nicotinaimsidebyproduct
produced by all ADPR cyclases and therefore should equally inhibit all memlibis of
family. The fact that nicotinamide exerted no inhibitory action in CD38-/e iimngly
suggests that, while CD157 is detectable in renal preglomerular resisié@igoles, it is
unlikely that this ADPR cyclase contributes significantly to Ang Il-iretlcenal

vasoconstriction.

While the bulk of my dissertation research has focused on ADPR cyclase and RyR
with little emphasis on the second messengers produced in between, my finahenise
addressed the question of which metabolites mediaté]{@sponses to the
vasoconstrictors tested in previous studies. Considerable work has focused on@raducti
one metabolite, CADPR, both in renal and extrarenal vascular beds as wellragititte i
importance of this second messenger in mediating/JGasponses to a variety of GPCR
agonists. Very little effort, on the other hand, has focused on the role of NAADP in such
processes and no single study existed examining the effects of NAADP imahe re
vasculature. Therefore, my final experiments were designed to detehmipessible

involvement of NAADP in renal afferent arteriolar fCJasignaling. While all of my
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previous experiments were performed in vivo to gain understanding of the overall
coordination of the integrated physiological processes opposing and cooperatingcivith e
other to produce renal vasoconstrictor responses, the lack of knowledge in this ape&if

led me to choose to investigate fJaresponses in afferent arteriolar VSMC using intact
isolated afferent arterioles without functioning endothelium. Biochemigdiest as well as
studies in other isolated cells have shown that ADPR cyclase produces NAADP ey at
low pH, such as that found in a lysosome (1) and that NAADP releaefd®a lysosomes
near RyR on the SR (135). As aresult, my study asked two questions: whether lysosomal
vesicle C&' stores participate in GPCR-induced afferent arteriolaf'JQ@sponses and
whether NAADP acts downstream of these vasoconstrictors. | found attenuaftéd [C
responses to NE and ET-1 in the presence of either lysosomal disruption with Concanamyci
A and Bafilomycin Al or inhibition of NAADP receptor with Ned-19. These results itelica
involvement of both lysosomes and NAADP in GPCR signaling pathways of afferent
arterioles. NAADP therefore likely contributes to NE and ET-1 signalingnalrafferent

arterioles, an observation that opens the door for future investigation.

B. INTRACELLULAR MECHANISMS REGULATING Ca * MOBILIZATION IN

AFFERENT ARTERIOLAR VSMC

My dissertation focused almost exclusively orf @aobilization from intracellular
stores. Nevertheless, extracellulafQzas long been known to contribute importantly to
changes in renal afferent and efferent arteriolar VSMC (236). A widetyaxi channels
exist on VSMC plasma membranes to allow fof ‘Gatry. L-type, T-type, and P/Q-type
voltage-gated CA entry channels have all been identified in renal VSMC (70; 123; 58).

Depolarization stimulated by GPCR agonists leads to activation of thesgethaln
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addition, receptor-operated channels lie directly downstream of GPCR ad@aist 56) and
store-operated channels open in response to depletion of SR stores by GPCR(&8onists

257).

Despite the prevalence of these channels, early researclf orel@ase from internal
stores suggested an alternative pathway dependent on phospholipase C (236) @Rd IP
mobilization in renal VSMC was first thought to occur solely onpi®duction and
stimulation of IRR on the SR. While ET-1 and NE induced such mobilization, it was
thought that Ang Il acted preferentially througtCentry and almost independent of
mobilization pathways (236; 208). We now know thatrtiediated C& mobilization
actually contributes importantly to €aesponses elicited by Ang Il in renal afferent

arterioles (61).

In addition to IBR, RyR exist on SR membranes and contribute importantly to the
amplification of C&" responses by CICR in cardiac and skeletal muscle. Only just before |
began my dissertation did evidence emerge for function of RyR in renal VSMC ngeludi
renal resistance arterioles (61; 150). These studies showed ADPR eyulaRgR
participating in C&' responses in isolated afferent arterioles. | expanded this knowledge by
demonstrating that Ang Il and ET-1 work by actions on ADPR cyclase and Ry®invi
addition, my in vivo animal experiments helped clarify functional importance tatdae
issues beyond those addressed in isolated vessels. | observed increaséRBFoiasa
response to ADPR cyclase inhibition, implicating, for the first time, reigulaff basal C&
levels by ADPR cyclase and RyR in renal VSMC under resting conditionscadne

speculate that these effects are due largely to basal production of CADPR knewsitiaes
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RyR, however, this hypothesis has not been tested in a systematic manner awditBus a

future experimentation.

