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DAVID ALAN OSMOND 
Purinergic Receptors i~ Renal Autoregulation of Normal and Hypertensive Rats 
(Under the direction of EDWARD W INSCHO PhD.) 

Evidence points to ATr and its metabolite adenosine as being key regulators of 

renal vascular tone. THree separate families of receptors are predominately 
I . 

activated by ATP met~bolites; P2X, P2Y, and P1 purinergic receptors. Activation 

r 

of the ATP sensitive P2X1 receptor and the adenosine sensitive A1 receptor have 

both been implicated Js mediators of renal autoregulatory behavior. The first 

major aim of these sturdies tested the hypothesis that inhibition of the P2X1 

receptor impairs whole kidney autoregulation of renal blood flow in vivo. During 

I 
acute inhibition of P2XI1 receptors, rats had significantly impaired autoregulatory 

behavior. However, during inhibition of adenosine-activated A1 receptors 

autoregulatory behavirr remained intact. These results highlight a predominant. 

role for P2X1 over A1 receptors in the autoregulation of renal blood flow in vivo. 

The second major ail of these studies addressed the consequences of 
I . 

hypertension on renal autoregulation during inhibition of ADP-sensitive P2Y12 
I 

receptors. Initial results demonstrated that Ang 11-mediated hypertension 

significantly impairs Ltoregulatory ability and stimulates renal structural injury. 

Blockade of the P2Y J2 receptor in Ang 11-treated rats normalized autoregulatory 
I 
I 

ability and renal strudtural injury. Additionally, the Ang 11-mediated increase in 

renal lymphocyte pr,valence was decreased by P2Y 12 receptor inhibition. 

Results in Ang 11-trered rats suggest that P2Y12 receptors activation may be a 

contributor to deere sed autoregulatory efficiency. In both normotensive and 



i 

hypertensive models t~e purinergic receptors have a major impact on the 

regulation of renal he~odynamics and autoregulation, providing potential 

therapeutic targets for the prevention of renal failure. 
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I. INTRODUCTION 

I 
STATEMENT OF THE PROBLEM 

I 

I 
Renal failure is a majdr cause of death and disability worldwide, and the health of 

the renal vasculature bontributes to both the onset and the severity of renal 

injury. The ability of thl vasculature to respond to fluctuations in arterial 

pressure-termed autbregulation-is considered both a protective mechanism 

I 
and a hallmark of heallthy kidneys. Several disease states are associated with 

loss of autoregulatory behavior, including hypertension and diabetes. Evidence 

points to ATP and its tnetabolites ADP and adenosine as being key regulators of 
I . 

renal vascular tone.,hree separate families of receptors are predominately 

activated by ATP metabolites; P2X, P2Y, and P1 purinergic receptors. 

Extracellular ATP acting through P2X1 receptors is proposed to mediate 

autoregulatory adjust~ents in juxtamed u llary afferent arteriolar resistance 
I . 

(Inscho 2003; Hashijoto, Huang et al. 2006). During hypertension 

autoregulatory behav1ior is significantly impaired (Inscho, I mig et al. 1999; Inscho 
! 

2001; Inscho, Cook et al. 2004). Loss of autoregulatory control is concordant with 

a loss of P2X1 receptbr activation in vitro. Currently, the role of P2X1 receptors in 

whole kidney in vivo lutoregulation has not been fully determined. Therefore, the 

central hypothesis of Aim 1 is that P2X1 receptors mediate autoregulatory control 
1 



2 

of renal blood flow ii vivo. We predict that inhibition 

diminish autoregulatory efficiency. 

of P2X1 receptors will 

I 
I 
i 

Inappropriately elevat~d Ang II levels induce hypertension, impair autoregulatory 
i 

behavior, contribute td development of renal injury, vascular inflammation, and 
I 

I 

fibrosis (Granger 2006). Purinergic receptors are activated in cardiovascular 
I 

diseases including Ang II associated hypertension (Nishiyama, Majid et al. 2001 ). 
i 

Furthermore, sustaine1d activation of purinergic receptors is capable of inducing 

smooth muscle hypeJophy and hyperplasia {Wang, Huang et al. 1992; Erlinge, 
I 

Yoo et al. 1993; Huwil:er and Pfeilschifter 1994). A recent study demonstrated 

clopidogrel induced bllockade of ADP sensitive P2Y12 receptor reduces renal 

fibrosis in the face of persistent Ang 11-dependent hypertension (Graciano, 

I 
Nishiyama et al. 20071). In addition, clopidogrel inhibits monocyte chemoattractant 

I 

protein-1, transforminb growth factor-J3, and platelet derived growth factor, all of 

which are associated ~ith renal injury (Peters, Eisenberg et al. 2004; Graff, 

Harder et al. 2005; Sharma, Cook et al. 2005; Eardley, Zehnder et al. 2006; Ma, 

Weisberg et al. 2006; Ozawa, Kobori et al. 2006; Sasser, Sullivan et al. 2006). 
I 
I . 

I 
I 

I 

Increases in arterial Rressure, such as those occurring during Ang II 

hypertension, activatl P2Y12 receptors systemically proceeding to end organ 

damage (Blann, Nadt et al. 2003). Evidence suggests that aberrant P2Y12 

receptor activation is responsible for loss of autoregulatory behavior. Therefore, 



the central hypothesis of Aim 2 is that P2Y12 receptors mediate Ang 11-induced 

impairment of autoregulatory mechanisms. The proposed experiments will 
I 
I 

determine the role of ~2Y12 receptors in the reduced autoregulatory efficiency 

observed during Ang 111 hypertension. We predict that inhibition of P2Y12 

receptors will preserv~ autoregulatory efficiency and reduce the renal injury 
I 
I 

produced by Ang II in~usion, 

I 
I 

These hypotheses will be addressed by the following specific aims: 
I 
I 

Specific Aim 1. To ,st the hypothesis that whole kidney autoregulation is 

controlled through ~2X1 receptors in vivo. Whole kidney autoregulatory 

ability will be assessed with and without P2X1 receptor blockade by PPADS or 

IP51. Additionally, dosl response curves to P1 and P2 receptor agonists will be 

utilized to determine rlnal vascular sensitivity to specific receptor activation. 

Specific Aim 2. To t~st the hypothesis that P2Yt2 receptor blockade 

protects against An~ 11-induced impairment of autoregulatory behavior, 

inflammatory proce~ses, and renal injury./n vivo experiments will determine 
I 

RBF autoregulation d~uring acute reductions in renal perfusion pressure in rats 
I 
I 

given chronic Ang II tfusion with and without P2Y12 receptor blockade by 

clopidogrel. Collectioi of metabolic data as well as histological examination will 

be conducted to determine the role of P2Y12 receptors in Ang 11-induced renal 

injury. 

3 



INTRODUCTION 

Renal Anatomy. The s;ection on renal anatomy is summarized from the following 

texts: (Riegel 1972; K~iz and Bankir 1988; Evans, Stevenson et al. 2000; Eaton 
I 

2004; Vander, Pooler et al. 2004) 

I 
I 
i 
! 

The mammalian kidney consists of a cortex surrounding a central region; the 

l 
medulla, and a pelvis that connects with the ureter. The medulla is divided into 

I 

4 

an outer and an inner portion. In rodents the inner medulla has one papilla or tip. 
I 

In humans usually 4 or 5 papillae are present. The papilla empties into the minor 
I . 

calyx which connects to the major calyx. Calyces are extensions of the ureter, 
I 

that transport urine fr1m the collecting ducts into the ureter and finally into the 

bladder. The outer mrulla is further divided into an outer stripe and an inner 

stripe. The renal artery, originating directly from the aorta, enters the kidney 

alongside the ureter, J~nal vein, and renal artery. After entering the kidney, the 

renal artery divides into interlobar arteries that then branch into arcuate arteries. 

The arcuate arteries ~ncompass the juxtamedullary junction of each renal 

pyramid. The interlob~lar arteries originate from the arcuate arteries and branch 
! 

into the afferent arterioles. The glomerular capillaries are formed from the 

afferent arterioles. Eff~rent arterioles then reform and collect to form the post

glomerular circulationj 



5 

The nephron is the smallest functional unit of the kidney. It consists of a 
I 

glomerular capillary network surrounded by Bowman's capsule, a proximal 

tubule, a loop of Henlel, a distal tubule, and a collecting duct. There are two major 

types of nephrons. ThJ superficial nephrons arise in the outer parts of the cortex, 
I 
i 

it has a short loop of Hrnle that reaches to varying distances into the outer 

medulla, and its efferent arteriole branches into the peritubular capillary network 
I 

associated with its ow1 tubular segments and those of surrounding nephrons. 

This capillary network nourishes the tubular cells, picks up substances that have 

been reabsorbed fromlthe tubules, and brings substances to the tubules for 

secretion. 

The juxtamedullary nebhron arises from the deep cortical regions adjacent to the 

medullary region. The glomeruli of juxtamedullary nephrons are typically larger 

than that of superficial nephrons, and the loop of Henle extends varying 

distances into the inner medulla, sometimes to the tip of the papilla. The 

juxtamedullary efferen~ arteriole continues not only as peritubular capillaries but 

also as vasa recta. Th~ vasa r~cta descend in bundles to varying depths in the 

inner medulla. They f,rm the capillary networks that surround the collecting ducts 

and the loops of Henle. Juxtamedullary nephrons comprise 5 to 10% of the total 

nephron population wi~h the remainder being superficial (30%) and midcortical 

(60°/o) in origin. 



6 

The juxtaglomerular ajparatus (JGA) is a combination of specialized tubular and 

vascular cells, consisti~g of specialized epithelial cells in the thick ascending limb 

known as macula dens;a cells, of mesangial cells, and of specialized secretory or 

granular cells at the va~cular pole where the afferent and efferent arterioles enter 

and leave the glomerul~us. The JGA is involved in the secretion of the enzyme 

renin and in the regulation of glomerular filtration rate and RBF. 
I . , 

' 
i 
I 

RBF is unique in that i~ transverses two capillary networks in series: the 
I 

glomerular capillary n~twork, and the peritubular network. The glomerular 

I 
capillaries together with Bowman's capsule form the renal corpuscle. The 

peritubular capillary n~twork lies distal to the effeient arteriole and surrounds the 

tubules. Because of this distinction there are two major resistance elements 

regulating blood flow ilto the glomerulus and into the peritubular capillaries. 

Renal Hemodynamics. In order to fully appreciate the role of the afferent and 

efferent arteriolar resiJtance changes on the regulation of glomerular and 

peritubular capillary blbod flow, several principles must be understood. The 

principles governing rlnal hemodynamics are relatively similar to the principles 
I 

used for the remainde~ of the circulation. The specific determinants maintaining 

renal blood flow and glomerular filtration rate are demonstrated by Poiseuille's 

law and the Starling-Landis equation. 



Poiseuille's law demonlstrates that the circulation of liquid (i.e. blood) requires a 

considerable degree of energy (Poiseuille 1840). For steady flow in a rigid 

cylindrical tube 

Q = rr1JPr4 I BLp 

7 

where Q is the volume~ric flow rate, fJ.PIL is the pressure drop per unit length of 

pipe, f1 is the dynamic riscosity of the fluid, and r is the tube radius. This equation 

is strictly applicable only in fully developed laminar flow of a Newtonian fluid. 

However, the implicatibns of this formula are of great consequence. For constant 

Q, resistance to flow il inversely proportional to r4 over the length of the pipe. In 

order to accurately calculate Q a constant was typically used for fl. However 

blood does not maintJin a constant viscosity as it traverses the circulation. For 

I 
this reason the viscosity of blood was modified to 

!]=N+AID 

where I] is total viscosity, N the magnitude of the Newtonian component, A the 
I 

anomalous non-Newtbnian viscosity coefficient and D the shear rate 

(Buckingham 1931).ldditional work has demonstrated that blood viscosity is 

affected by the hemaJocrit, percentage offibrinogen present, temperature, 

erythrocyte flexibility, lnd pressure placed on the blood (Sirs 1991 ). Increasing 



8 

hematocrit and fibrinoden concentration both increase viscosity, while increasing 

erythrocyte flexibility, timperature, and arterial pressure decrease viscosity. 

Importantly, when preJsure is decreased blood becomes more viscous. The 

effect of the changing riscosity of blood reveals that during stable temperature 

and 02 saturation, low~r arterial pressures increase the exponent by which r is 

multiplied, heighteninJ the role of vessel diameters in hemodynamics (Sirs 1991). 
I - . 

While the original equ~tion by Poiseuille only roughly approximates blood flow 

during constant arteriJI pressure; the original finding that vessel diameter 

remains the most powrrful component influencing flow remains unchanged. In 

effect the Poiseuille equation can be summarized into three components: ~P the 

force applied, rrr4/8LfJ resistance to the force, and Q the net effect of the 

equation. 

Poiseuille's equation was applied to capillary and lymphatic fluid flow by Ernest 
I 
I 

Starling in the late 1890s. Starling proposed that the rate and direction of fluid 

movement across caJillaries was a function of the capillary hydrostatic pressure 

and the plasma colloib osmotic pressure, the former acting as the driving force 
I 

responsible for filtrati~n and the latter for absorption (Starling 1896). When the 

forces are in balance, net fluid exchange is zero.· Starling's basic concept of 

forces associated wit/ transcapillary fluid exchange was later revised to include 

the interstitial fluid pressure and the colloid osmotic pressure of the interstitial 



fluid (Landis 1927; Latis 1927; Landis 1934). The transcapillary volume flow 

may be represented b~ the relationship 

I Jvc = Krc[(Pc- Pi) - ad(rrp- rri)] 

i 

where Jvc is the transc~pillary volume flow, Krc the capillary filtration coefficient, 
I . . 

9 

Pc the capillary hydrostatic pressure, P; the interstitial fluid pressure, ad the 

colloid osmotic reflectiln coefficient, and rrp and rr; are the colloid osmotic 

pressure of plasma a+ interstitial fluid, respectively (Kedem and Katchalsky 

1958). The stipulation ror using this equation, is that Krc and ad must be constant 

and that the forces Pc, P;, TTp, and TT; be steady-state values for a given condition. 

Krc is equal to the product of the hydraulic conductivity of the capillary membrane 

and the capillary surfafe area of the organ under consideration. Thus Krc may be 

taken as an index of t~e capillary surface area available for fluid exchange as 
I . 

well as the permeability of the capillary membrane. ad is a unit-less term that 

establishes the effec+eness of the colloid osmotic pressure gradient (rrp- rrt) 

existing across the capillary membrane. It may take on a value ranging from 0 to 

1. A value of ad = 1 in~icated a membrane system impermeable to plasma 
I 

proteins, whereas ad t 0 indicates that one is freely permeable. Because of the 

lack of reliable data regarding ad, most investigators have assumed ad= 1. 



The unique anatomy of the nephron results in necessary modification to the 

Starling-Landis equati1n. The average values for intraglomerular determinants 

provide the approximJte relationship 

10 

where K, is the filtratiq>n coefficient, PG is the glomerular hydrostatic pressure, Pa 
I 

is the hydrostatic presrure of Bowman's space, and rrG is the colloid osmotic 

pressure in the glomerular capillaries. The colloid osmotic reflective coefficient as 

well as the colloid asiatic pressure are omitted from the equation due to the 

relative impermeability of the glomerulus to plasma proteins under physiological 

conditions. 

When the organizatio/ of the renal vasculature is integrated with the Poiseuille 

and Starling-Landis e~uations a better understanding of renal hemodynamics 

can be achieved. FigJe 1 demonstrates the major resistance elements of the 
- I 

I 
renal circulation with the relationships between afferent and efferent arteriolar 

resistance and RBF. 
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Figure 1. Regulation of glomerular and peritubular capillary networks. Equations 

for calculating afferent and efferent arteriolar resistances are provided. RA and 

RE, afferent and effereht arteriolar resistance; PRA, pressure in renal artery; PG, 

glomerular capi/lary p~ssure; Pc, peritubular capillary pressure; RBF, renal blood 

flow; GFR, glomerular filtration rate. Modified from (Navar 1998) 
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Figure 1 
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Renal Autoregulation. Because the afferent arteriole, the efferent arteriole, and 

the interlobular artery rre the major resistance vessels in the kidney, they 
i 
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determine renal vascu11ar resistance. The primary role of autoregulation in the 

kidney is to preserve Jlomerular structure while ensuring properly regulated RBF 
I 
I 

and GFR. The kidney$ receive approximately 20% of cardiac output while 
. i 

I 
comprising only 2%, o~ the body's mass. This high level of flow is necessary to 

I 

maintain filtration at thr level of the glomerulus·. Blood flow is driven by the 
I 
I 

pressure gradient betWeen upstream arterial pressure and downstream venous 
I 

pressure, which varieJ continuously in vertebrates. Despite species-to~species 

differences in the exalt pressure range of autoregulation, the fact that RBF is 
I . 

stable despite fluctuations in arterial pressure indicates pressure-dependent 
I 

adjustment of renal v~scular resistance. For example in dogs the extreme lower 

limit of RBF autoregulition is 65 mmHg, with the lower limit in Wistar-Kyoto rats 

I 
being 70-80 mmHg (Kirchheim, Ehmke et al. 1987; Navar 1998; Racasan, Joles 

I 

et al. 2003). Autoregulation defines the inherent maintenance of stable blood flow 

during fluctuations in lrterial pressure (Figure 2). In the kidney, a relatively 

I 
constant blood flow is Jmaintained through the combined influences of at least two 

I 
mechanisms: myogenic and tubuloglomerular feedback (TGF) (Cupples and 

I 

Braam 2007). Both mechanisms have been extensively studied, with evidence 

I 
strongly supporting ATP and adenosine as the probable signaling mediators 

I 
(Sun, Samuelson et al. 2001; Bell, Lapointe et al. 2003; Hashimoto, Huang et al. 

2006; Guan, Osmond et al. 2007; Toma, Bansal et al. 2008). 
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Figure 2_. Autoregulat~on of glomerular capillary pressure (PGc), renal blood flow 

(RBF), and glomerulatfiltration rate (GFR) as the renal perfusion pressure is 

varied. The solid line rpresents intact autoregulatory behavior (theorized), while 

the dashed represents completely absent autoregulation. 
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The Myogenic Mechanism. The myogenic mechanism was first described by 

William Bayliss. His p~imary finding was that "the muscular coat of the arteries 

reacts ... to a stretchinl force by contraction" and "to a diminution of tension by 

I 

relaxation" (Bayliss 1902). Similar discoveries were made by MacWilliam the 

I 
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previous year (MacWilliam 1901 ). Using carotid arteries taken from oxen several 

days post-mortem, MicWilliam demonstrated a somewhat paradoxical decrease 

in arterial volume as Jressure delivered to the artery lumen was increased 

(Figure 3). Based on {hese initial observations and subsequent experimentation a 

broad description of tfe myogenic mechanism was defined. In the kidney, the 

myogenic mechanism allows preglomerular arterioles to sense changes in vessel 

wall tension and resplnd with appropriate adjustments in vascular tone. The rise 

in perfusion pressure results in subsequent smooth muscle constriction. The 

opposite occurs as prlessure in a vessel is lowered, with a decrease in 

vasoconstriction the net result. 
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Figure 3. The arteria~ volume of an ox carotid (5 days post mortem) in response 

to increasing arterial bressure. As pressure is increased from 0 to 160 mmHg the. 

I . 
volume of the caroti~ artery decreases. This decrease in volume corresponds 

with an increase in vascular contraction. Modified from (Mac William 1901 ). 
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Tubuloglomerular Fe,dback. The second mechanism mediating renal 

autoregulation is tubuloglomerular feedback (TGF), which increases afferent 

arteriolar resistance i~ response to a rise in si>dium chloride delivery at the 

19 

. I 
macula densa (Barajas 1979; Navar, Ploth et al. 1980; Schnermann, Traynor et 

al. 1998). Increases i1 distal tubular NaCI delivery elicit vasoconstriction, 

whereas decreases in NaCI delivery cause. vasodilation (Lapointe, Laamarti et al. 

1998). This negative feedback system functions through a steady-state signal 

released from the macula densa that contributes significantly to the overall 

regulation of GFR, an

1

b ultimately to the long-term control of sodium balance and 

extracellular fluid volume. The specific intracellular transduction mechanisms 

responsible for media~ion ofTGF signals remains unresolved. However, the 

current scheme invoiJes the transport of luminal NaCI into the macula densa 

. I 
cells through the Na:K:2CI cotransporter (NKCC2) (Wright and Schnermann 

1974). This results in increased cell [CI], membrane depolarization, and 

elevations in [Ca2+] at pH (Schlatter, Salomonsson et al. 1989; Lapointe, Bellet 

al. 1991 ). Subsequent ATP release occurs through maxi-anion channels 

(Nishiyama, Majid et l1. 2000; Bell, Lapointe et al. 2003). Once released ATP 

either directly activatls P2 r9ceptors in mesangial cells and vascular smooth 

muscle cells, or it is tnver'ted to adenosine by ecto-nucleotidases (Ecto-5'NT) 

and activates P1 receptors (Figures 4 and 5) (Nishiyama and Navar 2002; Ren, 

Carretero et al. 2002J Schnermann 2002). 
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Figure 4. Simplified scheme for the transmission of tubulog/omerular feedback 

signals. Modified frol (Bell, Lapointe et a/. 2003) 

I 
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I 
I 

I 

Figure 5. P1 and P21receptors and their intracellular cascades in vascular 

smooth muscle cells. This diagram shows the mechanisms for activation of P1 

and P2 purinoceptors by AMP, adenosine, A TP, and ADP, respectively. Gp, 

G TP-binding proteinJ: G;, inhibitory G protein; G s, stimulatory G protein; IP 3. 

inositol-1, 4, 5-triphosJhate; SR, sarcoplasmic reticulum; PLC, phospholipase C; 

VOC, voltage-operatid calcium channel; ROC, receptor-operated calcium 
I 

) 

channel; ECT0-5'-NT, ecto-5'-nuc/eotidase. Figure modified from (Guan, 
I -

Osmond et a/. 2007) I 

I 
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In situations of fluctuating arterial pressure, maintenance of glomerular capillary 

pressure is essential to preventing renal injury (Bidani, Griffin et al. 2009). 