My data also are novel in that they are the first to indicate that CD38keyh&DPR
cyclase participating in Garesponses to Ang Il, NE, and ET-1 in the renal microcirculation.
The experiments were all done in vivo, and future experiments examinihgeSponses in
isolated afferent arterioles of CD38-/- mice would document effects of CD&&8oteon

afferent arteriolar [C4];.

In addition to SR stores, high [Ehis maintained in mitochondria and lysosomes
(135; 95). Although [C4] is high in these organelles, its pool is significantly smaller than
that in extracellular or SR stores and, for this reason, it has long been assurntexbtha
stores do not significantly contribute to global {aesponses in VSMC. At present, my
data are the only information available showing a contribution of lysosomaleveicts to
global [C&"]i responses to any agonist in any resistance arteriole. Specificalfindings
implicate that this C4 exits lysosomes through NAADP receptors sensitive to Ned-19.
Publications on pulmonary arterial VSMC suggest that NAADP receptorsapéed to
RyR, but experiments are needed to show whether this is the case in affereiesr
Indeed, future studies should focus on determining whether this is the only path for
lysosomal vesicle Gain afferent arterioles and whether this path is similar or different from

that observed in VSMC from other vascular beds.

My studies indicate an extremely important effect of ADPR cydaseNAADP on
in vivo and in vitro afferent arteriolar [€%; responses to a variety of GPCR agonists. It is

noteworthy that other studies have seen large effects of inhibitiorfbeftay (193) and P
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receptors (65) on ET-1-induced afferent arteriolaf{[eesponses. It is therefore likely that
a considerable amount of crosstalk exists between the various pathways. Mygdatt ati
least one type of crosstalk: that L-type channel responses are adhipjifthe actions of
ADPR cyclase and RyR. However, other types of intereactions must be involveuidio ex
the large degree of inhibition seen during blockade of NAADP receptargckptors, RyR,
and various plasma membraneCzhannels independent of one another. An extensive set
of studies is required to investigate crosstalk among pathways in VSMC nalgamne

specifically in afferent arterioles.

C. PHYSIOLOGICAL IMPACT OF VSMC Ca " MOBILIZATION ON RENAL

HEMODYNAMICS

Ccd" plays a fundamental role in regulating in vivo renal vascular tone both through
VSMC and endothelial cells. Increases inq{an EC lead to eNOS activation and vessel
dilation whereas activation of similar pathways (i.e. mobilization B Bhd RyR) in
VSMC produce vessel contraction. As a result, it is difficult to predict oyangfiological
effects of pathways that increase fGain both cell types, and the study of integrated renal
vascular responses is extremely important. On the other hand, the complexiygEited
responses means that physiological studies may not always reveatitaeigs of C&
signaling pathways. As a result, it is useful to consider in vitro preparasomslla The
simplest preparation (in terms of data interperetation) is isolation of & selyjtype,
cultured VSMC of preglomerular resistance arterioles. These arseai@asolated using the
iron oxide/sieving method, and VSMC grown in culture conditions that provide
overwhelmingly slower growth of endothelial cells (278; 197). The result is a palvks,s

primary culture that does not require the sacrifice of many animals. Howlese are
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limitations. For example, expression of some proteins (189) changes over tintere. cul
Certain receptors and signaling pathways may change in these artifidalam For this
reason, we believe it is advantageous to study freshly isolated over cultisedEeein
closer to the in vivo setting, but still in a controllable environment are intact weggaknts
where isolated afferent arterioles can be studied. The benefits of thi€ p&aration
include the absence of functioning endothelial cells (65) and selective ickemdrfi of
afferent arterioles in a reproducible controllable environment. In additioretcarele,
freshly isolated arteriolar segments and their VSMC are attractiveifial studies for these
reasons as well as the low concentration of reagents required. Thus, | chpesptuiation
for my in vitro studies of Ca signaling and NAADP receptors. Future studies are required
to determine the physiological role of NAADP receptors and lysosmal vesidles

regulation of integrated renal vascular responses in vivo.