Maintenance of stable glomerular capillary pressure is accomplished by 

alteration of afferent lrteriolar vascular resistance (Navar, Inscho et al. 1994). 

Evidence suggests a role for ATP sensitive P2X1 receptors in renal 
I 

autoregulation (lnschb, Cook et al. 2003). Activation of P2X1 receptors induces 

the ligand-gated influl of Ca2
+ into vascular smooth muscle cells with subsequent 

depolarization and va~oconstriction (Inscho, LeBlanc et al. 1999; White, lmig et 

al. 2001; Inscho, Cook et al. 2003). ATP and ATP analogues are potent 

activators of renal vaJcular tone in vivo (Majid, Inscho et al. 1999; Eppel, Ventura 

et al. 2006). Several Jtudies demonstrate that genetic, pharmacological, or 

pathological interruptibn of P2X1 receptor signaling results in a decline in 

autoregulatory behavirr in juxtamedullary afferent arterioles (Inscho, Cook et al. 

1996; Inscho 2001; Inscho, Cook et at. 2003; Inscho, Cook et al. 2004 ). A prior 

study demonstrated t~at afferent arteriolar autoregulatory behavior is inhibited by 

I 
pharmacological inhibition of P2X1 receptors in vitro (Inscho 2001 ). Additional 

I . 
I 
I 

evidence demonstrat,d loss of autoregulation in juxtamedullary afferent . 

arterioles from mice genetically deficient in P2X1 receptors (Inscho, Cook et al. 

2004) . . 
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Other studies have suggested that genetic removal of the adenosine A1 receptor 

I 
inhibits TGF-mediated autoregulation (Sun, Samuelson et al. 2001 ). Adenosine is 

formed via the break+wn of ATP by ecto-nucleotidases, exerting its effect 

through A1 receptors. ~hese receptors are coupled to GJG; protein and cause a 

decrease in cAMP production, while stimulating phospholipase C activity and 
I 
I 

resulting in vasoconsttiction (Akbar, Okajima et al. 1994; Hansen, Castrop et al. 

I 
2003). . 

I 

I 

A caveat of A1 receptdr signaling is that it predominately works through a 
I 

decrease in cAMP, no~ by modulating intracellular calcium concentration. In 

general autoregulatio~ is thought to function in a calcium-dependent mechanism, 

I 
at least in part througH voltage-dependent L-type calcium channels (Hayashi, 

Epstein et al. 1989). +cause of the mechanism of A1 receptor function it is not 

likely that adenosine is the mediator of autoregulation, but rather a modulator of 

vascular function. An ldditional consideration is that studies supporting A1 

receptors in TGF-deplndent regulation of renal blood flow have utilized 

micropuncture of sup,rficial nephrons. Whereas, the majority of studies 

supporting P2X1 rece~tors as mediators of renal autoregulation have focused on 

in vitro assessment oflblood-perfused juxtamedullary afferent arterioles. Due to · 

the different method of stimulating autoregulatory responses, namely 

manipulating tubular flbw versus manipulating arterial pressure, and due to the 

different measured oJcomes of autoregulation, glomerular capillary pressure 



versus RBF, the possibility exists that A1 and P2X1 receptors are more finely 

suited to different stim~latory pathways. This idea is supported by the findings 

that TGF and RBF ha~e different autoregulatory limits at least in some species 

(Kirchheim, Ehmke et ~1. 1987). 

I 
i 
I 

Overview of Purinoceptors. The cardiovascular effect of adenosine was first 
I 
I 

discovered by Drury in 1929. While he primarily studied the effects on 
I 
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mammalian heart, his bolleague, Dr. Verney, examined the renal response to i.v. 
I , 

administration of 100 rt,g adenosine (Drury and Szent-Gyorgyi 1929). Adenosine 

treatment evoked a prlcipitous fall in urine production and RBF without a 

significant fall in arteri~l pressure suggesting a profound effect specifically on the 

renal vasculature. Thi~ original observation, merely a paragraph in length, has 

developed into an extJnsive story of receptors sensitive to nucleotides and 

nucleosides. ~ 

Early pharmacological evidence for the existence of adenosine receptors has 

been provided by speqific antagonism by methylxanthines of adenosine-
] 

mediated accumulatiot of adenosine 3'5'-cyclic monophosphate (cAMP) in rat 

brain slices (Sattin and Rail 1970). "Purinergic" receptors were first formally 

recognized by Burnstofk. when he proposed that these can be divided into two 

classes termed "P1-purinoceptors", at which adenosine is the principal natural 

ligand, and "P2-purinoLptors", recognizing ATP and ADP (Burnstock 1978). 
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Adenosine-sensitive i 1 receptors are divided into four subtypes, A1, A2A, A2s. 

and A3 based on molecular and pharmacological evidence. The P1 receptors are 

all G protein-coupled ~eceptors. The A1 and the A2 receptors were first described 

to inhibit, via A1, or stilulate, via A2, adenylate cyclase activity in cultured and 

I 

primary cells (van Calker, Muller et al. 1979; Londos, Cooper et al. 1980). The A2 
I 

receptors are divided into the A2A and A2s subtypes based on genetic and 

functional evidence dlmonstrating homology of approximately 45% and a greater 

I 
affinity for adenosine At· 2A receptors compared to A2s receptors (Bruns, Lu et al. 

1986; Stehle, Rivkees et al. 1992). The A3 receptor was discovered in rat 

striatum and inhibits a enylate cyclase activity (Zhou, Li et al. 1992). The A3 

receptor is either not +pressed in renal preglomerular microvessels or is 

expressed under physiological pathologies (Zou, Wu et al. 1999; Jackson, Zhu et 

al. 2002; Pawelczyk, Grden et al. 2005). 

The function of the A1 leceptor is not limited to the inhibition of adenylate cyclase 

and subsequent decrelse in cAMP, in part due to its coupling to various G 

proteins within the Gi/o family (Freissmuth, Schutz et al. 1991 ). Another 

mechanism of A1 recewtors is the stimulation of inositol 1 ,4,5-triphosphate (IP3) 

I 
via phospholipase C (RI LC) activation (White, Dickenson et al. 1992; Megson, 

Dickenson et al. 1995). IP3 stimulates the release of Ca2
+ from the sarcoplasmic 

reticulum. A1 receptors also couple to ATP sensitive K+ channels in coronary 
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natural derivatives c,ffeine and theophylline. The antagonist 8-(p

sulfophenyl)theophylline (8-SPT) is more potent than theophylline at P1 

receptors, but is nonlelective for receptor sub-types (Daly, Padgett et al. 1985). 

DPCPX (8-cyclopenJI-1 ,3-dipropylxanthine) is an A1 receptor antagonist with a 

· subnanomolar affiniJ (I<.J = 0.8 nM at human A1 receptor) (Townsend-Nicholson 

and Schofield 1994). Additionally DPCPX is selective for A1 receptors over A2 

receptors and highly selective over A3 receptors (Bruns, Fergus et al. 1987). 

Unfortunately, DPCPt is water insoluble and must be dissolved in eitherDMSO 

or ethanol. To overcore this difficulty infusion rates less than 1 !JUmin are used 

(Kuan, Herzer et al. 1992). 
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TABLE 1 

Common A1 receptor agonists 

Agonist A1 Affinity Ratio A2/A1 Reference 

(Lohse, Klotz et al. 

CCPA Ki 0.4 - 0.6 nM 1500 
1988; Jacobson, 
van Galen et al. 

1992) 

CHA K:i 1.3 nM 514 
(Jacobson, van 

Galen et al. 1992) 

(Lohse, Klotz et al. 

CPA Ki 0.59-0.8 nM 780 
1988; Jacobson, 
van Galen et al. 

1992) 

GR79236 Ki 3.1 nM - (Gurden, Coates et 
al. 1993) 

R-PIA Ki 1.2 nM 100 
(Jacobson, van 

Galen et al. 1992) 

I . I 

Abbreviations: CCPA, 2-chloro-N6-cyclopentyl-adenosine; CHA, N6-cyclohexyl
adenosine; CPA, N6-cyctlopentyl-ademosine; GR 79236, N-[1S,trans,2-hydroxyl

. N6 -cyclopentyl-adenosi~e; R~PIA, (R)N6 -phenylisopropyl-adenosine. 

0 
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TABLE 2 

Common A 1 receptor antagonists 

Antagonists A1 Affinity Ratio A2/A1 Reference 

DPCPX Ki 1.5 nM 740 
(Bruns, Fergus et 

al. 1987) 

(Belardinelli, 
ENX Ks 3.6 nM 400 Shryock et al. 

1995) 

(Williams 1989; 
KFM 19 Ki 10.5 nM 144 Jacobson, van 

Galen et al. 1992) 

KW-3902 Ki 1.3 nM 380 
(Jacobson, van 

Galen et al. 1992) 

(Barrett, May et al. 

N 0861 Ks 0.83 tJM 10-47 
1993; Belardinelli, 

Shryock et al. 
1995) 

Abbreviations: DPCPX,j8-cyclopentyl-1 ,3-dipropylxanthine; ENX, 1 ,3-dipropyl-8-
[2-(5,6-epoxy)norbornyl xanthine; KFM 19, (±)-8-(3-oxocyclopentyl)-
1 ,3dipropylxanthine; K\/\(-3902, 8-noradamant-3-yl-1 ,3-dipropylxanthine; N 0861, 
N6 -endonorboman-2-yl-~-methyladenine 
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The second major family of purinergic receptors is the P2 family. P2-receptors 

are membrane-bound reclptors for nucleotides such as ATP and UTP as well as 

for polyphosphate nucleolides such as Ap4A and Ap5G (Pintor and Miras

Portugal1995; Ralevic a~d Burnstock 1998; Laubinger, Wang et al. 2003). There 

I 

are two distinct families o, ~2 receptors: the ligand-gated ion channe( P2X 

receptors, and the G-prot~1n coupled P2Y receptors (North and Barnard 1997). 
! 

There are seven P2X rec~ptors (P2X1-7) and eight P2Y receptors (P2Y1,2,4,6,11-14) 
I 

that have been identified ih mammals. P2 receptors are distributed throughout 

I 
the body on the surface of most cells. The P2X receptor subtypes form trimers 

with either homomeric or ~eteromeric configurations (North 2002). ATP activates 
i 

all known assemblies of P1~2X receptors (Jacobson, Jarvis et al. 2002). 

P2X1 receptors are abundantly expressed in smooth muscle tissue, where they 

mediate constriction via a calcium entry mechanism (North 2002). Several 

common agonists for P2XI receptors are presented in Table 3. P2X1 and P2~ 

receptors desensitize mu9h more rapidly (within <1 second in all expression 

systems) than other homo
1

meric P2X receptors, which has been exploited 

successfully to identify heJeromeric receptors in single cells (Lewis, Neidhart et 

al. 1995; Torres, Haines e~ al. 1998; Haines, Torres et al. 1999; Le, Boue-Gi"abot 

I . 

et al. 1999). Sensitivity to the agonist a, 13-methylene ATP continues to be an 

important tool for studying P2X receptors in single cells. Unlike ATP, a, 13-

methylene ATP is resistant to enzymatic degradation (Humphrey, Buell et al. 



1995) and thus can be used to identify P2X receptors in multicellular 

preparations including while animals (Khakh, Surprenant et al. 1995). a, 13-

methylene ATP generally boes not bind P2Y receptors; it is weak or inactive 

(ECso 1 001JM) at recombi~ant P2X2 and P~-7 (Colla, North et al. 1996). 

Currently, a, 13-methylene kTP is the agonist of choice for stimulation of P2X1 

receptors. 

I 
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Some commonly utilized ~2X1 receptor antagonists are presented in Table 4. 

Unfortunately many P2X receptor antagonists are not competitive .. For example 

PPADS (pyridoxal phosphlte-6-azo-benzene-2,4-disulfonic acid ) is equally 

effective at blocking P2Xj receptors. Fortunately, PPADS has little inhibitory 

effects on either P1 or P2+ receptors (Li 2000). It should also be emphasized 

that suramin is a poor ant1gonist of low potency and questionable selectivity, 

even blocking glutamate channels (Nakazawa, Inoue et al. 1995). Suramin also 

inhibits ecto-nucleotidase,, like other antagonists such as PPADS, which 

. complicates assessment or antagonist potency against hydrolyzable agonists in 

isolated tissue studies (Humphrey, Buell et al. 1995). The use of TNP-ATP in 

multicellular preparations illimited by its susceptibility to enzymatic breakdown 

I 
(Lewis, Surprenant et al. 1998). The P2X1 antagonist P1 ,P5-Di-inosine-5'-

pentaphosphate pentasodirm salt (IP51) is highly selective for the P2X1 receptor 

compared to other P2X receptors (King, Liu et al. 1999). Additionally, IP51 is not 

active at ecto-nucleotidas~, P1 or P2Y receptors. 



Agonist 

ATP 

2 meS-ATP · 

a~-meATP 

~y-meATP 

BzATP 

I 

I 

TABLE 3 

9ommon P2X1 receptor agonists 

I 

I 
P2~1 

I 
P2X3 

ECso oJ1 - 1.0 
l-IM 

ECso 1 IJM 

ECso 0.1 - 1.0 1-1M ECso 0.31-JM 

ECso 67-100 nM ECso 31JM · 

ECso 50-100 nM -

ECso 3!30 1-1M -
l 
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Reference 

(Norenberg and Illes 
2000; Khakh, 

Burnstock et al. 2001; 
North 2002) 

Abbreviations: ATP, aden]osine triphosphate; 2 meS-ATP, 2 methylthio-ATP; a(3-
meATP, a, ~-methylene ATP; ~y-meATP, ~, y-methylene ATP; BzATP, benzoyl
benzoyi-ATP 
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TABLE 4 
I 

i 
Cof1mon P2X1 receptor antagonists 

I 

Antagonist 
I 

P2f1 P2X3 Reference 

Suramin ICso 1 J,JM ICso 3 J,JM 

PPADS ICso 1 J,JM ICso 1 J,JM 
(King, Liu et al. 1999; 
Norenberg and Illes 

IP51 ICso 0.0~3 IJM ICso 2.8 J,JM 2000; Khakh, 
Burnstock et al. 2001; 

TNP-ATP ICso 0.001 J,JM 
North 2002) 

ICso 0.0

1

06 IJM 

NF279 ICso 0.02 J,JM ICso 1.6 J,JM 
I 

Abbreviations: PPADS, p~ridox~l phosphate-6-azo-benzene-2,4-disulfonic acid ; 

1 P51, P 1 ,P5 -Di-inosine-5' -prntaphosphate; TNP-A TP, 2' ,3 • -0-(2 ,4, 6-trinitrophenyi)

ATP; NF279, 8,8'-carbonylbis (imino-4, 1-phenylene carbonylimino)bis-(1 ,3,5-

naphthalenetrisulfonic aci1). 



36 

Overview of Autoregulatir in Ang II Hypertension. Autoregulation constitutes the 

primary intrinsic mechanism for regulation of glomerular capillary pressure, 

primarily by adjusting affJent arteriolar resistance in response to changes in · 

renal perfusion pressure Ld/or distal tubular fluid flow rates (Navar, Inscho et al. 

1994; Schnerrnann and Llvine 2003), In situations of fluctuating arterial 

pressure, protection of giJmerular capillary pressure is essential for preventing 
I 

renal injury (Bidani, Griffirl et al. 2009). 

Hypertension and subseq,ent end-organ damage often result when angiotensin 

II (Ang II) levels are inapplropriately elevated. Ang II has a number of 

physiological and pathop~ysiological effects, including vasoconstriction, retention 

of sodium and water, and elevating aldosterone release, renal fibrosis, and 

glomerular sclerosis (Guyton 1991; Shanmugam and Sandberg 1996). Ang 11-

. induced hypertension leat to loss of renal function and increased renal injury 

I 
(Bidani, Schwartz et al. 1987; Textor 1987; lmig and Inscho 2002). Many 

experimental models of Ahg 11-induced hypertension have been used to evaluate 

renal function. Rats chron~cally infused with slow-pressor doses of Ang II for two 

weeks exhibit marked eiJation in arterial pressure, impairment of autoregulatory 

mechanisms, proteinuria, and renal fibrosis (Inscho, Carmines et al. 1990; 

Carmines, Inscho et al. 1991; Inscho, I mig et al. 1999; Franco, Tapia et al. 2001; 
I . 

. Inscho 2001; Inscho, Cook et al. 2004; Zhao, Cook et al. 2005; Granger 2006). 



The phenomenon by whi~h long term Ang II administration induces renal and 

vascular dysfunction is will documented, but the exact mechanisms are poorly 

understood. Recently, Anlg II has been shown to be involved in vascular 

inflammation and autoreglulatory impairment(Lee, Leite et al. 2004; Granger 

I 
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2006; Lee, Sturgis et al. 2006). Ang II affects the expression of a number of the 
I 

pro-inflammatory molecul~es in the vessel wall that influence the multiple steps of 
i 

monocyte recruitment: rol
1

1ing, adhesion, trans-endothelial migration and 

chemotaxis (Ruiz-Ortegaj Lorenzo et al. 2001). Both in vitro and in vivo studies 

have shown that Ang II ubregulates P-selectin, intracellular cell adhesion 

molecules-1 and -2 (ICA~-1. ICAM-2) and vascular cell adhesion molecule-1 

(VCAM-1), which bind intigrins on the surface of circulating leukocytes and thus 

I . 
start their recruitment to the vessel wall (Costanzo, Moretti et al. 2003; Li and 

Shah 2004). Ang II also Jpregulates the expression of chemokines, in particular 

by increasing the levels or monocyte chemoattractant protein type-1 (MCP-1) via 

the AT1 receptor and RhmA-dependent processes (Funakoshi, lchiki et al. 2001). 

MCP-1 functions locally i~ the vessel wall by establishing a chemical gradient 

that attracts adherent monocytes and T lymphocytes to the site of injury in the 

vessel media (Brasier, Rlcinos et al. 2002). Finally, cultured endothelial and 

vascular smooth muscle bells synthesize pro-inflammatory cytokines, such as 

interleukin-1 (IL-1) and ILfa. in response to Ang II stimulation. The ability of Ang II 

to induce the overexpression of adhesion molecules, chemokines, and pro-
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inflammatory cytokines e sures the recruitment of leukocytes to the vessel wall, 

thus amplifying the inflajmatory response. 

Another aspect of Ang 11-modulated inflammation is the production of reactive 

oxygen species (ROS), s~ch as superoxide anions (0£), hydrogen peroxide 
I 

(H202), and hydroxyl radibals (•OH) which play a pivotal role in inflammatory 

responses. ROS influenci vascular permeability, leukocyte adhesion, 
I 

chemotaxis, cell growth ahd fibrosis, and are also responsible for endothelial 

I 
dysfunction (Haddad 2002; Guzik, Korbut et al. 2003; Touyz, Tabet et al. 2003). 

Their production is regula~ed by a complex system of Ang 11-stimulated signaling 

pathways, including intradellular calcium mobilization, kinase activation and 

phosphate inhibition (GriJ
1

ndling, Minieri et al. 1994; Patterson, Ruef et al. .1999; 

Griendling, Sorescu et al. 2000; El Bekay, Alvarez et al. 2003; Touyz, Tabet et al. 

2003). 

A component of Ang 11-induced hypertension is thromboxane A2 (TXA2) 

production. TXA2 is produbed by the metabolism of arachidonic acid through 

cyclooxygenase pathwayJ. TXA2 is a potent vasoconstrictor and in addition, 

regulates renal hemodynJmics and sodium handling (Baylis 1987; Remuzzi, 

FitzGerald et al. 1992).1ntlractions between T~ and the renin-angiotensin 
. I . 

system have also been established. For example, Ang II stimulates TXA2 

synthesis in vascular and ~enal tissues (Keen, Brands et al. 1997; Dey, Williams 
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et al. 2004). Moreover, t~ere is evidence for common actions of Ang II and TXA2 

to promote systemic and !renal vasoconstriction and sodium handling (Wilcox, 

Welch et al. 1991). Unbo~nd TXA2 is rapidly hydrolyzed non-enzymatically to its 

inactive form TXB2 (Robirts, Sweetman et al. 1981). 

I 

The inflammatory cytokin6 transforming growth factor-J3 (TGF-~) has been 

implicated in renal injury buring hypertension and diabetes (Roson, Cao et al. 

2008; Fukuda, Tahira et l1. 2009). Acute administration ofTGF-13 impaired 

I 
pressure-induced afferent arteriolar autoregulatory vasoconstriction as measured 

using the juxtamedullary ~ephron preparation, suggesting a mechanistic link 

between acute injury and long-term loss of autoregulation (Sharma, Cook et al. 

2005). In a different stud~, chronic use of a general anti-inflammatory agent 

pentosan polysulfate prevented loss of afferent arteriolar autoregulation in Ang II-

infused hypertensive rats without lowering arterial pressure (Guan, Fuller et al. 

201 0). In a model of Ang 11-high salt, inhibiting the chemokine receptor 2b (MCP-

\ 

1 receptor), afferent arterilolar autoregulatory behavior was preserved despite 

persistent hypertension (l±lmarakby, Quigley et al. 2007). In the DOCA-salt 
I 

model of hypertension, TtF-a inhibition with etanercept also reduced renal injury 

without affecting blood pressure (Eimarakby, Quigley et al. 2008). Taken 

together, these data sug+st that pro-inflammatory molecules reduce 

autoregulatory behavior independent of the direct effects of arterial pressure on 

vascular function. Two relent studies demonstrated that clopidogrel-mediated 
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blockade of ADP sensitive P2Y12 receptors reduced renal fibrosis despite 

I 
persistent hypertension (Graciano, Nishiyama et al. 2008; Tu, Chen et al. 2008). 

Patients at risk for myocaJdial infarction are commonly given the P2Y12 receptor 

antagonist clopidogrel for its anticoagulation properties. 

I 
Orally administered clopidogrel is catabolized to its active form by cytochrome 

P450 3A in the liver (CiarJe and Waskell 2003). The active form of clopidogrel 

inhibits P2Y12 receptors iJeversibly (Savi, Nurden et al. 1998). In a model of 

glomerulonephritis, P2Y12 receptor inhibition decreased TGF-~, fibronectin, and 

plasminogen activator inhibitor-1 (Peters, Eisenberg et al. 2004). A human study 

of renal transplant patientl found that P2Y12 receptor blockade reduced levels of 

matrix metaloprotease-9lnd other inflammatory biomarkers (Graff, Harder et al. 

2005). The interactions bltween inappropriately elevated Ang II levels and P2Y12 

receptor activity may extehd beyond experimental studies and have important 

clinical implications as we:ll. However, the protective effects of clopidogrel on 

autoregulatory behavior have not been studied in hypertensive models. The goal 

of this study was to dete+ine if P2Y 12 receptor activation contributes to renal 

injury during Ang 11-induced impairment of autoregulatory ability. We 

hypothesized that P2Y12 Jjceptors influence Ang 11-induced impairment of 

autoregulatory mechanisms in vivo and that they do so through a blood pressure-

independent mechanism. Additionally, we investigated renal vascular expression 
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of P2Y12 receptors in normotensive and hypertensive states along with indices of 

hypertensive renal injury. 

P2Yt2 Receptor Physiology. Platelets possess two receptors for ADP, P2Y1 and 

P2Y12- ADP is released f~om platelet dense granules upon platelet activation by 

numerous agonists and t~ereby amplifies platelet responses regardless of the 

initial stimulus. Activation
1 
of the P2Y1 receptor in the absence of P2Y12 receptor 

I 

activation causes a small~ rapidly reversible aggregation response (Hechler, 

Eckly et al. 1998; Storey, Sanderson et al. 2000). The P2Y12 receptor is coupled 

to Gi and the inhibition of adenylate cyclase, such that activation of this receptor 

by ADP causes a fall in t~e intracellular cyclic AMP level (Jin, Daniel et al. 1998). 

This phenomenon has been used to identify selective antagonists of the P2Y 12 

receptor, which include t~e thienopyridines ticlopidine and clopidogrel (Savi, 

Nurden et al. 1998) and l series of ATP analogues that includes AR-C66096 

(formerly ARL 66096) an1 cangrelor (formerly AR-C66931 MX) (Daniel, 

Dangelmaier et al. 1998; lngall, Dixon et al. 1999). The P2Y12 receptor is coupled 

to Gi, which is linked to tHe activation of adenylate cyclase and Pl3-kinase 

(Daniel, Dangelmaier et l1. 1998). P2Y12 receptor activation alone does not 

I . 
induce any intracellular calcium mobilization but does sustain P2Y1-induced 

calcium mobilization (StJey, Sanderson et al. 2000) (Sage, Yamoah et al. 2000). 
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Pharmacological Propertts of Clopidogrel. The chemical structure of clopidogrel 

-(Piavix©, Sanofi-Adventis) is presented in appendix Although clopidogrel is 

soluble in water at a pH J 1 it is freely dissolvable in methanol. Clopidogrel 

selectively inhibits the bi~ding of adenosine diphosphate(ADP) to its platelet 

receptor and the subseqJent ADP-mediated activation of the glycoprotein 

GPIIb/llla integrin compiJx, thereby inhibiting platelet aggregation (Savi, Laplace 
I 
I 

et al. 1994; Hollopeter, J~ntzen et al. 2001 ). Biotransformation of clopidogrel by 

I 
CYP3A4 (Lipitor© inhibitable) and CYP3A5 is necessary to produce inhibition of 

platelet aggregation (Holl~peter, Jantzen et al. 2001; Clarke and Waskell 2003; 

Hagihara, Kazui et al. 20p9). Clopidogrel does not inhibit phosphodiesterase 

activity (Feliste, Simon eJ al. 1988). 

Clopidogrel acts by irreversibly modifying the platelet P2Y12 receptor (Savi, 

Nurden et al. 1998). Conlequently, platelets exposed to clopidogrel are affected 

for the remainder of their lifespan. Dose dependent inhibition of platelet 

aggregation can be seen1
1 

2 hours after single oral doses of clopidogrel (Piavix 

I 
2006). Repeated doses of 75 mg clopidogrel per day inhibit ADP-induced platelet 

aggregation on the first +y, and inhibition reaches steady state between Day 3 

and Day 7. At steady state, the average inhibition level observed with a dose of 

. 75 mg clopidogrel per d,~ was between 40% and 60%. Platelet aggregation and 

bleeding time gradually return to baseline values after treatment is discontinued, 

generally in about 5 dayJ (Piavix 2006). 



nl MATERIALS AND METHODS 
I 
I 

I 

I 

Animals. Male Sprague-Oawley rats (Charles River Laboratories, Wilmington MA, 
I 
I 

USA) were used for all e~periments. Rats were allowed ad libitum access to 

standard rat chow (8656,[ Harlan Teklad Global Diets, Indianapolis IN, USA) and 
! 

tap water. A standard 121hour light-dark cycle (6AM-6PM Light), with temperature 

(21-22°C) and humidity (45-55o/o} was maintained constant for all rats. The rats 

were treated and handle~ according to the National Institutes of Health Guide for 

the Care and Use of Labbratory Animals Using procedures approved by the 
. I . 

Institutional Animal Care jand Use Committee of the Medical College of Georgia. 

Animals for Aim 1. Experiments were performed in 1 0-week-old male Sprague

Dawley rats (n=58, 340 J 360 g). At the end of the experiment, rats were 

euthanized by exsanguinfation while under heavy sodium pentobarbital 

anesthesia. The left kidney was excised, decapsulated, and weighed. RBF was 

normalized to left kidney Leight. . 

Animals for Aim 2. Expe1iments for Aim 2 were performed in 8-week-old male 

Sprague-Dawley rats (nl110, 200-225 g). Rats were divided into 5 groups: 2 

groups without minipumRs and 3 groups receiving Ang II via osmotic minipump 

43 
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for 14 days. The groups were divided as listed in Table 5. At the end of the 

I 
experiment, rats were euthanized by exsanguination while under heavy sodium 

pentobarbital anesthesia. 

Surgical Preparation. Pri9r to experimentation, rats were anesthetized by 

I 

intraperitoneal injection of pentobarbital sodium (50 mg/kg) and placed on a 
I . 

servo-controlled heating t~ble to maintain body temperature between 36-37°C. 

Body temperature was mlasured by rectal thermometer (Physitemp Instruments 
I 

Incorporated, Clifton NJ, LsA). A tracheotomy (PE-210) was performed to 

assure a clear airway. Thl femoral artery was cannulated (PE-50) for continuous 

recording of arterial pres,ure. Blood volume was maintained by infusion of 6% 

bovine serum albumin fraction V (BSA, Calbiochem, Darmstadt, Germany) in 

saline through a femoral tin catheter (PE-50) at 100 JJUmin unti11% of body . 

weight was given. Followi
1

hg the BSA, infusion was switched to 25 J..1Umin 

isotonic saline until the ertd of the experiment. A subcostal midline laparoscopy 

was performed to expose the bladder, aorta, and left renal artery. A catheter (PE-

60) was inserted through rhe bladder wall for continuous collection of urine. In 

order to measure renal bl~od flow (RBF), an ultrasonic flow probe (MA 1 PRB, 

Transonic Systems, lthacla NY, USA) was placed around the left renal artery. 

Arterial pressure, heart rate, RBF, and rectal temperature were recorded by an 
I . 

eight channel Powerlab <jodel No. ML870/P, ADinstruments Incorporated, 

Colorado Springs CO, USA). After surgical preparation, wounds were lightly 

covered in moist gauze ahd parafilm to prevent evaporative water loss and to ; 
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I 
TABLE 5 

I 
I 

Experimental groups for Aim 2. 
I 

Group Minipump Contents Clopidogrel 

Sham - -

Clop - 1 0 mg/kg/day 

Ang 60 ng/min Ang II -

Ang/Ciop 60 ng/min Ang II 1 0 mg/kg/day 

70Ang/Ciop 70 ng/min Ang II 1 0 mg/kg/day 

I 
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maintain body temperature in the physiological range. The rats were allowed to 

stabilize for 30 minutes blfore beginning experiments. 

In Vivo Autoregulation of Renal Blood Flow Studies. Following the surgical 

preparation described abLe renal perfusion pressure (indicated by femoral 

artery pressure) was adjjsted by placing an occluder around the aorta just 

proximal to the left renal irtery. Autoregulatory curves were generated by 

decreasing renal perfusi+ pressure from resting arterial pressure to 70 mmHg in 

10-mmHg decrements wjile measuring RBF. Pressures were held constant for 2 

minutes at each decrement. At least two complete autoregulatory curves were 

obtained during a 40 to+ minute period and the curves were averaged to 

determine an overall resRonse. At the end of the experiment, the left kidney was 

excised, decapsulated, ahd weighed. RBF was normalized to left kidney weight. 

Autoregulatory Index Calculation. To quantitate the efficiency of RBF 

autoregulation over seledted pressure ranges, the autoregulatory index (AI) was 

calculated using the folloLing equation: 

AI = [(RBFt - RBF2) I (RBFt)] I [(APt- AP2) I (APt)] 

where AP is arterial pressure, RBF is renal blood flow, subscript 1 is the value 

prior to adjusting pressurl, and subscript 2 is the value after the pressure 
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change. Using this index, a value of zero indicates perfect autoregulation, with 

values greater than zero indicating less efficient autoregulation of RBF (Pollock 

and Arendshorst 1990). 

Calculation of Renal Vascular Resistance. As an additional indicator of renal 

hemodynamics, renal vasb

1 

ular resistance (RVR) was calculated using the 

following equation: 

RVR =API RBF 

where AP is arterial pressure and RBF is renal blood flow for a given time. This 

equation is a modification of Georg Simon Ohm's law (1827) stating that the 

relationship of current flojing (RBF) through a component (in this case the 

kidney) is proportional to the potential difference (in pressure) between its ends, 

and inversely proportional to the resistance of the component (or the 

vasculature). In order to use this equation, several overly simplified assumptions 

were made-blood flow is laminar, non-pulsatile, and functions as a Newtonian 

fluid. Additionally, we assJmed that venous pressure remained relatively 

constant and it, therefore, Las omitted from the calculations. 

In Vivo Dose Response S~udies Series 1. Arterial pressure and renal blood flow 

responses to P1 and P2 receptor agonists. After surgical preparation and the 



stabilization period described above, rats were randomly assigned to 1 of 4 

groups (n=6/group outlinJd in Table 6). In the first group, the effects of the P2 
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purinoceptor agonist ATP (1 - 10 IJg bolus i.v., Sigma-Aldrich Corporation, Saint 

Louis MO, USA) on systolic pressure and RBF were evaluated. Changes in 
! 
I 

systolic blood pressure ar)d RBF were compared to baseline systolic pressure 
I 

and RBF recordings. In t1e second group, the P2 receptor agonist a,l3-

methylene ATP (0.25 -1.e IJg bolus i.v., Sigma-Aldrich) was assessed. In the 

third and fourth groups, tHe effects of the P1 purinoceptor agonist adenosine (1 -

10 IJg bolus i.v., Sigma-AIIdrich) and the selective A1 receptor agonist N6
-

Cyclopentyl-adenosine (9PA, 0.025-0.250 IJg bolus i.v.; Sigma-Aldrich) on 

systolic pressure and RBI were evaluated. The dose ranges of agonists were 

chosen based on preliminary studies designed to optimize renal vascular effects 

without adversely affectinb systemic hemodynamics. 

In Vivo Dose Response ~tudies Series 2. Arterial pressure and renal blood flow 

response to P1 and P2 r1ceptor antagonists. Rats were randomly assigned to 1 

of 5 groups (Table 7). Th~ effect of P2 receptor blockade on arterial pressure and 

RBF was determined by Jsing the non-selective P2 receptor antagonist pyridoxal 
I 

phosphate-6-azo-benzen~-2,4-disulfo.nic acid (PPADS, 20 IJmoles/kg bolus i.v. 

repeated every 20 minutJs. n=6, Sigma-Aldrich) or the P2X1 receptor-specific 

antagonist P1 ,P5-di-inosi~e-5'-pentaphosphate pentasodium salt (IP51, 750 

I 
nmoles/kg/min i.v., n=4, Sigma-Aldrich) followed by a, ~-methylene ATP dose 



responses. The effect of arenosine A1 receptor blockade was determined by 

using the specific antagonist 8-cyclopentyl-1 ,3-dipropylxanthine (DPCPX, 33 

I 
nmoles/kg/min i.v., n=6, Sigma-Aldrich) followed by CPA dose responses. The 

doses of PPADS and DPdPx employed for receptor inhibition are based upon 

literature reports of in vivo experiments but were verified experimentally (Kuan, 
I 

Herzer et al. 1992; Kuan, ~erzer et al. -1993; Munger and Jackson 1994; 
i 
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Takenaka, Harrison-Berncird et al. 1994; Takenaka, Inoue et al. 2008). The dose 

of IP51 was established b~ demonstrating blockade of the renal vascular 

response to the P2X1 agotist, a, ~-methylene ATP. Increasing doses of IP51 

were administered until significant blockade of a, J3-methylene ATP-induced renal 

responses occurred. 



TABLE 6 

Profi/J of P1 and P2 purinoceptor agonists 
I 
I 

Agonist Receptor(s) Activated Doses Administered 

ATP P2X1-7 and P2Y1-2 1 - 10 l-19 

a, 13-methylene ATP P2X1, P2X3, and P2X213 0.25- 1.0 l-19 

adenosine A1, A2A, A2s, and A3 1 - 1 0 l-19 

CPA A1 0.025 - 0.250 IJ9 

50 
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TABLE 7 

Pro fife. of P1 and P2 purinoceptor antagonist 

I 
Antagonist R~ceptor(s) Inhibited 

I 

Doses Administered 

PPADS 
I 20 J..Jmoles/kg/20 min 

P~1,2,3,5 and P2Y1,2,4,12 (4.8 J..JM/20 min)* 

0.75 and 1.0 
IPS I P2X1 and P2X3 J.Jmoles/kg/min 

(3.6 and 4.8 J.JM/min)* . 

DPCPX A1 
33 nmoles/kg/min 

(157 nM/min)* 

I 

* Molarity was calculated lbased on 350g body mass assuming uniform 
distribution of the drug thlioughout the extracellular fluid. 
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In Vivo Autoregulation of Renal Blood Flow Studies for Aim 1. Separate groups of 

rats were used to evaluaJe the effects of saline (251JUmin, n=6), dimethyl 

sulfoxide (DMSO, 0.651JLmin, n=6), PPADS (20 1Jmoleslkg, n=6), IP51 (1 

I 

J.Jmole/kg/min, n=6), and DPCPX (33 nmoles/kg/min, n=6) on renal vascular 

adjustments to acute cha~ges in renal perfusion pressure. Saline, DMSO, 

PPADS, IP51, or DPCPX ras infused for 20 minutes before 2 autoregulatory 

curves were obtained over the next 40-60 minutes. The 2 curves obtained were 

averaged together to detlrmine an overall response. Following completion of 

autoregulatory curves, a ~olus of a,(3-methylene ATP (0.51Jg, i.v.) and a · 

separate bolus of CPA (Ol25 IJg, i.v.) were given to verify sufficient blockade of 

the P2X1 and the A1 recebtors, respectively. · 

Administration of Clopidogrel. Clopidogrel is soluble in water at a pH of 1 and 

requires metabolism by t~e liver to be converted into its active form (Clarke and 

Waskell2003). Therefore!, the drug was administered orally. Fat free, sugar free 

pudding was used as the vehicle. The minimum quantity of pudding found 

suitable for drug administration was 1 g/day. Typically, rats consumed their daily 

amount of pudding in lesJ than 2 minutes. Clopidogrel was given in a daily dose 
I . 

of 1 0 mg/kg body mass. This dose has previously been reported to maximally 

inhibit P2Y12 receptors in vivo and in vitro (Leray, Freund et al. 1998; Savi, 

Nurden et al. 1998). Because the P2Y12 receptors are involved in clot formation, 
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the efficacy of clopidogrel dosing was determined by measuring tail cut bleeding 

times as described beloJ. 

Assessment of Tail Cut-Bleeding Time. After 14 days of treatment with either 

clopidogrel or vehicle, ratl were placed in individual restrainers, and the tip of the 

tail (approximately 3 mmj was removed. Blood drops were collected on filter 

paper while the duration of bleeding was recorded. If the bleeding continued 

more than 20 minutes it las stopped with a silver nitrate styptic pencil. Bleeding 

times greater than 12 mi~utes indicated effective dosing of clopidogrel. 

Preparation of Osmotic Minipumps. Sterile saline was used as a vehicle for 

osmotic minipumps (Modll2002, Durect Corporation, Cupertino CA, USA) 

containing Ang II. The loJding Ang II concentration (IJg/IJL) was calculated by 

dividing the mass deliveJ rate (IJg/hr) by the volume delivery rate (IJUhr). The 

model2002 minipumps uled in this project typically have a mean pumping rate 

averaging 0.50 iJUhr; holever, the drug concentration needed was recalculated 

for each lot of pumps, dul to lot-to-lot variation in pump delivery rates. A 

minipump and its flow mo~erator were weighed before and after filling to verify 

that the fill volume was grbater than 90% of the reservoir volume. This ensured 

that the pump was relativlly free of air bubbles and ready for implantation. 
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Induction of Ang II Hyperlension. Anesthesia was induced by placing rats in a 

clear glass anesthesia chrmber that was equilibrated with isoflurane (Abbott 

Laboratories, Abbott Park: IL, USA). Once anesthetized, rats were removed from 

the induction chamber tht were fitted with a nose cone delivering 2-3% 
I . . -

isoflurane in a stream of 1 OOo/o oxygen to maintain surgical depth of anesthesia. 

The dorsum of the neck las shaved and scrubbed with povidone iodine (Medline 

Industries Incorporated, ~undelein IL, USA). Using aseptic techniques, a small 

incision was made in the hape of the neck and a small pocket was made 

between the subcutaneols layers by blunt dissection using aseptic hemostats. 

An osmotic minipump cojtaining Ang II (Phoenix Pharmaceuticals Incorporated, 

Burlingame CA, USA) was inserted subcutaneously into the surgical pocket with 

the flow moderator pointifg away from the incision. Following implantation, the 

incision was closed with sterile wound clips. The suture area was covered with 

povidone iodine, and the rat was placed in a clean cage for recovery from 

anesthesia. 

Tail-Cuff Plethysmograpfly. Non-invasive blood pressure measurements were 

I 
made using a sensitive photoelectric sensor (IITC Life Science Incorporated, 

1 . 

·Woodland Hills CA, USA) to detect oscillation i·n tail blood flow. Rats were placed 

in acrylic restrainers desibned to reduce movement of the rats while 

simultaneously allowing lxposure of their tails. Because rats regulate their body 

temperature by controllinb the amount of blood that flows through their tails, the 



55 

restrainers containing the rats were placed in a pre-warmed incubator (31 °C) for 

5-10 minutes prior to mlasuring blood pressure. A small sphygmomanometer 

cuff was placed around tie base of the tail. As the cuff was inflated, tail blood 

flow was occluded and t~e oscillation in blood flow (i.e. pulse) was reduced to 

zero. As the cuff was slowly deflated, turbulent blood flow through the tail artery 

produced a distinct vibraJion similar to the sounds described by Korotkoff in 1905 

(Segall1975). The presslre at which the first vibration was detected was 

indicative of systolic pres~ure. The pressure at which the last vibrations were 

detected is indicative of diastolic blood pressure. Because the sensitivity and 

selectivity of the photoellctric sensor were not great enough to eliminate 

voluntary tail movement1 only systolic pressure was recorded. Systolic blood 

pressures were recorded before implantation of osmotic minipumps and at days 

I 
6 and 13 post minipump !implantation. Four measurements were taken for each 

rat over a period of 10 minutes. The systolic pressures were averaged to give a 

more accurate depiction bf systolic arterial pressure. 