For the majority of my studies of vascular contraction and reactivity in vivo, |
performed whole animal surgeries on either rats or mice. My initial RBFestudi
investigating the use of ADPR cyclase and RyR inhibitors in vivo were conducteclielpa
to in vitro C&" signaling studies on isolated afferent arterioles (65; 61; 66). In a#host
cases, the in vivo and in vitro data agree. An exception of my in vivo studies is the finding of
the importance of ADPR cyclase and RyR in both Biid EE receptor subtype signaling in
RBF experiments, as compared to primary mediation gfrEGeptor actions in isolated
afferent arterioles. It is not known whether thes Edceptor is more labile and may have
been disrupted during isolation or whether this difference reflects interadtetween E4
and Eg receptor subtypes not present in isolated vessels. The exact nature of EQr recept

interactions in vivo is only beginning to be investigated and it is thereforeutliffo guess
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as to the specific action present in vivo vs. in vitro (129; 18). Future experiments should
explore ET receptor subtype interactions in the renal vasculature and thekfifese

interactions on ADPR cyclase activation.

My in vivo studies provide new information demonstrating basal and agonist-induced
physiological actions of ADPR cyclase and RyR in the renal microcironlat also show
that the bulk of the actions of ADPR cyclase inhibition occur through effects on the ADP
cyclase CD38. It is important to note that biochemical and genetic chienainde@ of ADPR
cyclase family members is in its infancy. It has been suggestesuthdpulations of ADPR
cyclases exist such as cytosolic ADPR cyclase (38) and a specdidara8BDPR cyclase
(50; 64). Characterization of these enzymes as CD38, CD157, or a novel family member
remains to be seen. My studies were by design therefore limited to CD38 and CD157 and,
due to the unavailability of CD157 knockout animals, were largely focused on CD38. My
experiments convincingly demonstrate the absence of effect of ADPReydtésition in
CD38-/- animals and suggest predominance of CD38 in integrated renal vasqdasess
an effect of other family members cannot be excluded. As new data emerge furthe
characterizing this family, the role of various members in renal vasoctmstasponses in

vivo should/could be investigated.

D. IMPLICATIONS FOR HEALTH AND DISEASE

Renal afferent arterioles are known to participate in the pathogenesiedl sev
diseases including hypertension and kidney disease. The contractile stase oktsels
determines RBF, GFR, glomerular capillary pressure and post-glomeruléarggmessures.

Decreases in RBF and GFR due to enhanced afferent arteriolar contractieadcemdalt
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and water retention and an increase in blood volume. This increase in blood volume can,
over time, produce hypertension. High arterial pressure can, in turn, depending on the
efficiency of preglomerular autoregulatory mechanisms, lead to gloaneénjury and kidney
disease. Although the exact mechanisms underlying the increase in totalrpéxipbeular
resistance associated with hypertension are not completely known, our currestanttieg
suggests that alterations in downstream pathways of common renal vasaoosstric
contribute. This idea is evidenced by the fact that spontaneously hyperters{(&Hf), a
strain selectively bred for high blood pressure as a model of essentiaEngpartin
humans, have increased renal vascular reactivity to many vasoconstnckodsnig Ang Il
(31), NE (177), and ET-1 (86), AVP (68), thromboxane (31) and reduced responses to
vasodilators such a prostaglandins and dopamine (32). It is for this reason that the

constrictors Ang Il, ET-1 and NE were chosen for use in this dissertation.

In summary, my dissertation research sheds new light on signaling pathways
downstream of GPCR of common renal vasoconstrictors and provides compelling evidenc
for an important role of the ADPR cyclase/RyR signaling pathway in megiatute
constrictor effects of Ang Il, NE, and ET-1 in normotensive animals. Whileesgarch
provides essential basic knowledge regarding these pathways in health, it tenbaiisgen
whether exaggerated activity of the ADPR cyclase/RyR pathwayipatés in the
development or maintenance of cardiovascular diseases such as hypertension. Future
experiments could compare the effects of acute and chronic pharmacologidalcACiRse
inhibition in SHR and normotensive rats. Also of interest would be the ability ofIAng |
infusion and/or high salt diet to produce hypertension in CD38-/- mice vs. wild type sontrol

Such experiments should help determine the contribution of this newly discoverdihgigna
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pathway to cardiovascular disease and hypertension and may help pave the ey for t

discovery of novel antihypertensive therapies.
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