Telemetric Measurement of Blood Pressure. A subset of male Sprague-Dawley 

rats (175-200g) was anelthetized with sodium pentobarbital (50 mg/kg i.p.) .. 
I . 

Telemetry transmitters (IData Sciences International, Saint Paul MN, USA) were 

implanted according to 1anufacturer's specifications. Briefly, the abdomen was 

shaved and prepared with povidone iodine (Medline Industries Incorporated) and 

rinsed with 75o/o ethanol. The rat was placed on a servo-controlled table 
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prewarmed to body temperature. The plane of anesthesia was assessed 

continuously by tail pinch throughout surgical treatment, with supplemental 

anesthetic given as necessary. All instruments and surgical gauze were 

autoclave sterilized and Jpened just before surgery. After a final check for depth 

of anesthesia, a midline ihcision (45 mm) was made to expose the abdominal 

aorta. The transmitter caJheter tip filled with an acoustic gel was inserted into the 

abdominal aorta, superio~ to the iliac crest, and secured in place with a drop of 

sterile n-butyl cyanoacryllte tissue glue (Vetbond, 3M, Saint Paul MN, USA). The 
I . 

transmitter body was sec~red to the abdominal wall with 6-0 ophthalmic suture 

(Ethicon, Cornelia GA, USA). The incision was closed using a G-1 cutting needle 

using interrupted stitche,. The skin was closed with 9 mm wound clips (Stoelting, 

Wood Dale IN, USA) that were removed 7-10 days later. The suture line was 

I 
coated with triple antibiotic ointment after closure. The rats were placed in a 

clean cage for recovery f~om anesthesia. Rats were housed individually and 

I 
allowed to recover for5-~ days before beginning data acquisition. Cages 

containing a single instrumented rat were placed on top of a receiver for 

collection of systolic and diastolic blood pressure, heart rate, and ambulatory 

activity. Data were colle~ted for 10 seconds at 1 0-minute intervals, 24 hours/day, 

throughout the 2 week treatment period. Baseline blood pressure status was 
I . 

established 3 days prior to implantation of minipumps. Radiotelemetry 

transmitters and receiverk were provided by Dr. David M. Pollock. 
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In Vivo Autoregulation ofr Renal Blood Flow Studies for Aim 2. Separate groups of 

sham and Ang 11-infused rats with and without clopidogrel treatment were used to 

determine the effects of tng 11-induced hypertension on renal vascular responses 

to acute changes in renal perfusion pressure. Two curves were measured from 

each rat. The two curveJ obtained were averaged together to detennine an 

overall response. Sham ~ats with spontaneous mean arterial pressures greater 

I . 

than 120 mmHg were utilized in this study, due to the lower limit of the 

autoregulatory pressure range being approximately 100 mmHg in Sprague-

Dawley rats (Murray andl Brown 1990; Braun, Ludicke et al. 1996). To ensure 

that rats were hypertensive, Ang 11-infused rats with spontaneous mean arterial 

pressures less than 160 mmHg were excluded from this study. 

Preparation of Frozen Renal Sections. Following in vivo autoregulation 

measurements, kidneys lwere removed and frozen for sectioning. After clamping 

off the mesenteric arte~, a suture was secured in place around the aorta 

superior to the iliac crest. A second suture was passed under the aorta superior 

to both the right and left kidneys and secured in place. A small incision was made 

in the aorta between the ligatures using iris scissors and the aorta was 

cannulated with a 26 gauge polished stainless steel catheter tip attached to a 20 
I . 

mL syringe via PE-50 tubing. A second small incision was made in the vena cava 

between the renal veins to drain renal perfusate. The kidneys were perfused with 

20 mL of ice cold PSS containing 1 o/o BSA via the aorta. Kidneys were rapidly 
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removed from the rat and the renal capsule was dissected away. The individual 

kidneys were bisected albng the sagittal plane and renal segments were placed 

in vinyl embedding trays and covered in optimal cutting temperature (OCT) 

compound (Tissue-Tek, Sakura Finetek Incorporated, Torrance CA, USA). The 

trays were placed in a cdoled beaker containing 2-methylbutane and dry ice for 

30-60 seconds. The salples were stored at -80°C until used. 

The blocks of frozen ocr media-containing renal segments were transferred to a 

cryostat equilibrated at -19°C. The tissue was sectioned in 4-tJm slices and 

mounted on 25x75mm pbly-L-Iysine coated glass slides (Polysciences 

Incorporated, Warringto~ PA, USA). The sections were allowed to dry at room 

temperature for 30 minuJes. After drying, the slides were transferred to an air 

tight container and store1 at -sooc until used for confocal microscopy. 

Tissue Staining and Co1focal Microscopy. Kidney sections were removed from 

the freezer and brought to temperature. The slides were fixed in 25% ethanol in 

acetone for 10 minutes Jnd then washed (3 x 5 minutes) with ice cold phosphate 

I 
buffered saline (PBS, pH 7.4). Endogenous peroxidase activity was blocked by 

immersing slides in 3% tdrogen peroxide in methanol for 5 minutes. The slides 

were washed again with PBS (3 x 5 minutes). Non-specific antigenic binding 

sites were blocked with r 0% normal goat serum in PBS for one hour, followed by 

an overnight incubation with primary antibody (see Table 8) in PBS. After 
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washing in PBS (3 x 5 minutes), slides were incubated in secondary antibody 

(Table 8) for one hour in the dark at room temperature. The slides were washed 

with PBS (3 x 5 minutes~ and distilled water (2 x 5 minutes}, before being 

incubated in the DNA binding fluorescent dye 4',6-diamidino-2-phenylindole 

I 
(DAPI, 300 nM, lnvitrog~n) for 5 minutes. The excess DAPI was washed off of 

I 
the slides with distilled ~ater (2 x 5 minutes) before the samples were covered 

with SlowFade antifade fjeagent (Invitrogen) and coverslips were mounted. Slides 

j 
were imaged using a Zeiss LSM 510 Confocal Microscope with 405,458, 477, 

488, 514, 561 and 633 Javelength filters with imaging software (LSM 510 Meta; 
I 

Carl Zeiss Incorporated, Thornwood NY, USA). 
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TABLE 8 

Primary and serndary antibodies used for confocal microscopy. 

Antigen Target I Dilution Source 

1 o anti-a smooth muscle actin 1 :50 Mouse 1 

2° anti-mouse Alexa-FIJor 488 1 :400 Goat2 

1° anti-P2Y 12 recepfor · 1 :50 Rabbit3 

2° anti-rabbit Alexa-Fiuor 594 1 :400 Goat2 
I 

1 Sigma-Aldrich; 21nvitrogen, Carlsbad CA, USA; 3Aiomone Labs, Jerusalem Israel 
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Tissue Extraction and Protein Determination. Renal microvessels were 

homogenized in ice cold radio-immunoprecipitation assay (RIP A) lysis buffer (25 

mM Tris-HCI pH 7.6, 150 mM NaCI, 1% NP-40, 1% sodium deoxycholate and 

0.1% SDS) containing p1otease inhibitors (1 J.lg/mL leupeptin, 2 J.lg/mL aprotinin, 

1 mM phenylmethylsulp~onyl fluoride (PMSF}, 100 mM Na3V04) and then 
I 

centrifuged at 10,000 x g for 10 minutes at 4 °C. The supernatant was collected, 
I 

aliquoted, and frozen at tso·c until used for western blot analysis. Protein levels 

in the supernatant were lneasured by the Bradford method. 

Bradford Method for the Determination of Protein Concentration. The Bradford 

assay is based on the cdlorlmetric shift in absorbance at 595 nm by the binding 

of the dye coomassie anld sample protein (Bradford 1976). Binding of the protein 

stabilizes the blue form of coomassie dye, thus the amount of dye-protein 

I 
complex present in solution is a measure for the protein concentration. 

Coomassie Brilliant Blu, G-250 dye (Bio-Rad, Hercules CA, USA) was diluted to 

20% v/v in distilled water and filtered through #1 Whatman filter paper. In a 96-
1 

well plate 200 tJL of prot~in dye was added to 10 tJL of diluted assay sample. The 

plate was incubated at rlom temperature for 5 minutes on an orbital shaker 
I 
I 

before being read at 595 nm. Because coomassie blue dye typically binds to 

basic and aromatic amiJo acids, the protein concentration is affected by amino 

acid composition. BSA Jas used for generation of the standard curve in order to 
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normalize to the primary protein associated with glomerular injury, albumin. The 

linear range of the assa~ for BSA is 0.2 to 0.9 mg/ml. 

Identification of Tissue Protein by lmmunoblotting. Western blotting (Howe and 

Hershey 1981) was perflrmed on the supernatant of homogenized tissue 

samples using the Nove~ Mini-Cell electrophoresis and trans-blotting system 

(Invitrogen). Western bl9ts were prepared by loading protein extracts on 

I 
NuPAGE Novex 4-12% Bis-Tris Mini gels (Invitrogen). Proteins were transferred 

to Protran Nitrocellulose transfer membrane (Whatman Incorporated, Piscataway 

NJ, USA) before being blocked and incubated with primary antibody (Table 9). 

Antibody binding was detected by the epi-chemiluminescence (ECL) method 

(Ahnstroem and Nilsson 1965) following incubation with a horse radish 

peroxidase (HRP)-Iinked lgG secondary antibodies. 
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TABLE 9 

Primary antibodies rsed for tissue protein detection by immunoblotting. 

Antigen Target Dilution Source (~ompany) · 

1° anti-P2Y12 receptor 1:200 Rabbit1 

2° anti-rabbit HRP 1:4,000 Goat2 

1 ° anti-f3-actin 1:6,000 Mouse1 

2° anti-mouse H RP 1:4,000 Goat2 

1Aiomone Labs; 2Cell Signaling Technology Incorporated, Danvers MA, USA 



Renal Histology- Light ricroscopy. Upon completion of telemetric blood 

pressure analysis, rats were anesthetized with isoflurane. In order to flush 

erythrocytes from the vJsculature, kidneys were perfused via the aorta with 30 

ml of room-temperatur, PBS followed by 20 ml of 10% formalin. The kidney 

was excised, decapsulated, weighed, bisected, and placed in 10% neutral 

buffered formalin (4°C) lvemight. Samples were embedded in paraffin, 

sectioned, and mounted on 25x75mm poly-L-Iysine coated glass slides 
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(Polysciences Incorporated). Slides were stained with hematoxylin and eosin for 

overall morphological an1 pathological examination. Periodic Acid-Schiff (PAS, 

Sigma-Aldrich) staining Ls conducted according to the manufacturer's . 

instructions for examinatilon of basement membrane thickness and glycoprotein 

quantity (Hotchkiss 1948). Renal connective tissue was analyzed by Masson's 

Trichrome (Sigma-Aid ric~) staining (Goldner 1938). Picrosirius-red (Sigma-Aldrich) 

staining was conducted to determine relative type I and type II collagen expression 

(Constantine and Mowry 1968). Staining of histological samples was performed by 

Janet Hobbs. Assessmerand scoring of tissue sections carried out by Dr. Tatsuo 

Yamamoto, a trained pathologist at the Department of Health and Nutritional 

Sciences at Hamamatsu University, Shizuoka, Japan. Dr. Yamamoto was blinded 

to the sources of the histological sections he was scoring. 

Renal Histology- Inflammatory Gel/Infiltration. Rats were perfused with room

temperature 1 0% phospJate-buffered formalin and kidneys were removed, 
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decapsulated, cut into brcks, and immersed in fixative (4°C) overnight. Tissues 

were embedded into parjffin and sectioned (2- 31Jm) onto poly-L-Iysine coated 

glass slides (Polysciences, Incorporated) for immunostaining. The tissue sections 

were stained by the avid!in-biotin-peroxidase complex method (ABC, Vector 

Laboratories lncorporatJd, Burlingame CA, USA) according to manufacturer's 

instructions. Endogenoul peroxidase and biotin activity were blocked by 
. I 

immersing slides in o.o3r hydrogen peroxide in methanol for 30 minutes 

followed by washing in ~BS (3 x 10 minutes), and biotin blocking kit (Vector 

Laboratories Incorporated). After blocking non-specific binding by incubating in 

3% normal horse serum in PBS for 20 minutes, sections were incubated 

overnight (4°C) with primary antibody or control solution in PBS containing 0.05°/o 

bovine serum albumin a~d 0.1% sodium azide. After washing in PBS (3 x 10 
I . -

minutes), sections were incubated at room temperature successively with 

biotinylated horse anti-rJt lgG (1 :100) and freshly prepared ABC for 30 minutes 
I 

I . . 
and 60 minutes, respectively. Peroxidase activity was detected using 3,3' 

diaminobenzidine (DAB) with nickel enhancement method (Taylor 1978), which 

stains specific products ~ brown color. Kidney sections were stained with either a 

monoclonal ED-1 antiboty (AbO Serotec, Raleigh NC, USA) to identify 

monocytes/macrophagei or a nionoclonal CD-3 antibody (Abeam Incorporated, 

Cambridge MA, USA) fo~ the identification of leukocytes. Hematoxylin was used 

as the counterstain. ED-f- or CD-3-positive cells were counted in 20 fields of the 

cortex and the average rnumber of monocytes/macrophages or leukocytes per 



0.25 mm2 area was determined for each rat. Analysis was performed with the 

observer blinded to the Jreatment groups until the counts were completed. 
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Plasma Extraction. In oTerto measure plasma thromboxane levels, 5 ml of 

whole blood was extracted from a subset of rats via the aorta into a 1 0-ml 

syringe containing 125 Jl of 7.5% EDT A. To prevent ex vivo formation of 

thromboxane Bz and ot~er prostaglandins that cannot be prevented using 

anticoagulant alone, 50 hmoles of indomethacin were added to the collection vial 

prior to collection. Wholl blood was immediately centrifuged at 1500 x g for 10 
I . 

minutes at 4 °C. Clarified plasma was aliquoted and stored at -80°C. 

Metabolic Cage Studies] A subset of rats were housed in metabolic cages (Lab 

I 

Products Incorporated, Seaford DE, USA) on days -2 and -1 (prior to minipump 
I . 

implantation) and days 6 and 13 (post-minipump implantation) to allow 

quantitative measuremelnt of food and water intake along with urine collection 

I 
over a 24-hour period. Rats were allowed to acclimate for 24 hours before 

I 
I 

measurements were tak~n. Body weights were measured upon removal from 

the metabolic cages. Ur~e was collected, aliquoted, and stored at -80°C. Urinary 

Na+ and K+ levels were reasured with EasyEiectrolytes Analyzer (Medica 

Corporation, Newtonville MA, USA) and compared to dietary intake in order to 
I . . 

monitor electrolyte bala ce. 
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Urinary Protein and Albumin Assays. Proteinuria was quantified by the Bradford 

method in a 96 well mJotiter plate. In some rats urinary albumin excretion was 

measured by using the rPI-810 specific Enzyme ImmunoAssay (EIA) for rat 

albumin (Cayman Che,ical Company, Ami Arbor Ml, USA). The assay is based 

on the competitive binding of unlabeled albumin in a sample and Electrophorus 

electricus (electric eel) lcetylcholinesterase-linked albumin to a limited number of 

rabbit anti-rat albumin ahtiserum sites. The albumin complexes bind to the 

mouse monoclonal antJabbit antibody that is coated to the microplate wells. 
I . 

Ellman's solution contaiting acetylthiocholine and 5, 5' -dith io-bis-(2-n itrobenzolc 

acid) is added to the wells. Hydrolysis of acetylthiocholine by the 

acetylcholinesterase pr,duces thiocholine. The reaction between thiocholine and 

5, 5' -dithio-bis-(2 -nitroberoic acid) results in 5-thio-2 -nitrobenzoic acid 

production, which has a ·strong absorbance at 412 nm. 

To analyze albuminuria 50 IJL of rat urine was added to a 96-well plate and was 
\ 

incubated overnight at 4\C. After the plate was washed (5 times), 200 IJL of 

Ellman's solution was added for 60 minutes before a standard curve was 

generated of absorbanJ at 405 nm as a function of albumin concentration. A 4-

parameter regression wJs used to determine the sample albumin concentrations. 

Serially diluting rat urine 1 :500 and 1:1000 was necessary for detection with this 

assay. The intra-assay and inter-assay coefficient of variation was less than 5% 

and the sensitivity of the [ ssay was 20 ng/ml. . 
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Urinary Creatinine Assay. Creatinine was measured using the picric acid .method 

(Folin 1914) adapted by reducing the volume to a 96-well microliter plate. The 

assay is based on the time-dependent complex formati~n of creatinine and picric 

acid that occurs under alkaline conditions. Urine was diluted 1 :20 v/v in water. 

Standards over the rag~ of (0.2-10 mg/mL}, controls, and samples (50 !JL each} 

were added to individual wells. A saturated solution of picric acid (200 IJL) was 
I 

added to each well and incubated for 15 minutes at room temperature. 
. I 

Absorbance was read at 490 nm and 620 nm on a vis/uv microplate 

spectrophotometer. Crektinine free picric acid water blanks were subtracted from 

I each standard, control, and sample absorbance value. A standard curve of 

absorbance at 490 nm las generated as a function of creatinine concentration 

(0.2-10 !Jg}, and a linea~ regression was used to determine the sample creatinine 

concentrations. The intra-assay and inter-assay coefficient of variation was 
. I 

approximately 5% and the sensitivity of the assay was 0.2 mg/dl. 

Urinary and Plasma TXB2 Assay. Urinary and plasma thromboxane 82 (TXB2) 

and 2,3-dinor thromboxlne B2 (2,3-dinor TXB2) were measured using specific 

EIAS (Cayman Chemi,l Company). Briefly, serial dilutions of urine and plasma 

(50 IJL, 1:10- 1 :40) were added to a 96 well microplate coated with mouse 

monoclonal anti-rabbit Jntibody. Equal amounts (50 !JL) ofTXB2-

acetylcholinesterase coijugate and TXBz-specific rabbit antiserum were added to 
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each well and the plate was incubated overnight (4°C). The plate was washed 5 

times with wash buffer ahd 200 !JL of Ellman's reagent was added to each well. 

The plates were allowed to develop until the maximum binding reached between 

0.3 and 1.0 arbitrary units, approximately 60 - 120 minutes. A standard curve of 

absorbance at 405 nm Jas generated as a function of TBX2 and 2,3-dinor TXB2 
I -

standard concentrations[ A 4-parameter regression was used to determine the 
I 

sample TBX2 and 2,3-di~or TXB2 concentrations. Samples with greater than 70% 
I 

and less than 30°/o of maximum binding were re-assayed because they generally 
I 

fell outside the linear rarlge of the standard curve. The intra-assay and inter .. 

assay coefficient ofvariJtion at 50% of maximum binding was approximately 

10% and the sensitivity lf the assay was approximately 20 pg/ml. 
I . . 

I 

Statistical Analysis. Statistical analysis of the data collected was performed with 

either SigmaStat 3.5 (Sj~tat Software Incorporated, Chicago IL, USA) or Prism 

4.03 (GraphPad Softwar Incorporated, La Jolla CA, USA). Histological data 

were analyzed using the Chi squared method. Tabularized data were analyzed 

using one-way AN OVA. Both between- and within-group comparisons of RBF, 

AP, and RVR data were[made using 2-way repeated measures ANOVA, with 

statistically significant differences analyzed post hoc by the Holm-Sidak method. 

Bar graphs were analyzld by either 2- or 3-way ANOVA as appropriate. 



Ill. RESULTS 

SPECIFIC AIM 1. TO TEST THE HYPOTHESIS THAT WHOLE KIDNEY 

AUTOREGULATION lSI CONTROLLED THROUGH P2X1 RECEPTORS IN 

VIVO. 

Physiological Parameterrs. Summary data for physiological parameters are 

shown in Tables 10 and 11. Body weight was not statistically different across all 

groups and averaged 3r ± 4 g (n=70). Left kidney weight was also not different 

among all groups and averaged 1.30 ± 0.01 g. 

I 

70 



TABLE 10 

Physiological parameters of experimental groups used for agonist studies at baseline. 

I 

CD 
CD c 
c CD 

a. U) ~a. <( 
1- 0 ~ ..... a. 

-<( 
r;: ___ ----CD-<( 0 CD 

"C E 
<( ca. 

ti 

Body Weight (g) 324 ±6 341 ± 12 351 ± 14 328 ±7 

Left kidney weight (g) 1.18 ± 0.04 1.18 0.04 1.32 ± 0.03 1.23 ± 0.03 

Mean arterial pressure 100 ±4 113 ± 5 142 ± 9 127 ±4 (mmHg) 

Renal blood flow (ml/min/g 6.8 ± 0.7 5.7 ± 0.4 10.3 ± 1.9 7.4 ± 0.4 kidney mass) 

Renal vascular resistance 15.3 ± 1.5 20.5 ± 1.6 21.6±4.7 17.4±1.5 
(pressure/flow) 

Values are mean ± SEM. n = 6. 



TABLE 11 

Physiological parameters of experimental groups used for autoregulatory behavior studies at baseline. 

(1)----o w X 
r: tJ) c iii D.. 

:E <( D.. 0 
CG D.. D.. 

tJ) c D.. c 

Body Weight (g) 358 ± 25 352 ±3 324 ± 14 333 ± 5 346 ± 14 

Left kidney weight (g) 1.31 ± 0.05 1.38 ± 0.08 1.21 ± 0.03 1.16 ± 0.03 1.28 ± 0.03 

Heart rate 
335 ± 73 398 ± 13 415 ±51 319 ± 37 396 ± 17 

(beats/min) 
Mean arterial pressure 

126 ±2 125 ±2 129 ± 3 124 ± 7 115 ± 5 (mmHg) 
Renal blood flow 

8.1 ± 0.4 9.0 ± 0.1 8.0 ± 0.1 8.7 ±_0.2 8.6 ± 0.2 (ml/min/g kidney mass) 
Renal vascular resistance 

11.6 ± 0.4 12.5 ± 0.7 16.1 ± 1.2 * 14.6±1.4 12.5 ± 0.4 ' 
__ (pr_~sure/flow) 

Values are mean± SEM. *indicates P < 0.05 vs. respective vehicle group. n = 6. 
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Arterial Pressure Respore to A TP and Adenosine. The traditional endogenous 

agonists for P1 and P2 receptors are adenosine and ATP, respectively. In order 
. I . 

to determine the systemic cardiovascular effect of P1 and P2 receptor activation 

on systemic hemodynaJics, we examined arterial pressure responses to the P2 

I 
receptor agonist ATP or fhe P1 receptor agonist adenosine. Arterial pressure 

' I 

responses to increasing bolus doses of ATP or adenosine (1.0 - 10.0 IJg, i.v.) 

Were measured in the a~esthetized rats (Figure 6). Baseline mean arterial 

pressure was slightly buJ significantly lower in ATP-injected (1 00 ± 4 mmHg) 

I 

compared to adenosine-i
1

njected rats (113 ± 5 mmHg). However, the baseline 

mean arterial pressure i~mediately preceding each bolus of ATP or adenosine 

did not change througholt the length of the experiments (P = 0.88 and 0.99, 

respectively). Bolus i.v. ijjection of ATP caused a dose-dependent decrease in 

arterial pressure (Figurer· black bars). Mean arterial pressure decreased by 24 

± 1 mmHg following bolus administration of 10.0 IJg ATP. P1 receptor activation 
I . 

with adenosine significantly decreased mean blood pressure in a dose 
I 

dependent manner (Figu~e 6, white bars). Mean arterial pressure decreased by 

26 ± 2 mmHg following b~lus administration of 10.0 !Jg adenosine. The arterial 

I 
pressure response to ATP and adenosine were statistically not different across 

. I 

nearly all doses being te~ted, with the exception of the 1.0 IJg dose where the 

decline in arterial pressuJi induced by ATP was significantly greater than the 

response evoked by ademosine. • 



Figure 6. Effect of i. v. bolus A TP and adenosine on systolic arterial pressure. 
Decrease in systolic arle~ial pressure presented as the change from baseline 
immediately preceding irljection of either A TP (black bars) or adenosine (white 

I 

bars). # indicates P < 0. 05 between groups. 
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Figure 6 
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Renal Blood Flow Resp0nse to A TP and Adenosine. To determine the 

effectiveness of ATP an1 adenosine as renal-vasoconstrictor agents, RBF was 

measured in response tl increasing doses of ATP or adenosine (Figure 7). 

\ 
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Baseline RBF was not different between ATP- (6.8 ± 0. 7 ml/min/g kidney mass) 

and adenosine-injected \ats (5.7 ± 0.4 mUmin/g kidney mass). The 10.0 IJg dose 

of ATP decreased RBF from 7. 7 ± 1.0 to 4.9 ± 1.2 ml/min/g kidney mass (Figure 

7, black circles). All dos~s of ATP greater than 3.0 IJg caused a significant 

decrease in RBF compa,ed to the preceding baseline. The 10.0 IJg dose of 

adenosine decreased RBF from 6.5 ± 0.8 to 2.9 ± 0.6 mUmin/g kidney mass 

(Figure 7, white circles). ~II doses of adenosine greater than 1.0 IJg reduced RBF 

I 
significantly. Significant differences in RBF were found between ATP- and 

. adenosine-injected rats sfarting at the 2.5 IJg doses. However, when the 

magnitude of RBF changes in response to ATP and adenosine were calculated, 

the decrease in RBF was not statistically different between both ATP (Figure 8, 

black bars) and adenosiT (Figure 8, white bars). However, adenosine-injected 

rats tended to have enhance decrease in RBF compared to ATP-injected rats 

(P=0.11). 



I 
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Figure 7. Effect of i. v. bllus injection of A TP or adenoSine on RBF. Average RBF 
I 
I 

in ATP- (black circles) a~d adenosine-injected rats (white circles). After each 

bolus injection, RBF waJ allowed to return to baseline before additional drug 

I 
application. # indicates 1 < 0. 05 between groups. 

I 
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Figure 7 
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Figure 8. Change in RBf in response to i. v. bolus injection of A TP or adenosine. 

Average RBF in ATP- (black circles) and adenosine-treated rats (white circles). 

I 
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Renal Vascular Resistance in Rats Following Bolus Administration of A TP and 

Adenosine. Compariso~ of changes in RVR allows for the detection of the 

I 

81 

relationship between RBF and arterial pressure while simultaneously accounting 

for the difference in sta~ing arterial pressures. To further investigate the 

relationship between artlrial pressure and RBF in ATP- and adenosine-injected 
\ . 

rats we calculated RVR for the dose response curves measured (Figure 9). 
I 
I 

Adenosine-injected rats ~Figure 9, white circles) exhibited a greater increase in 
I 

RVR compared to ATP-t~eated rats (Figure 9, black circles) starting at a dose of 

2 .. 5 (Jg and continuing to \the maximum dose tested (10 (Jg). These data 

demonstrate disparate mechanisms for ATP and adenosine in the influencing of 
I . 

arterial pressure and RB\, with adenosine being more potent than ATP at 

effecting changes in RVR. In order to clarify this disparity we utilized more 

selective P1 and P2 rEice~tor agonists and antagonists. 
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Figure 9. Effect of i. v. bolus injection of A TP or adenosine on renal vascular 
I 
I 

resistance. Average RVR in A TP- (black circles) and adenosine-injected rats 

I 
(white circles). After each ~olus injection, RBF was allowed to return to baseline 

I 
before additional drug application. # indicates P < 0. 05 between groups. 
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Figure 9 
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Arterial Pressure Resprse to a, {3-methy/ene A TP. Venous application of A TP is 

rapidly hydrolyzed to A~P, AMP, and adenosine by ecto-nucJeotidases. Because 
I 

of the multitude of pote~tial receptor activation occurring, the non-hydrolyzable, 

relatively selective exog~nous P2X1 receptor agonist was utilized to determine 
I . 

the effect of P2 receptor\ blockade on systemic hemodynamics. We examined 

arterial pressure respon~es to P2X1 agonist a, ~-methylene ATP before and 
I 
I 

during P2 receptor blockade with the commonly utilized, and relatively 
. I . 

I 

inexpensive, antagonist ~PADS. Arterial pressure responses to increasing doses 

of a, ~-methylene ATP (1.25 - 1.0 !Jg, i. v.) were measured in the presence of 20 

!Jmoles/kg PPADS (Figuri 10). Baseline systolic arterial pressure was not 

different between PPADS-infused rats (142 ± 9 mmHg) and saline-vehicle 

controls (143 ± 5 mmHg). In saline-infused rats·, bolus i.v. injection of a, ~-

methylene ATP caused a dose-dependent increase in systolic arterial pressure 

(Figure 10, black bars) of i ± 3 mmHg (4 ± 2%) and 11 ± 3 mmHg (8 ± 3%) 

following bolus administration of 0.5 and 1.0 tJg a, ~-methylene ATP, 

respectively. P2 receptor ~lockade with 20 !Jmoles/kg PPADS significantly 

reduced the pressor resp+se to a, ~-methylene ATP(Figure 10, white bars). 



: 

I 
I 
I 

I 
Figure 10. Effect of i. v.,olus infusion of a, {3-methylene A TP on systolic arterial 

pressure. Changes in systolic pressure were measured in saline-infused (black 

bars) and PPADS-infuse1 rats (20 JJmoles/kg, white bars) in response to a, {:3-
t 

methylene A TP injection.!* indicates P < 0. 05 vs. baseline. # indicates P < 0.05 
I 

between groups. 

I 
I 

I 
I 

I 
I 
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Arterial Pressure Resprse to CPA. Adenosine is active at both the 

vasoconstrictor A1 receptor and the vasodilator A2 receptors. Due to the broad 
I 

distribution of both A1 a~d A2 receptors in the kidney the highly selective A1 
I 
I 

87 

receptor agonist CPA w~s utilized to determine the effect of A1 receptor blockade 
I 

on systemic hemodyna~ics. We examined arterial pressure responses to the A1 
I 

agonist, CPA, before and during A1 receptor blockade with the highly potent and 
. I . 

selective antagonist DPCPX. Selective A1 receptor activation with CPA caused a 

biphasic response in artJ(ial pressure (Figure 11, black bars). The lowest dose of 

! 
CPA (0.025 IJg) caused a 4 ± 2% decline in systolic arterial pressure from 127 ± 

4 to 122 ± 4 mmHg. BasJiine systolic arterial pressures did not differ between 
I 

rats infused with DMSO (~ehicle control, 0.65 IJUmin) and those receiving 33 
I 

nmoles/kg DPCPX (127 ~ 4 and 135 ± 1, r9spectively). The low DMSO infusion 
I 

rate had no detectable bl~od pressure or RBF effect compared to saline-infused 

rats. However, blockade Jf A1 receptors with DPCPX prevented the CPA-induced 
I . 

decrease in systolic press~re (Figure 11, white bars). Higher doses of CPA than 
I . 

those presented here caused dose-dependent decreases in heart rate and 
I . 

arterial pressure. In three ~ats, 0.5 IJ9 CPA caused a 30 - 50 mmHg decrease in 
I 
I 

arterial pressure and a drd\p in heart rate by 20 - 40 beats per minute. 
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i 
I 

I 
! 

! 

! 

Figure 11. Effect of i. v. ~olus injection of cyclopentyl adenosine (CPA) on 

systolic arterial pressure.j Changes in systolic pressure were measured in DMSO

infused (vehicle control, black bars) and DPCPX-infused rats (33 nmoleslkg, I 
I 

white bars) in response tb CPA injection. * indicates P < 0. 05 vs. baseline. # 

indicates P < 0. 05 betweln groups. · 
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Renal Blood Flow RespLse to a, {3-methylene A TP. In order to confirm an in 
I ,. 

vivo pharmacological o~ ren~l P2X1 receptors, RBF was measured in response to 

increasing doses of the: P2X1 receptor selective agonist a, (3-methylene ATP in 

the presence and absence of the _P2 receptor antagonist, PPADS (Figure 12). A 

dose of 0.5 IJg a, (3-methylene ATP in saline-infused rats resulted in a 40 ± 9o/o 

decrease in RBF from 6.1 ± 0.5 to 3.5 ± 0.5 mUmin/g kidney mass (Figure 12, 

black circles). PPADS treatment completely abolished the decrease in RBF in 

response to 0.5 IJg a, (3-methylene ATP (from 6.5 ± 0.5 to 6.4 ± 0.5 ml/min/g 

kidney mass, white cirples). This effect is emphasized in Figure 13. The decrease 
I 

in RBF associated with a, (3-methylene ATP administration is prevented with 
i 
i 

PPADS inhibition of P!2 receptors. The ability of 0.5 IJg a, (3-methylene ATP to 

I 

reduce RBF by 40% ~hile increasing arterial pressure by only 4% suggests a 

highly specific role fo P2X1 receptors in the regulation of RBF. 
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Figure 12. Effect of i. v. bolus injection of a, {3-methylene A TP on RBF. Average 

RBF in saline-infused (black circles) and PPADS-infused rats (20 pmoles/kg, 
I 

white circles) in respohse to a, {3-methylene A TP injection. After each bolus 
I 

injection, RBF was al/~wed to return to baseline before additional drug 

application. * indicate~ P < 0. 05 vs. baseline. # indicates P < 0. 05 between 
: 
I 

groups. 
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Figure 13. Change in ,RBF in response to i. v. bolus injection of a, {3-methylene 
I 

A TP in saline-infused ;(black bars) and PPADS-infused rats (20 J.lmo/es/kg, white 

bars). Data are exprelsed·as change from baseline RBF immediately preceding 
I 

I 
a, {3-methylene ATP injection. *indicates P < 0.05 vs. baseline.# indicates P < 

0. 05 between groupsj 
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Renal Blood Flow Resp(f)nse to CPA. We also tested the effect of the A1 receptor 
! 

antagonist, DPCPX, on the A1 receptor-mediated reduction of RBF (Figure 14). 

The highest dose of the·A1 receptor agonist CPA (0.250 lJg, iv.), reduced RBF by 

39 ± 5% from 7.2 ± 0.4 to 4.5 ± 0.6 mUmin/g kidney mass (Figure 14, black 

circles). In contrast, during treatment with DPCPX, RBF only decreased by 9 ± 

3% from 7.2 ± 0.5 to 6.5 ± 0.2 ml/min/g kidney mass (Figure 14, white circles). 

Examination of the magnitude of RBF changes in response to CPA revealed a 

similar profile (Figure ~ 5). CPA caused a dose dependent decrease in RBF 
I 
I 

(Figure 15, black barsj which was inhibited with DPCPX (Figure 15, white bars). 
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I 

Figure 14. Effect of i. ~- bolus injection of cyclopentyl adenosine (CPA) on RBF. 
i 

Average RBF in DMSb-infused (black circles) and DPCPX-infused rats (33 
i 
I 

nmoleslkg, white circles) in response to CPA injection. After each bolus injection, 
. ! . 

RBF was allowed to r~turn to baseline before additional drug application. 
I 

*indicates P < 0. 05 vs. baseline. # indicates P < 0. 05 between groups. 
I 
I 
I 
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Figure 15. Change in f?.BF in response to i. v~ bolus injection of cyclopentyl 
i 

adenosine (CPA) in D/ylSO-infused (black bars) and DPCPX-infused rats (33 
i 

I 

nmoles/kg, white bars). Data are expressed as change from baseline RBF 
I 
I 

immediately preceding CPA injection. *indicates P < 0. 05 vs. baseline. # 
i 

indicates P < 0. 05 be (ween groups. 
I 

i 

I 
I 
I 

I 

I 

I 
I 
I 
I 
I 

I 

98 



~ a ........... - en 
LLcn 
-ceo 
g ~-2 
al(]) 
- c 
CO"C c·-
Q)~ 
O:::Cl ..._ 
.5 c 
~ ·E-4 
co..._ 
Q.)_J 

C3 E m-o 
-6 

I 

I 
I 
I 
I 
I 

j 

- DMSQ(n=6) 
c=J DPCRX (n=6) 

0.025 

99 

Figure 15 

# 

* 

0.050 0.100 0.200 0.250 
Cyclopentyl Adenosine (J..L9) 



I 
I 

I 
I' 100 

Autoregulatory Behavio1 during PPADS Inhibition of P2 Receptors. These studies 

were designed to test the hypothesis that P2 receptor blockade with PPADS 
I , 
I ' 

would inhibit whole kidney autoregulatory behavior. Using 20 IJmoles/kg PPADS 

to block P2 receptors, we tested pressure-mediated autoregulation of RBF 

(Figures 16 and 17). Baseline MAP and RBF were not different between saline 

and PPADS-infused rats. Saline-infused rats averaged a MAP of 126 ± 2 mmHg 

and a RBF of 8.09 ± 0.40 ml/min/g kidney mass, whereas MAP and RBF 

averaged 129 ± 3 mm~g and 8.01 ± 0.12 mUmin/g kidney mass, respectively, in 

rats infused with PPADS. In saline-infused rats, RBF remained stable as renal 

perfusion pressure was reduced from 120 to 100 mmHg (Figure 17, black 
I 
I 
I 

circles), consistent with properly maintained autoregulatory behavior. However, 
; 

following administratiqn of PPADS, RBF decreased in parallel with each stepwise 

reduction of renal perfusion pressure across a range of 120 to 100 mmHg (Figure 
- I 

17, white circles). Calbulation of the AI revealed a value of 0.00 ± 0.08 over the 
I 
I 

120. to 100 mmHg pr~ssure range for the saline-infused group, consistent with 
I 

I 
proper autoregulatory control of RBF. In contrast, the AI of the PPADS treated 

rats averages 0.55 ±;0.07, indicating significant loss of autoregulatory behavior. · 



i 
I 

Figure 16. RBF in response to decreasing renal perfusion during P2 receptor 
I 

101 

blockade. RBF in response to decreasing renal perfusion pressure is shown with 
! ' 

(white circles) and without the P2 receptor antagonist, PPADS (black circles). * 
! 

indicates P < 0. 05 vs.~ baseline. # indicates P < 0. 05 between saline-vehicle. 
I 
I 

! 
I 
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Figure 17. Percent change from baseline RBF in response to decreasing renal 
I 

i 
perfusion during P2 receptor blockade. The percent change from baseline RBF in 

I 

I 
response to decreasing renal perfusion pressure is shown with (white circles) 

I 
I 

and without the P2 receptor antagonist, PPADS (black circles). *indicates P < 
I 

0. 05 vs. baseline. # indicates P < 0. 05 between saline-vehicle. 
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Figure 17 
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After assessment of auto~egulatory behavior was completed, RBF responses to 
I 

0.5 tJg a, (3-methylene ATP and ·0.25 tJg CPA were conducted to confirm 

adequate P2X receptor blockade and to ensure retention of A1 receptor function. 

Saline-infused rats exhibited an average decrease in RBF of 5.7 ± 0.6 and 2.7 ± 

0.2 ml/min in response to a, f3-methylene ATP and CPA, respectively (Figure 18, 

black bars). PPADS-infused rats exhibited an average decrease in RBF of 0.2 ± 

0.1 and 3.1 ± 0.4 ml/min/g kidney mass in response to a, (3-methylene ATP and 

CPA, respectively (Figure 18, white bars). These data indicate the selective 

ability of PPADS to inhi~it P2X1 receptor responses while leaving A1 receptor 

signaling intact. 

I 
I 
I 
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Figure 18. Confirmatior of P2X1 and A1 receptor blockade following generation 
I 

of multiple autoregu/at~ry curves. Data are expressed as the decrease in RBF 
! 
I 

I 

from the baseline values immediately preceding a, {3-methy/ene ATP and CPA 
i 
i 

injections in saline-vel1icle (black bars), PPADS (white bars), IPS/ (shaded bars), 

and DPCPX (hatched ;bars) treated rats. * indicates p < 0. 05 vs. vehicle infused 

rats. # indicates p < o.!os vs. DPCPX infused rats. 
I 
I , 

I 
I 
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Autoregulatory Behavior during DPCPX Inhibition of A1 Receptors. These studies 

were designed to test th'e hypothesis that A1 receptor blockade with DPCPX 

would inhibit whole kidney autoregulatory behavior. RBF was not significantly 

different in rats infused .with DPCPX (8.55 ± 0.15 ml/min/g kidney mass) when 

compared to either saline-infused rats (8.09 ± 0.04 ml/min/g kidney mass) or 

DMSO-infused rats (9.02 ± 0.13 ml/min/g kidney mass Figure 19). Urinary flow 

r~tes were significantly increased in DPCPX-infused rats compared to saline-, 

DMSO-, and PPADS-infused rats (28.0±4.7 vs. 11.9±1.4, 11.7 ± 1.7, and 

12.3±2.6 !JUmin, respectively), demonstrating the established role of proximal 
I 

tubular A1 receptor-mediated solute reabsorption. When autoregulatory curves 
I 

were conducted in rats treated with DPCPX, no decrease in RBF was observed 

when renal perfusion pressure was reduced (Figure 20, white circles). The AI in 

DPCPX-treated rats averaged 0.10 ± 0.08 and was not significantly different from 

saline-infused rats or .vehicle·control rats infused with DMSO (0.04 ± 0.06). 

DPCPX was able to ~ignificantly inhibit a decrease in RBF in response to bolus 
I 

injection of CPA without decreasing the sensitivity to a, J3-methylene ATP. RBF 

decreased by just 0.7; ± 0.3 ml/min/g kidney mass in response to CPA and 4.6 ± 

0.5 ml/min/g kidney .'mass in response to a, (3-methylene ATP, respectively 
! 

(Figure 18, hatched bars). These data are consistent with previous studies 
I 
I 

indicating that inhibit:ion of A1 receptors with DPCPX has no significant effect on 

autoregulation of RJF in the rat. Importantly, these data also clearly demonstrate 
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that the A1 receptor antagonist, DPCPX, does not interfere with P2X1 receptor 

activation in vivo, and s~pports the concept that A1 receptors can be selectively 

manipulated pharmacolbgically without markedly influencing the activation of 

P2X receptors. This observation strengthens data demonstrating our ability to 

distinguish P2X and A1 receptor specific regulation of renal microvascular 

function in vivo and solidifies our overall hypothesis that whole kidney 
I 

autoregulatory behavio'r involves P2X1 receptor activation. 



Figure 19. RBF in response to decreasing renal perfusion during A 1 receptor 

antagonism. RBF in response to decreasing renal perfusion pressure with 

adenosine A1 recepto~ inhibition by DPCPX (white circles) and during DMS0-
1 

vehicle infusion (black triangles). For comparison, saline-vehicle experiments 

110 

(black circles) are reproduced from Figure 16. * indicates p < 0. 05 vs. baseline. # 

indicates p < 0. 05 be~een saline-vehicle. 
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Figure 20. Percent change of baseline RBF in response to decreasing renal 

perfusion during A1 receptor antagonism. Percent change from baseline RBF in 
I 
I 
I 

response to decreasing :renal perfusion pressure with adenosine A 1 receptor 
I 

inhibition by DPCPX (white circles) and during OM SO-vehicle infusion (black 
I 

triangles). For compari~on, saline-vehicle experiments (black circles) are 

reproduced from Figure, 20. * indicates p < 0. 05 vs. baseline. # indicates p < 0. 05 
I 

between saline-vehicle.' 
I 
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Figure 20 
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Arterial Pressure and Renal Vascular Effects of Selective P2Xt Receptor 

Inhibition with IP51. To deJermi~e the effect of P2X1 receptor blockade on 
i 

systemic and renal hemodynamics, we examined arterial pressure and RBF 

responses to the P2X1 agonist a, J3-methylene ATP before and during P2X1 

114 

receptor blockade with IP:51. Since PPADS can have inhibitory effects on select 

P2X and P2Y receptors, the highly selective P2X1 receptor antagonist, IP51, was 

used to determine the P2X1 receptor-mediated response to a, J3-methylene ATP, 

in vivo (Figure 21). IP51 ~ignificantly inhibited the increase in systolic arterial 

pressure observed with ~' J3-methylene ATP administration (Figure 21, white 
; 

bars). Likewise, the ren91 vascular response to a, J3-methylene ATP was 
I 
1 

signific~ntly inhibited by/IP51 .(Figures 22 and 23). The highest dose of a, J3-

methylene ATP (1.0 IJg);. elicited a non-statistically significant 9.5 ± 0.8% 

decrease in RBF from ~.6 ± 0.4 to 5.9 ± 0.2 mllmin/g kidney mass during 

inhibition of P2X1 recep~ors with IP51 (Figure 22). 
I 
I 
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Figure 21. Effect of i. v. bolus injection of a, {3-methy/ene A TP on systolic arterial 
I 

pressure. Changes in s~stolic pressure were measured in saline-infused (black 
I 
I 

bars) and I PSI-infused r?ts (1 Jlmolelkglmin, white bars) in response to a, {3-

methy/ene A TP- infusion:. For comparison, saline-vehicle experiments (black bars) 

are reproduced from Figure 10. * indicates P < 0. 05 vs. baseline. # indicates P < 
I 

0. 05 between groups. 
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Figure 22. Effect of i. v. bolus injection of a, {3-methy/ene A TP on RBF. Average 

RBF in saline-infused (~Jack circles) and /PSI-infused rats (1 Jlmole/kglmin, white 

circles) in response to q, {3-methylene A TP infusion. After each bolus injection, 

RBF was allowed to re~urn to baseline before additional drug application. For 

comparison, saline-vehicle experiments (black circles) are reproduced from 

Figure 12. * indicates P < 0. 05 vs. baseline. # indicates P < 0. 05 between 

groups. 
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Figure 23. Change in RBF in response to i. v. bolus injection of a, {3-methy/ene 
I 
I 

A TP in saline-infused (black bars) and /PSI-infused rats (1 J.lmo/e/kg/min, white 
I 

bars). Data are expreJsed as the change in RBF from the baseline value 
I . 

I 
I 

immediately precedinq a, f3~methylene A TP infusion. For comparison, saline-
i 
I 

vehicle experiments (~Jack bars) are reproduced from Figure 13. * indicates P < 
I 
! 

0. 05 vs. baseline. # i~dicates P < 0. 05 between groups. 
I , 
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I 

Autoregulatory Behavior during IP51/nhibition of P2X1 Receptors. These studies 

were designed to test t~e hypothesis that P2X1 receptor blockade with IP51 would 
I . . 

inhibit whole kidney autbregulatory behavior. Inhibition of P2X1 receptors with 

IP51 caused significant :impairment in autoregulatory efficiency (Figures 24 and 

25, white circles, basel!ne RBF 8.66 ± 0.20 mUmin/g kidney mass) compared to 

saline-infused rats. Noticeably, the autoregulatory profiles are more passive for 

rats infused with IP51 than for rats treated with either control or PPADS. An AI of 

0.85 ± 0.19 was obtained for rats infused with IP51, demonstrating greatly 
I 
I 
I 

diminished autoregula~ory capacity. Decreasing mean arterial pressure from 120 
r 

mmHg to 100 mmHg i:'n IP51-infused rats resulted in a 14 ± 3% decrease in RBF, 
I • 

: 
compared to 9 ± 1 o/o and 0 ± Oo/o in PPADS and saline-infused rats, respectively. 

I 
I 
i 

After autoregulatory c:urves were completed, RBF responses to 0.5 IJg a, 13-
I 

I 

methylene ATP and 0.25 IJg CPA were conducted to confirm receptor blockade . I . . 
j 
I 

(Figure 18, gray bars). The decrease in RBF in response to a, 13-methylene ATP 

I 
was abolished in IP51-infused rats (0.0 ± 0.0 vs. 5.7 ± 0.6 mUmin/g kidney mass 

I . . 

I . 
in saline-infused rats~. Renal vascular responsiveness to CPA was unchanged in 

i : . 
IP51-infused rats (2.9 ± 0.5 vs. 2.7 ± 0.2 mUmin/g kidney mass in saline). Urinary 

I 
I 

flow rates averaged /17.8 ± 6.2 IJL/min/g kidney mass and were not statistically 
I -

different from the otter groups. These data suggest that P2X1 receptor activation 

is essential for the autoregulation of whole kidney blood flow. 
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Figure 24. RBF in resp~nse to decreasing renal perfusion pressure with (white 

I 

circles) and without P2Xt receptor antagonism by IPS/ (1 pmol/kglmin, black 
! 

circles). For compariso~, saline-vehicle experiments (black circles) are 

reproduced from Figure 17. * indicates P < 0. 05 vs. baseline. # indicates P < 0. 05 

between groups. 
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I 

Figure 25. Percen~ ch~nge from baseline RBF in response to decreasing renal 
I 

I 

perfusion pressure with (white circles) and without P2X1 receptor antagonism by 
I , 

I 
I , 

IP51 (1 pmol/kglmin, black circles). For comparison, saline-vehicle experiments 

! 

(black circles) are repr9duced from Figure 17. * indicates P < 0. 05 vs. baseline. # 

indicates P < 0. 05 between groups. 
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Figure 25 
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In the analysis present+ above, Al's were calculated for renal arterial pressures 

ranging from 120 to 100 mmHg. When the Al's were calculated for the renal 

arterial pressures ranging from 100 to 80 mmHg, no statistical differences 

between any of the groups were detected by one way ANOVA (0.509). The AI 

averaged 0.86 ± 0.12, 0.93 ± 0.24, and 1.04 ± 0.10, in PPADS, IP51, and 

DPCPX, respectively. Additionally, the saline- and DMSO-infused rats exhibited 

reduced autoregulatory efficiency at renal perfusion pressures below 100 mmHg. 

The Al's averaged 0.68 ± 0.18 and 0.64 ± 0.11 in saline- and DMSO-infused rats, 

respectively. Similar o~tcomes were reached if the Al's were calculated over the 
I • 

range from 100 to 90 mmHg. 

Agonist-Mediated Renal Vascular Resistance Changes during P2Xt and At 
I 

Receptor Blockade. Calculation of RVR for each experimental group tested 

revealed a clear incr~ase in RVR for vehicle treated rats receiving bolus 

injections of a, J3-metrylene ATP (Figure 26, black circles) or CPA (Figure 27, 
I 

black circles). Bolus a, J3-methylene ATP administration caused a dose-

dependent increase in RVR from 22 ± 5 to 76 ± 16 mmHg/mL/min/g kidney 

mass. Prior infusion pf either PPADS (Figure 26, white circles) or IP51 (Figure 26, 
I 

black triangles) effecltively blocked the entire a, J3-methylene ATP-mediated 
I 

response in RVR. ~i/milarly, CPA caused a dose-dependent increase in RVR 

I 
from 17 ± 1 to 32 ± 7 mmHg/mUmin/g kidney mass and this increase in RVR 
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was abolished by prior infusion of the A1 receptor agonist, DPCPX (Figure 27, 

I 
white circles). 

Pressure-Mediated Renal Vascular Resistance Changes during P2X1 and A1 

Receptor Blockade. An alternative to the AI method of assessing renal function is 

to determine vascular resistance changes in response to reductions in mean 

arterial pressure. When RVR was calculated from the data collected in the 

autoregulatory experiments it was possible to determine at which point the renal 

vasculature switches from either an active or passive resistance-pressure 
! 

relationship. For example in Figure 28, the saline-infused rats (black circles) 

tended to have a positively increasing slope at pressure greater than 80 mmHg, 

indicative of increasing RVR--hence undergoing vasoconstriction. In contrast, 
i 

however, both PPADS and I PSI infusion resulted in a relatively stable RVR-

pressure relationship 'demonstrating a decreased ability to respond to 

vasoconstrictor stimU:Ii. When the RVR-pressure relationship was analyzed in 
I 
I 

DPCPX-infused rats,i positively increasing RVR could be observed at pressures 

starting around 100 mmHg, suggesting intact autoregulatory behavior. 
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Figure 26. Effect of i. v. bolus injection of a, {3-methy/ene A TP on renal vascular 

resistance. Average R:VR in saline- (black circles), PPADS- (white circles), and 
I 

i 
/PSI-infused rats (black triangles). *indicates P < 0.05 vs. respective baseline.# 

indicates P < 0. 05 vs. :saline-infused. 
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Figure 26 
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Figure 27. Effect of i. v. bolus injection of cyclopentyl adenosine on renal vascular 

resistance. Average R:VR in DMSO- (black circles) and DPCPX-infused rats 

(white circles). *indicates P < 0.05 vs. respective baseline.# indicates P < 0.05 
i 

between groups. 

I 

-! 

I 



131 

Figure 27 
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Figure 28. Effect of reduction in mean arterial pressure on renal vascular 

resistance. Average RVR in saline- (black circles), PPADS- (white circle), and 
I . 

/PSI-infused rats (black ttiang/es), *indicates P < 0. 05 vs. respective RVR at 120 

mmHg. # indicates P < 0. 05 vs. saline-infused rats. 
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I 

Figure 29. Effect of reduction in mean arterial pressure on renal vascular 
I 
I 

resistance. Average RVR in DMSO- (white triangles) and DPCPX- (black 

134 

I 
I 
I 

squares). *indicates P <i0.05 vs. respective RVR at 120 mmHg. #indicates P < 

0. 05 vs. DMSO-infused rats. 
I . 
I 
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Figure 29 

Mean Arterial Pressure (mmHg) 
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i 

SPECIFIC AIM 2. TO TE~T THE HYPOTHESIS THAT P2Y12 RECEPTOR 

BLOCKADE PROTECTS AGAINST ANG II-INDUCED IMPAIRMENT OF 
I 

. i 

AUTOREGULATORY BI;HAVIOR, INFLAMMATORY PROCESSES, AND 

RENAL INJURY. 

Physiological Parameters. Summary data for physiological parameters are 

shown in Table 12. Systolic blood pressure (116 ± 1 mmHg) and body weight 

(255 ± 2 g) were not different in all groups of rats at the beginning of experiments 
I 

i 
(n=70). Sham animals gt;:1ined more weight over the 14 day treatment period than 

I 

rats infused with Ang II (Table 13). Systolic arterial pressure was significantly 

increased in rats treated/ with Ang II for 14 days as measured by tail-cuff 
! 

I 

plethysmography (Figur7 30). Clopidogrel treatment had no effect on body weight 
i 

gain or systolic blood pr~ssure in any of the groups tested. Irrespective of Ang II 
i 

infusion, clopidogrel tre~tment significantly increased bleeding time measured 
I 

using a small tail-cut. 



TABLE 12 

Physiological parameters of experimental groups at baseline. 

C) t»Cii 
- CCI) C'-
(1) <( - <( C) 

~(I) ~... (,) 0 

- ----- ~·- ~ -E:-.!::!- ~- ~-- -e-.%-- - ·~ ~ - -- --- ·~ ~-
!i !~ ~> ~£ 

Body Weight (g) 

Systolic Blood 
Pressure (mmHg) 

en> en o t»~ t»o - c c 
0 o= o~ 

CD CD= 

258 ±3 261 ±4 256 ± 5 251 ±6 

121 ± 3 122 ± 3 116 ± 2 114 ± 2 

t»Cii c ... 
<(C) 

0 
C"C :e _:c. ____ _ 
~o 
C)-
cO 
0~ 
~'--= 

256 ±4 

119 ± 2 

Values are mean± SEM. *indicates P < 0.05 vs. respective sham group;# indicates P < 0.05 vs. respective vehicle-

treated group. n = 24. 



TABLE 13 

Physiological parameters of experimental groups at the end of the 14 day treatment. 

----------------- - "-~ -- ~-----~---·1----

Body Weight (g) 

Systonc Blood 
Pressure (mmHg) 

C) t»Gi t»"'i 
~ ;------- - ~ --~----~- ---.i ~ --------- ~ -~-- ~-- -- ___ i ____ ~_ ---- ----

- C) C ·- C "C C "C I E u Eo ·-~ ·-·- ·-·-·- "C E (I) E c. E c. cu ~ cu ·- > 0 0 
~(I) ~c. ~ ~- ~-
U) > tn o C)~ t»o t»o - c c c 

0 o= o~ o~ 
co co= ..... = 

354 ±6 369 ±7 326 ± 6* 320 ± 6 I 336 ± 8* 

118 ± 3 120.± 3 198 '± 5* 195 ± 4 I 195 ± 4 

Bleeding time (s) 407 ± 24 1200 ± 0# 304 ± 17 1120 ± 72*# I 987 ± 81*# 

Values are mean± SEM. *indicates P < 0.05 vs. respective sham gro"up; #indicates P < 0.05 vs. respective vehicle
treated group. n = 24. 



Figure 30. Systolic arterial pressure measured by tail-cuff plethysmography. 
i 

139 

Systolic arterial pressure was measured by tail-cuff plethysmography at days 0, 
[ 

i 

6, and 13 of treatment ~n sham-vehicle (black circles), sham-clopidogrel (white 

I 

circles), 60 nglmin An~ //-vehicle (black triangles), 60 nglmin Ang 11-clopidogrel 

I 
(white triangles), and ~0 ng/min Ang 11-clopidogrel (white squares). *indicates P 

i 

< 0. 05 vs. day 0. # indicates P < 0. 05 vs. respective vehicle control. 
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I 

Measurement of Arteria11 Blood Pressure Using Telemetry. Because a small 
I 
I 
I 

141 

difference was detected in arterial pressure in Ang 11-clopidogrel treated rats on 

I 
experimental day 6, raqiotelemetry was used to more accurately measure blood 

pressure development. :There were no statistical differences in arterial pressure 

between sham rats irrespective of clopidogrel treatment (Figure 31, white and 

black circles). Ang II infusion significantly increased arterial pressure by the 14th 

day of treatment in all groups. By day 4, 60 ng/min Ang 11-infused rats receiving 

dietary vehicle (Figure ;31, black triangles) had significantly elevated mean 

i 
arterial pressure (MAP~ compared to sham-vehicle rats (Figure 31, black circles). 

The elevation in MAP reached a plateau by day 9 and stayed elevated for the 

remainder of the treatrrent period. However, in the rats receiving 60 ng/min Ang 

II infusion plus clopidogrel (Figure 31, white triangles), the development of 

hypertension was dela:yed as evident by the rats not reaching a significantly 

i 

elevated MAP until day 9 compared to sham-vehicle rats. Additionally, when 60 
i 

ng/min Ang 11-clopidogrel rats are compared to 60 ng/min Ang 11-vehicle rats, 

significant differences iin MAP was found on all days prior to day 13 of treatment. 
I 
I 

To account for the dis~repancy in the magnitude and progression of hypertension 
i 
I 

·seen with clopidogrel treatment, the dose of Ang II was adjusted until rats treated 

I 

with clopidogrel were indistinguishable from 60 ng/min Ang 11-vehicle rats. 

Administration of 70 n6/min Ang II with clopidogrel (Figure 31, white squares) 
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Figure 31. Mean arteri~l pressure measured by radio-telemetry. Mean arterial 
I 

pressure was measureCI by 24-hour radio-telemetry during 14 days of treatment 
I 

I 

in sham-vehicle (black 
1

Circles), sham-clopidogrel (white circles), 60 nglmin Ang 
I 

I 

//-vehicle (black triangl~s), 60 nglmin Ang 11-clopidogrel (white triangles), and 70 

ng/min Ang 11-c/opidog~el (white squares). *indicates P < 0.05 vs. sham-vehicle 

rats. #indicates P < oJos vs. 60 nglmin Ang //-vehicle rats. 
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resulted in a blood pressure profile not different from 60 ng/min Ang 11-vehicle 
I 

treated rats at all-time p:oints and was therefore utilized for all subsequent 

experiments. 

Pulse Pressure and Heart Rate Measurements by Telemetry. In order to further 

! 
describe the physiologicbal responses to co-administered Ang II and clopidogrel, 

I 

pulse pressure, heart rate, and ambulatory locomotor activity were measured by 

radiotelemetry in a subset of animals. There were no statistical differences in 

pulse pressure betweeJ sham rats irrespective of clopidogrel treatment (Figure 
I 

i 

32, white and black cir~les). Pulse pressure increased significantly in all groups 
I 
I 

receiving the 14 day Arig.ll infusion. By day 9, rats receiving 60 ng/min Ang II 
I 

infusion rats plus dietacy vehicle (Figure 32, black triangles) had significantly 
I 

elevated pulse pressur~ compared to sham-vehicle rats (Figure 32, black 

circles). The elevation ih pulse pressure reached a plateau by day 11 and stayed 
I 

I 

elevated for the remain~er of the treatment period. In 60 ng/min Ang 11-infused 
I 

rats receiving clopidog~el (Figure 32, white triangles) a delayed progression in 
I 

the development of pul~e pressure was evident by the rats not reaching a 
I , 

significantly elevated p~lse pressure until day 11 compared to sham-vehicle rats. 
I 

However, there were n9 statistical differences between the progression and the 

magnitude of pulse preksure elevation between 60 ng/min Ang 11-clopidogrel and 

Ang 11-vehicle rats. Ad~inistration of 70 ng/min Ang II and clopidogrel (Figure 32, 



145 
white squares) resulted in a pulse pressure profile not different from 60 ng/min 

I 
Ang 11-vehicle treated rats at all-time points. Heart rate measured telemetrically 

! 

over the 24 hour period was not different across all treatment groups over the 

entire treatment period (
1

Figure 33), and averaged 402 ± 14 beats per minute. 

i 

Overall, locomotor activifY was not altered by Ang II infusion or clopidogrel 

treatment (Figure 34). 
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I 

I 

Figure 32. Pulse press~re measured by radio-telemetry. Pulse pressure was 
I 

I 

measured by 24-hour r~dio-telemetry during 14 days of treatment in sham-

vehicle (black circles), Jham-clopidogrel (white circles), 60 nglmin Ang If-vehicle 
I 
I 
I 

(black triangles), 60 ng1min Ang 11-c/opidogre/ (white triangles), and 70 nglmin 

Ang 11-clopidogrel (whiti squares). *indicates P < 0.05 vs. sham-vehicle rats. # 

indicates P < 0. 05 vs. 6;o nglmin Ang //-vehicle rats. 
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I 

i . 

Figure 33. Heart rate ti(Jeasured by radio-telemetry. Heart rate was measured by 
I 
I 

24-hour radio-telemet~ during 14 days of treatment in sham-vehicle (black 

circles), sham-clopidoJrel (white circles), 60 nglmin Ang 11-veh(cle (black 
I 

triangles), 60 nglmin Atg 11-clopidogrel (white triangles), and 70 ng/min Ang 11-

clopidogrel (white squares). 
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Figure 34. Locomotor ~ctivity measured by radio-telemetry. Activity rate was 

measured by 24-hour r£!1dio-telemetry during 14 days of treatment in sham

vehicle (black circles), ~ham-clopidogrel (white circles), 60 nglmin Ang //-vehicle 
I 
I 

(black triangles), 60 ngtmin Ang 11-clopidogrel (white triangles), and 70 nglmin 
I 

Ang 11-clopidogrel (white squares). 
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Assessment of Basic Metabolism by Food and Water Consumption. There were 

no significant differencls in any of the tested metabolic parameters prior to 

treatment (Table 14). JBowever, after 14 days of Ang II infusion, urine volume 
i 

was significantly increa~~ed (Table 15). This increase coincided with an increase 
! 

in water consumption. ~rine sodium excretion was not affected by either Ang II 

infusion or clopidogrel treatment on day 14. Potassium excretion was increased 

after 14 days of 70 ng/min Ang II and clopidogrel treatment. 



TABLE14 

Daily baseline metabolic parameters of experimental groups prior to beginning treatment. 

m m"i 

-------------------- ----

CD S:::: CD S:::: m 
~CD ~~ ~u ~o 

- C) s:::: ·- s:::: "C E o Eo ·-~ ·-·-
·- "C E CD E c. 

C'G ~ C'G ·- > 0 
~CD ~C. ~ ~-----·- -- en >-------------en--~-- --------c:---~- ------- -----c:-o------

0 o= o~ 
CD CD= 

C) CD 
s:::: ~ 
~~ 
S::::"C ·e ·a 
-.0 

- ·-------~ (3 1---------

0~ 
to--

Food Consumption (g) I 23.2 ± 0.7 I 24.7 ± 1.7 I 23.3 ± 0.6 I 22.2 ± 1.3 I 22.6 ± 1.7 

Water Consumption (g) I 35.1 ± 2.8 I 31.8 ± ·1.3 I 33.2 ± 1.2 I 38.8 ± 5.4 I 28.1 ± 3.8 

Urine Excretion (ml) I 13.5 ± 2.1 I 13.5 ± 2.1 I 11.6 ± 0.9 I 9.6 ± 0.6 I 11.5 ± 1.0 

Sodium Excretion (mEq) I 1.5 ± 0.1 I 1.5 ± 0.2 I 1.2 ± 0.1 I 1.1 ± 0.1 I 1.4 ± 0.1 

Potassium Excretion (mEq) 4.7 ± 0.3 4.8 ± 0.6 4.0 ± 0.2 3.6 ± 0.3 3.6 ± 0.4 

Values are mean ± SEM. * indicates P < 0.05 vs. respective sham group; # indicates P < 0.05 vs. respective vehicle-

treated group. n = 24. 



TABLE 15 

Daily metabolic parameters. of experimental groups at the end of the 14 day treatment. 

C) t»Gi C)~ I 

Cl) c Cl) c ... CC) 
~(I) ~c, <Cc:; <C~ <Co 

- E.~ 
c·- C"'C C"'C E o ·- .c ·e·a ·e·a cu.c cu:E E Cl) 

.,CCI) .ca. ...... > ...... 0 -..0 
- ----g'-~---- C)- C)-

-- --- ---- ----, - ___ U)_~ ---- -tn-_2------- - -- ---c-:0 - --- - - -- --c:-(;;)-- --~ 

0 o= 0~ 0~ 
CD CD= ...... = 

Food Consumption (g) 26.0 ± 3.0 25.7 ± 2.3 23.4 ± 1.7 23.1 ± 2.1 29.5 ± 1.3 

Water Consumption (g) 37.5 ± 3.6 38.3 ± 2.6 55.7 ± 3.9* 55.3 ± 3.0* 55.0 ± 5.0* 

Urine Excretion (ml) 19.7 ± 1.9 21.5 ± 3.1 38.7 ± 3.9* 38.9 ± 2.7* 36.7 ± 4.4* 

Sodium Excretion (mEq) 1.7±0.4 1.6 ± 0.1 1.8 ± 0.2 1.6 ± 0.1 2.5 ± 0.4 

Potassium Excretion (mEq) 5.5 ± 0.4 5.5 ± 0.3 4.6 ± 0.4 4.9 ± 0.3 7.9 ± 0.9*# 

Values are mean ± SEM. * indicates P < 0.05 vs. re~pective sham group; # indicates P < 0.05 vs. respective vehicle-

treated group. n = 24. 
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Autoregulatory Behavir in Ang II and Clopidogrel Treated Rats. These studies 

were designed to test tie hypothesis that the loss of whole kidney autoregulatory 

behavior associated with Ang 11-induced hypertension was influenced in part by 
I 

. I 

activation of P2Y12 receptors. Autoregulatory behavior was measured in rats 

chronically treated with jorally administered clopidogrel (1 0 mg/kg) for 14 days to 
I 
I 

I 

block P2Y12 receptors. Baseline MAP and RBF were not different in anesthetized 
i 

sham rats treated with ~ither clopidogrel or vehicle (Figure 35). Sham-vehicle 
i 
I 

rats averaged a MAP of 131 ± 5 mmHg and a RBF of 10.7 ± 0.9 ml/min/g kidney 
I 
i 

mass, whereas in shan1 rats treated with clopidogrel MAP and RBF averaged 
' 
i 

126 ± 3 mmHg and 9.0 :± 1.1 ml/min/g kidney mass, respectively .. Likewise, 

I 
baseline MAP and RBFiwere not different in Ang 11-infused groups. Rats 

receiving 60 ng/min AnJ 11-vehicle rats averaged 162 ± 12 mmHg and 11.0 ± 1.0 
I 
! 
I 

ml/min/g kidney mass. jRats receiving 60 ng/min Ang 11-clopidogrel averaged 169 

i 
± 3 mmHg and 9.7 ± 0.8 ml/min/g kidney mass, whereas rats receiving 70 

I 
ng/min Ang 11-clopidogrel averaged 165 ± 16 mmHg and 8.6 ± f6 ml/min/g 

! 

kidney mass. Baseline ~alues showed no statistical difference between all 

groups. 

In both sham-vehicle aTsham-clopidogrel rats, RBF remained Stable as renal 

perfusion pressure was reduced from 120 mmHg to 100 mmHg (Figure 36, white 

and black circles, respebtively), consistent with well-maintained autoregulatory 
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control. However, in Ang 11-vehicle rats, RBF decreased concurrently with each 

stepwise reduction of rJnal perfusion pressure across a range of 160 to 100 

I 
mmHg (Figure 36, blac~ triangles). Daily administration of clopidogrel for 14 days 

I 

prevented the Ang ll-in9uced loss in autoregulatory ability (Figure 36, white 

i 

triangles and white squ~res) resulting in stable RBF over a wide pressure range 

of 160 to 100 mmHg. 

Calculation of the AI revealed values of -0.11 ± 0.20 and -0.23 ± 0.12 over the 
! 

120 to 100 mmHg pres~ure range in the sham-vehicle and sham-clopidogrel 

groups, respectively, co:nsistent with efficient RBF autoregulation. In contrast, in 
i 

Ang 11-vehicle treated reds an AI of 0.66 ± 0.15 indicated significant loss of 
! 
I 

autoregulatory behavior!. When the AI was calculated for 60 ng/min Ang Il
l 

clopidogrel rats, a valu~ of 0.07 ± 0.06 demonstrated values consistent with 

I 

intact autoregulatory behavior, not different from sham treated rats. Despite 

identical arterial pressu~e profiles between 60 ng/min Ang 11-vehicle and 70 

I 

ng/min Ang 11-clopidogr~l groups, inhibition of P2Y12 receptor activation by 
! 

clopidogrel prevented Ahg 11-mediated loss of autoregulatory control, as indicated 

I 

by an essentially perfect AI of 0.04 ± 0.14. These data establish that chronic 

treatment with the P2Y12 receptor antagonist clopidogrel preserves RBF 

responses consistent wifh normal renal autoregulatory behavior despite the 

existence of persistent Hypertension. 



! 

Figure 35. Renal blood: flow at 100 mmHg in response to decreasing renal 
i 

perfusion pressure in rilts treated with Ang II and clopidogrel. RBF was 
I 

measured in response ~o decreasing renal perfusion pressure in sham rats 

157 

(circles) and rats receiv(ng either 60 nglmin Ang II (triangle) or 70 nglmin Ang II 
I 

I 

(square) via osmotic mi(Jipump. Black symbols correspond with rats receiving 

I 
dietary vehicle, with wh~te symbols representing rats treated with clopidogrel (1 0 

mg/kglday). 
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Figure 35 
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Figure 36. Percent change of renal blood flow at 100 mmHg in response to 

decreasing renal pertu1ion pressure in rats treated with Ang II and clopidogrel. 
i 

I 

RBF was measured in response to decreasing renal perfusion pressure in sham 

rats (circles) and rats ri;Jceiving either 60 nglmin Ang II (triangle) or 70 ng/min 
I 

Ang II (square) via osrriotic minipump. Black symbols correspond with rats 
I 
I 

receiving dietary vehiclb, with white symbols representing rats treated with 
1 

I 

clopidogrel (10 mg/kg!day). *indicates P < 0.05 vs. sham rats receiving dietary 
i 

I 

vehicle.# indicates P <[ 0.05 vs. 60 ng/min Ang II receivin~ dietary vehicle. AI; 
! 

autoregulatory index. 1 
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Pressure-Mediated Renal Vascular Resistance Changes during Ang II and 

Clopidogrel Treatment! When RVR was calculated from the data collected in the 
I 
I 

autoregulatory experiments in Figure 35, it was possible to estimate the point at 
I 

which the renal vascul~ture switches from passive resistance-pressure 
I 

relationship to an activf one. Importantly, the calculation of RVR is used as a 

secondary measure to \illustrate how the autoregulatory behavior data are 
! 

consistent with our preyious conclusions, not as a primary measure. The sham-

vehicle rats (Figure 37, black circles) had a positively increasing slope at 
! 
I 

pressures greater than !BO mmHg, demonstrating increasing vascular resistance. 
I 

! 

When rats were infused for 14 days with Ang II, the transition point moved to 
I 

around 100 mmHg. Ad~inistration of clopidogrel in 60 ng/min and 70 ng/min Ang 
! 

11-infused rats resulted ~n normalization of the transition point to approximately 80 

I 

mmHg in both groups. These data strengthen the previous findings that blockade 
I 

of P2Y12 receptor is abl~ to prevent Ang 11-mediated impairment of autoregulatory 

behavior. When RVR is! normalized to values obtained at 70 mmHg a clear 
I 

i 
I 

divergence in the abiliiYj of Ang 11-vehicle treated rats to develop appropriate RVR 
i 
I 

during pressure chang~s (Figure 38, black triangles). 



I 

Figure 37. Effect of reducing in mean arterial pressure on renal vascular 
I 

162 

resistance in Ang II and: clopidogrel treated rats. Average RVR is depicted for 

sham-vehicle (black circles), sham-clopidogrel (white circles), 60 nglmin Ang Il
l 

vehicle (black triangles),\ 60 nglmin Ang 11-clopidogrel (white triangles), and 70 

nglmin Ang 11-clopidogrel (white squares). 
I 
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Figure 38. Effect of re~ucing in mean arterial pressure on renal vascular 

resistance in Ang II and: c/opidogrel treated rats. Percent change in RVR from 70 
I 

mmHg is depicted for sham-vehicle (black circles), sham-clopidogrel (white 
I 

circles), 60 nglmin Ang //-vehicle (black triangles), 60 nglmin Ang 11-c/opidogre/ 
I 

(white triangles), and 70 nglmin Ang 11-c/opidogre/ (white squares). 
I 
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Identification of Rena1 Vascular P2Y12 Receptor Protein Expression by 

lmmunoblotting. The beneficial site of P2Y12 receptor inhibition is unknown. For 

this reason we postulated that P2Y12 receptors are expressed in the vasculature 

of the kidney. Westefn blot analysis was performed to determine P2Y12 receptor 

expression in renal.licrovessels (Figure 39). Clear evidence of specific banding 

was apparent in tissles probed with antibodies against P2Y12 receptors (40 kDa). 
I 

Preglomerular micro~essels were isolated from normotensive control rats and 

I 

homogenized. Membrane proteins.were separated from cytosolic proteins by 

I 
centrifugation. Mempranes collected from preglomerular microvessels showed 

.I 
strong banding for t~e P2Y12 receptor (Figure 39). These data demonstrate the 

I 

. I 
presence of P2Y12 Tceptors in the renal vasculature. 

I 
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Figure 39. Western blot analysis of P2Y12 receptor expression in preglomerular 

micro vessels from control rats. Preglomerular micro vessels membrane fractions 

taken from nonnotJnsive sham-vehicle rats (Lanes 1-4). Anti-P2Y12 receptor 
I 

antibody dilution of 1:200. 
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Identification of Renal Vascular P2Y12 Receptor Expression by Confocal 

Microscopy. While Jistern blotting is limited by the abundance of protein 

available, confocal/icroscopy is able to detect protein in relatively small regions 

of interest. We wanted to verify P2Y12 receptor expression in afferent arterioles. 

Kidney sections werr stained for determination of P2Y 12 receptor expression and 

localization (Figure 4

1 

0). Kidneys were taken from each experimental group, · 

frozen in sectioning medium, and cut into 4 IJm thick sections. All slides were 
I 

i 
labeled with antibodies against a-smooth muscle actin and P2Y12 receptor 

protein. DAPI was Jsed as co-staining to identify cell nuclei. While some 

localization of PZY1~ receptor protein was evident in renal tubular segments, the 

strongest binding ahpears to co-localize with a-smooth muscle actin, suggesting 

an afferent arterioiJr distribution for PZY12 receptor protein expression. 
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Figure 40. Renal cortical P2Yt2 receptor expression by immunofluorescence in 

rats treated with Anh II and clopidogrel. Representative images of afferent 

arteriole and adjaJnt glomerulus are taken from sham rat receiving dietary 
I . 

vehicle (top row); srm receiving clopidogrel (second row); 60 nglmin Ang II 

receiving vehicle (tqird row); and 70 nglmin Ang II receiving clopidogrel (bottom 
I 

row) rats. Fluoresc~nt staining as follows: nuclear staining (blue, first column); a-

/ 

smooth muscle act{n (green, second column); P2Y12 receptor (1 :50, red, third 
I 

column); merged itage (fourth column). 

I 

I 
I 
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Figure 40 

DAPI a-SMA P2Y12 Receptor Merge 
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Light Microscopic Analysis of Rena/Injury. Light microscopic analysis of renal 

tissue was conductJ to determine the levels of renal injury associated with Ang 

II hypertension. Renll samples were stained with hematoxylin and eosin for the 

overall examination lf rerial structure. Periodic acid-Schiff reaction was used to 

determine the degrei of basement membrane thickening. Picrosirius red staining 

was used to determihe the levels of collagen staining, and Masson's blue 

trichrome staining wks used for the determination of renal connective tissue. 
I 

Using these 4 stainitg methods kidneys were evaluated for interstitial artery 

thickening, hyalinosis, and necrosis, as well as tubular casts, and glomerular 

I 
hyalinosis (Table 1l Each cell of the table represents the number of kidneys 

positive for mild injury of a given category out of the total number of kidneys 
I . 

examined. Ang 11-intluced hypertension caused significant injury in all categories 

examined. In Ang II infused rats, treatment with clopidogrel preserved renal 

morphological strulture to degrees indistinguishable from normotensive rats, 

further demonstratitg the importance of P2Y12 receptor blockade in Ang 11-

mediated renal inju~. 
- I 

I 
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TABLE 16 

Effect of Ang 11-indu~ed hypertension and c/opidogrel treatment on renal injury as 
assessed by light microscopy. 

Q) - - -- - -
.Q 

ces~ 
C) C)Q) C)Q) 

..J:: r:::: Q) r:::: "- r:::: "-

~ C) <(0 <(g> <(g> 
Eo .5: :.c r::::-c r::::-c 

ces co:-2 -E~ 
.E ·a. .E ·a. 

E 
..J::O. ........ 0 ....... o cno g>ces C)- C)-

co (.) r::::U r::::U 
..J:: a aces aces en (0 (0 ........ 

I 

Preglomerular ~rtery thickening 0/4 0/6 3/6 * 0/6 # 0/6 # 
I 

Preglomerular brtery hyalinosis 1/4 1/6 
I 

4/6 1/6 1/6 

Preglomerula1 artery necrosis 0/4 0/6 2/6 0/6 0/6 

I 
Tubular casts 0/4 0/6 

f 

2/6 0/6 0/6 
I 

Glomerul~r hyalinosis 0/4 0/6 1/6 0/6 0/6 
I 

I 

The number of rats/ scoring positive for renal injury are represented as a ratio of 

the total number of/kidneys examined.* indicates P < 0.05 vs. respective sham 
I 

group; # indicates f < 0.05 vs. respective vehicle-treated group. 
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Infiltration of lnflammaTry Cells into Renal Tissue. 

P2Y12 receptors are hi~hly expressed in leukocytes and lymphocytes. To 
,I 

evaluate an index of i~mune cell activation and recruitment immunolocalization 
I 

of inflammatory cells i~ kidneys from sham and Ang II treated was assessed. 
I 

Monocytes/macropha~es (ED-1 marker) and T -cells (CD-3 marker) were found in 
i 

the renal parenchyma/and were associated with tubular and vascular structures 

in both normotensive ~nd hypertensive groups. ED-1 positive macrophage cell 
I 

counts averaged 6.8 ± 0.4 cells per 0.25 mm2 field and were not significantly 
I 

different between any/ of the treatment groups examined (Figure 41 ).However, in 

sham-vehicle (Figure/42, black bar) and sham-clopidogrel rats (Figure 42, white 
I 
I 

bar) CD-3 positive T -rll counts were not different and averaged 11.5 ± o. 7 and 

11.8 ± 1.4 cells per Ol25 mm2 field, respectively. Fourteen day administration of 
I 

Ang II caused a sign\~cant increase in CD-3 positive cells (18.2 ± 1.4 cells per 

i 

0.25 mm2 field, Figure 42, shaded bar). Addition of clopidogrel treatment to the 
I 

I 

60 ng/min and 70 ngYmin Ang 11-infused rats prevented the increase in T -cell 
I 

I 

infiltration and yielde:d cell counts that were indistinguishable from sham rats 

(13.8 ± 0.6 and 13.5/± 1.0 cells per 0.25 mm2 field, Figure 42, hatched and 
i . 
I 

checked bars, resp~ctively). These data indicate that clopidogrel treatment 
I 

prevented T -cell accumulation in renal cortex of hypertensive rats and suggest 

an important role foJ P2Y12 receptors in stimulating inflammatory leukocyte 

infiltration during hybertension. 
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Figure 41. ED-1 positive monocyte/macrophage counts in renal corlex from rats 
I 

treated with Ang II a1d clopidogrel. Average number of ED-1 positive 

monocyteslmacrophages were counted in 20 x 0.25 mrrf fields of renal corlex in 

I 
sham rats receiving dietary vehicle (black bar), sham receiving clopidogrel (white 

I 

bar), 60 ng!min Ang ll-infused receiving vehicle (shaded bar), 60 nglmin Ang II 

I 
receiving clopidogre~ (hatched bar), and 70 nglmin Ang //-infused receiving 

clopidogrel (checkeJ bar). 

I 
I 

I 
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Figure 41 
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Figure 42. CD-3 positive T-ce/1 counts in renal cortex from rats treated with Ang 
I 
I 

II and clopidogre/. A ~erage number of CD-3 positive T-cel/s were counted in 20 x 
I 
I 

0.25 mm2 fields of renal cortex in sham rats receiving dietary vehicle (black bar), 
I 

sham receiving c/opibogrel (white bar), 60 nglmin Ang //-infused receiving vehicle 
I 
I 

(shaded bar), 60 nglmin Ang //-infused receiving clopidogrel (hatched bar), and 
I 

I 
70 nglmin Ang 11-inftJJsed receiving c/opidogrel (checked bar). * indicates P < 0. 05 

I 

vs. sham rats receiJing dietary vehicle. 
I 

I 
I 
I 



178 

Figure 42 

I 

I 
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Measurement of Urin,IY Protein, Albumin, and Creatinine Excretion. Ang II 

hypertension causes moth a loss of autoregulation and increases in proteinuria. 

Because P2Y12 rece~tor inhibition protected against a loss of autoregulatory 

behavior, we speculaJed that also decreases proteinuria. Urinary protein 

excretion was measJed as an index of renal injury (Figure 43). Daily excretion of 

protein was significa~tly increased in Ang 11-vehicle rats (Figure 43, shaded bars) 

compared to sham-Jhicle control rats (Figure 43, black bars) after 14 days, 
! 

I 
demonstrating increased protein filtration and/or decreased protein reabsorption. 

I 
I . 

Despite preserved a~toregulation of RBF in 60 ng/min Ang 11-vehicle and 70 
I 

ng/min Ang 11-clopidogrel rats (Figure 43, hatched and checked bars, 
I 
I 

respectively), daily p.rotein excretion was not different from that observed in Ang 
I . . . 

11-vehicle rats. These data demonstrate that P2Y12 receptor blockade does not 
I 

protect against the ifcrease in urinary protein excretion observed in Ang 11-

hypertension and suggests that P2Y12 receptor specific events may not directly 

impact on glomerulAr permeability or tubular protein reabsorption changes. 

Likewise, daily urinAry albumin excretion was significantly increased in 60 ng/min 
I . 

I 
Ang 11-vehicle treat~d rats after 14 days of treatment (Figure 44, shaded bars), 

and clopidogrel treJtment was not protective (Figure 44, hatched bars). 

I . 
I 

To determine if reljtive daily GFR was affected by either Ang II infusion or 

clopidogrel treatmJnt creatinine excretion was measured at baseline after 14 
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days of treatment. Urinary creatinine excretion was measured in order to 

determine relative daily glomerular filtration rates (Figure 45). There were no 

differences between lny of the groups prior to or after 14 days of treatment. 

Creatinine excretion tlnded to be higher (P=0.09) when all groups at day 14 

were averaged toget~er and compared to baseline. This effect was most likely 

due to an increase in body mass. When creatinine excretion was normalized to 

body weight there w~s no statistical difference between all groups or treatment 

duration. 
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I 

Figure 43. Urinary prtein excretion (mglday) in rats treated with Ang 11 and 

clopidogrel. Urine was collected over a 24 hour period. Urinary protein 
I 

concentration was Jeasured in sham rats receiving dietary vehicle (black bars), 

I 
sham receiving c/opjdogrel (white bars), 60 nglmin Ang //-infused receiving 

vehicle (shaded barb), 60 nglmin Ang //-infused receiving clopidogrel (hatched 

I 
bars), and 70 nglmim Ang //-infused receiving clopidogrel (checked bars). * 

indicates P < 0. 05ls. sham rats receiving dietary vehicle taken from same day. 

I 
I 

I 
I 

I 

I 
I 

I 
! 
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Figure 43 
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Figure 44. Urinary albumin excretion (Jlglday) in rats treated with Ang II and 

clopidogrel. Urine fs c0ffected over a 24 hour period. Albumin concentration 

was measured in 60 nglmin Ang //-infused rats receiving vehicle (shaded bars) 
I 

and 60 nglmin Ang ~/-infused rats receiving clopidogrel (hatched bars). * 

indicates P < 0.051s. baseline. 
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Figure 44 



185 

Figure 45. Urinary ereatinine excretion (mglday) in rats treated with Ang II and 

clopidogrel. Urine 1as collected over a 24 hour period. Creatinine concentration 

was measured in sham rats receiving dietary vehicle (black bars), sham receiving 

clopidogrel (white +IS), 60 nglmin Ang //-infused receiving vehicle (shaded 

bars), 60 nglmin Ang //-infused receiving clopidogrel (hatched bars), and 70 

nglmin Ang l/-infus1d receiving clopidogrel (checked bam). *indicates P < 0.05 

I 
vs. sham rats receiving dietary vehicle taken from same day. 
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Figure 45 
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Measurement of Urine and Plasma Thromboxane Metabolite Concentrations. 

Ang II elevates TXAllevels, and TXA2 is a major contributor to vascular injury. 

We hypothesized thit the protection of vascular function observed with 

clopidogrel treatme~t could be due to a reduction in TXA2 production. Urinary 

thromboxane B2, a jon-enzymatically produced, relatively stable TXA2 

metabolite, was measured at baseline and after 14 days of treatment as a 

measure of renal tutularthromboxane production and metabolism (Figure 46). 

Baseline values of Jrinary thromboxane B2 excretion were not different across. 

any of the experimJntal groups. By day 14 of treatment urinary thromboxane B2 

levels tended to inJeas~ by approximately 40% in Ang 11-vehicle rats (Figure 46, 

shaded bars) com+red to sham-vehicle rats (Figure 46, black bars) but the 

change di~ not rear statistical significance. These data suggest that P2Y12 

receptors are not djirectly involved in the increased urinary thromboxane 

production and metabolism in Ang 11-hypertension as evident by the lack of 

response in either lham-clopidogrel rats (Figure 46, white bars) or 70 ng/min Ang 

I 
11-clopidogrel rats (

1

Figure 46, checked bars) compared to their respective vehicle 

controls. I 

I 

Plasma thromboxJne metabolite concentrations determined by enzyme-linked 

immunosorbent aJsay are presented in Figure 47. Plasma was collected under 

non-coagulating Jndi~ons using EDTA. Additionally, indomethacin was used to 
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prevent ex vivo prostanoid production by platelets during collection of blood 

samples. Using this rethod, any changes in thromboxane concentrations are 

likely due to vascular proc;iuction and metabolism. Plasma thromboxane 82 

concentration was Jer 4'-fold higher in Ang 11-vehicle rats (Figure 47, shaded 

bar) compared to shlm-~ehicle rats (Figure 47, black bar). P2Y12 receptor 

blockade had no efflct on plasma thromboxane 82 concentration in either sham

clopidogrel or 70 ng}min Ang 11-clopidogrel treatment groups (Figure 47, black 

and checked bars, rlspectively); suggesting that the preservation of R8F 

autoregulation obse

1

1rved:with P2Y12 receptor inhibition is not due to changes in 

vascular thromboxa/"e 82 levels. Also, an additional indicator of vascular 

thromboxane A2 production, 2,3 dinor-thromboxane 82, had an approximately 4-

fold higher concent~ation in Ang 11-vehicle rats (Figure 48, shaded bar) compared 

to sham-vehicle ratl (Figure 48, black bar). When clopidogrel.treated rats were 

examined there we~e no significant differences between their vehicle treated 
I , 

counterparts. These data demonstrate that P2Y12 receptors are not associated 

with Ang 11-induceJ vascular thromboxane A2 production or metabolism, 

suggesting that thJ beneficial effects of P2Y12 receptor blockade during Ang II 

hypertension occuJ despite elevated TXA2 levels 
I 
I 
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Figure 46. Urinary thromboxane 82 excretion (nglday) in rats treated with Ang II 

and clopidogrel. Urite was collected over a 24 hour period. Thromboxane 82 

concentration was measured in sham rats receiving dietary vehicle (black bars), 

sham receiving cloJdogrel (white bars), 60 ng/min Ang //-infused receiving 

vehicle (shaded bal), and 70 nglmin Ang //-infused receiving clopidogrel 

(checked bars). 
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Figure 46 
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Figure 47. Avemg, plasma concentmtion of thromboxane 82 (pg/mL) was 

measured after 14 t±lays of treatment with Ang II and clopidogrel. Sham rats 

receiving dietary velicle. (black bar), sham receiving clopidogrel (white bar), 60 

ng/min Ang 11-infusld reCeiving vehicle (shaded bar), and 70 ng/min Ang Il-
l 
I 

infused receiving clopidogrel (checked bar). * indicates P < 0. 05 vs. sham rats 

. . d" t lh. I, rece1v1ng 1e ary ve 1c e. · 
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Figure 47 
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I 

Figure 48. A vemg, plasma concentration of 2, 3 dinor-thromboxane 82 (pglmL) 

was measured afte~14 days of treatment with Ang II and clopidogrel. Sham rots 

receiving dietary ve'hicle (black bar), sham receiving clopidogrel (white bar), 60 
I 

nglmin Ang 11-infus~d receiving vehicle (shaded bar), and 70 nglmin Ang Il
l 
I 

infused receiving clopidogrel (checked bar). *indicates P < 0.05 vs. sham rats 

. . d" t /h. I rece1v1ng 1e ary v!1c e. 

i 
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Figure 48 



IV. DISCUSSION 

Current estimates ar that 26-30 million American adults have chronic kidney 

disease or are at increased risk to develop renal failure. Impaired autoregulation 

and the subsequent decline in health of the renal vasculature is a major 

contributor to both tre onset and the progression ofrenal failure. The studies 

described above hare established evidence of autoregulatory control in both 

physiological and pathological situations. Furthermore, results demonstrate the 

involvement of purijergi~ receptors in the function and preservation of 

autoregulatory beh~vior. The specific details of each Aim are discussed below, 

along with the acco~panying caveats and auxiliary considerations. 

The goal of Aim 1 was to evaluate the role of P2X1 receptors in the 

I 

autoregulation of W
1

hole kidney RBF in vivo. The results establish that inhibition of 
I 
I 

P2X1 receptor actijation with either IP51 or PPADS significantly inhibits 

autoregulatory control of whole kidney RBF in vivo whereas A1 receptor blockade 
I . 

has little effect. Thib is consistent with findings of previous in vitro experiments 

using the blood-pekused juxtamedullary nephron preparation in rats and mice, 

showing a loss of Jressure-induced autoregulatory vasoconstriction at the single 

195 
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afferent arteriolar le el (Inscho, Cook et al. 1996; Inscho, Cook et al. 2003). The 

in vitro model, howeler, has some limitations. It is always important to 

demonstrate that in vitro .findings are also readily demonstrated in vivo. 

Additionally, the in rtro data are somewhat limited due to the fact that these 

studies only visuali:ae single juxtamedullary vascular segments located at the 

innermost surface J the. cortex which may not reflect the behavior of the entire 

nephron population!. The in vivo whole kidney setting used in the current report 

provides a more phrsiological condition for assessment of whole kidney RBF 

autoregulatory control which reflects the entire nephron population. 

Both P2X1 receptor activation with a, J3-methylene ATP and A1 receptor activation 
! 

with CPA produce kystemic effects on arterial pressure, heart rate, and 

respiratory rate w+n injected at doses exceeding 11Jg and 0.251Jg, respectively. 

Because we were interested specifically in the renal vascular effects, the 

treatment doses uJilized in this study were optimized to minimize systemic 
I 

effects. The first olbserved response to bolus i.v. injection of a, J3-methylene ATP 
! 

was a slight increase in arterial pressure. As the dose of a, J3-methylene ATP 
I 

j 

was increased, a ~rofound renal vasoconstriction was observed. The renal 

vascular sensitivit~ to bolus administration of a, 13-methylene ATP becomes 

apparent at highej doses. The highest dose of 11Jg resulted in a 62 ± 7% 

decrease in RBF with only a marginal 8 ± 2o/o increase in arterial pressure, 
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without affecting heart rate. This highlights the unique potency of P2X receptor 

activation in the renll circulation and strengthens the contention that P2X1 

receptors are stronJ regulators of renal hemodynamics. 

Infusion of PPADS prevented a, l3-methylene ATP-medi.ated vasoconstriction of 

the renal circulation and :elevation in arterial pressure. The arterial pressure 

response to 11Jg a, l3-methylene ATP following PPADS administration averaged 

less than 2 mmHg. ~PADS abolished RBF responses to 11Jg a, 13-methylene 

ATP, demonstratinJ the potent inhibitory effects of PPADS on P2X receptor 

activation. 

In saline-infused rajts, RBF remained constant within the arterial pressure range 

of 120 to 100 mmHg, consistent with properly maintained autoregulatory 

behavior. When prlssure was reduced in rats infused with PPADS, a reduction in 
I 

RBF occurred with/each pressure reduction. Using the AI as a method for the 
I 

quantification of autoregulatory behavior, we found a significant reduction in 

autoregulatory effiliency of 55%. These data illustrate the dominant role that P2X 

receptors play in t~e control of RBF autoregulatory behavior in vivo. 
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The most commonl[ used in vivo P2X1 receptor antagonist PPADS, was 

originally considerecli a selective antagonist for P2X receptors (Ziganshin, Hoyle 

et al. 1993); howevrr. mbre recently, evidence suggests that PPADS blocks 

certain P2X and P2r re~eptor subtypes (Ralevic and Burnstock 1998). P2X1, 

P2X2, P2X3, and P2X5 receptors can be blocked by in vitro administration of 

PPADS (Ralevic aj6 Burnstock 1998). Additionally, P2Y1, P2Y2, P2Y4, and 

P2Y12 receptors are antagonized by PPADS administration in some vascular 
I 
I 

preparations (Ralevic and Burnstock 1998). Confounding the interpretation of 

data generated usifg P~ADS are reports that PPADS may also inhibit ecto

nucleotidase activitv (Chen, Lee et al. 1996; Grobben, Claes et al. 2000). It could 
I . 

be argued that inhibition of ecto-nucleotidases prevents the catabolism of ATP to 

adenosine, and thJrefo~e prevents activation of adenosine A1 receptors leading 
I . 

to loss of autoregulatory function. To investigate this possibility, we used DPCPX 

I 
and IPS I to inhibit A1 and P2X1 receptors, respectively. 

Previous studies indicate that the purine nucleoside adenosine plays an 
I . 

important role in t~e transmission of TGF (Schnermann, Weihprecht et al. 1990). 
I 

DPCPX is a potent and selective A1 receptor antagonist (Bruns, Fergus et al. 

1987) that has bejn used extensively to characterize the renal vascular function 

of A1 receptors (K~an, Herzer et al. 1992; Knight, Bowmer et al. 1993; Kuan, 

Herzer et al. 1993[ Munger and Jackson 1994; Zou, Nithipatikom et al. 1999). 
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Bolus administration of the A1 receptor agonist CPA reduced arterial pressure by 

approximately 5 m1Hg prior to any reductions in RBF. This drop in pressure 

coincided with a slight reduction in heart rate (data not shown). However, with 

increasing doses of CPA, the systemic response diminished while the renal 

vasoconstrictor resf1>onse was enhanced. These data suggest a complex role for 

adenosine signalinj in the regulation of arterial pressure. Infusion of DPCPX 

significantly reducer CPA-mediated renal vasoconstriction. Despite adequate 

pharmacological blockade of the A1 receptor, autoregulatory control of RBF was 

not affected by ad+nistration of DPCPX. This observation is supported by other 

studies showing a l1ack of prominent adenosine and A1 receptor involvement in in 

vivo autoregulation of R.BF (Premen, Hall et al. 1985; lbarrola, Inscho et al. 1991) 

or steady state RBF and glomerular filtration rate (GFR) (Kuan, Herzer et al. 
I 
I 

1993). 

Importantly, there are reports illustrating the involvement of A1 receptors in the 
I 

regulation of GFR 1~nd RBF in vivo (Munger and Jackson 1994; Brown, Ollerstam 

I 
et al. 2001; Sun, Samuelson et al. 2001; Just and Arendshorst 2007; Takenaka, 

I 

Inoue et al. 2008)./While, differences do exist in the conclusions of our study and 

others, there is still some qualitative agreement between the studies. For 

example, TakenaJa et .al recently published a re~ort that is most similar in design 
I 

and intent to ours (Takenaka, Inoue et al. 2008). In their study, Takenaka et al 
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conclude that "both adenosine and purinergic receptors contribute to glomerular 

autoregulation" {Ta~naka, .Inoue et al. 2008). Our study is consistent with their 

finding that P2 receJtors mediate autoregulatory behavior in vivo, and our study 

extends that work bt strongly implicating P2X1 receptors as the primary receptor 

involved in autoregJiatory resistance adjustments. However, there is some 

disagreement betwJen the two studies regarding the role of adenosine A1 

receptors in autoreJulatory behavior; the previous report documents A1 receptor 

involvement, whereks our study does not find clear A1 receptor participation in 
I 

the regulation of R~F at pressures above 100 mmHg. There are several potential 

explanations for thil difference. Our study was performed in Sprague-Dawley , 

rats whose anesthe;~ized blood pressure averaged around 120 mmHg and 

I 
pressure decrements were made in multiple 10 mmHg steps. In the Takenaka et 

al study, Wistar-Kylto rats, with anesthetized blood pressures of approximately 

103 mmHg, were uled and renal perfusion pressure was reduced directly to 

about 82 mmHg in rne step. No data are provided to distinguish the plateau 

phase of a typical autoregulatory profile, the transition point, or the passive phase 

of the renal pressJe flow relationship. Thus, there is a significant difference in 

the ambient blood ~ressure used to assess RBF responses, and with just one 

pressure step, the 6ctual transition point at which autoregulatory efficiency 

begins to decline danndt be determined. 
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In our hands, the transition point between efficient and less efficient RBF control 

occurred at a renal plrfusion pressure near 100 mmHg, whereas published 

reports indicate that Jhe tr~nsition point for Wistar -Kyo to rats is approximately 80 

mmHg. This suggestl that these two strains have different operational ranges 

and thus may yield +alitatively different results. Importantly however, our data 

clearly show a strong, stable RBF over a pressure range of 120 to about 100 

mmHg and this was not influenced by A1 receptor blockade, indicating that A1 

receptors are not in~olved in this range of RBF control. 

I 

! 
I 

In the more passive; pressure/flow portion of the autoregulatory curves between 
! 

' I 

100 and 80 mmHg, :there may be indications of qualitative agreement. In the 
I 

I 

saline and DMSO cbntrol groups, the AI averaged approximately 0.6 suggesting 
I 

retention of some d~gree of autoregulatory control. This fraction was eliminated 

in the presence of IP51 (AI=0.93), PPADS (AI=0.86) or DPCPX (AI=1.04). There 
' ' I 

were no statistically significant differences between any of the autoregulatory 
I 

indices over this pr¢ssure range, but the autoregulatory curve for the DPCPX 

group tended to b~ slightly steeper over this pressure range compared to the 
I : 

saline and DMSO pontrols. Accordingly, A1 receptors may provide. some 
I 

i 
influence on renal rascular resistance in this pressure range, which is consistent 

with the pressure lange employed by Takenaka and coworkers. Thus, some 

qualitative agreement implicating A1 receptor involvement may exist between the 

I . 
I 

I 
i 

I 
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two studies. ConsistJnt with this possibility is a recent study suggestirig that A1 

and A2 receptors mat interact to modulate autoregulatory efficiency (Feng and 

Navar 2007). 

A caveat in regard td the ~interpretation of our results should be considered. 

Reductions in renal herfu~ion pressure undoubtedly increase renin secretion, 

Ang II production, a~d sy~pathetic nerve activity. Previous work has 
I 

demonstrated that p;ressure-mediated changes in renal vascular tone can occur 
I 
I 

independently of both Ang II production and renal sympathetic activation. For 

example, a study b~ Lopez and colleagues, demonstrated intact whole kidney 
! 

autoregulation of RBF in rats following renal denervation and clamping of the 

circulating vasopre~sin and catecholamine levels (Lopez, Ryan et al. 2006). 

Older studies are cc;>nsistent with the finding that Ang II levels modulate baseline 

RBF and RVR but is not an essential mechanism responsible for the 

l 
autoregulation of R~F in the rat (Arendshorst and Finn 1977). A more recent 

study found alterati.ons in plasma Ang II levels do not modulate the relative 

contribution of the rrnyogenic response to autoregulation of RBF in vivo (Just, 

Ehmke et al. 2002). 

I 

To clarify the issuJ of P2X function, a more selective antagonist for P2X1 

receptors, IP51 (ICL of 3.1nM for P2X1) (King, Liu et al. 1999), was used to 

evaluate the renal vasc;ular effects of a, f3-methylene ATP. IP51 was first used to 
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inhibit ATP-mediate<ii contraction of guinea-pig vas deferens (Hoyle, Pintor et al. 

1997). Studies hav, since illustrated the potency and selectivity of IP51 for P2X1 

over P2X2-4 receptors (King, Liu et al. 1999). We reasoned that if proper 

pharmacological in~ibition of P2X1 and A1 receptors could be obtained, it would 
I 

provide a useful pa,adigm for ascertaining the role of P2X1 receptor activation in 

the autoregulatory control of whole kidney blood flow in vivo. · 
I 

When IP51 was infu
1

sed it resulted in significant inhibition of the a, ~-methylene 

ATP-mediated incr~ase in arterial pressure. Likewise, significant blockade of a, 
I 

J3-methylene ATP-ihduced renal vasoconstriction occurred following systemic 
! 

I 

administration of 1~51. lr;1hibition of P2X1 receptors caused substantial impairment 

I 

in autoregulatory efficiency. Importantly, during blockade of P2X1 receptors with 
I 

either PPADS or 1~51, CPA-mediated renal vasoconstrictions were unchanged, 
I 

demonstrating norrjnal function of A1 receptors. 

In the rat, RBF is r~latively constant at mean arterial pressures above 90 mmHg. 

Although the exact range is not fully characterized, the general consensus is that 

i 

the lower limit of aiutor~gulation is between 90 and 100 mmHg in Sprague-

! 
Dawley kidneys. Our work is consistent with this observation, showing that when 

mean arterial preJsure·is reduced below 100 mmHg, a marked fall in RBF 

begins, the slope bf which is fairly consistent between all experimental groups. A 



remarkable differenle is bbserved when examining responses within the 

autoregulatory rangl in renal perfusion pressures greater than 100 mmHg. In 

vehicle-infused ratsJ a reduction of mean arterial pressure from 120 to 1 00 
I 

mmHg resulted in nb change in RBF, consistent with properly maintained 
! . 
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autoregulatory behJvior.· In both PPADS- and I PSI-infused rats, however, RBF 
I , 

declined significandy during step-wise decreases in mean arterial pressure 

I 
across the same pr~ssure range. The finding that inhibition of P2X1 receptors 

blocks autoregulatJry adjustments in RBF is consistent with previous in vitro and 
I 

I 
in vivo work (Mitchell and Navar 1993; Takenaka, Inoue et al. 2008). Using the 

blood-perfused juJameOullary nephron preparation, inhibition of P2 receptors by 
I I 

administration of 5(])0 1-JM suramin or 50 IJM PPADS markedly attenuated 

pressure-mediated; afferent arteriolar vasoconstrictor responses (Inscho, Cook et 
! 
t 

al. 1996). Use of a imore selective P2X1 antagonist NF279 (Darner, Niebel et al. 
I 

1998) caused a m~rked reduction in afferent arteriolar autoregulatory behavior 
! ' 

(Inscho, Cook et al. 2003), further supporting the involvement of P2X1 receptors 

in the proper maintenance of RBF. 

A useful measure of autoregulatory efficiency is the determination of the AI. The 

I 
average AI value <l>f 0.00 ± 0.08 for saline-infused rats suggested properly 

I 

maintained autorebulation. When rats were infused with PPADS, the calculated 

AI of 0.55 ± 0.07 Jugg~sted that approximately 55% of the RBF change was 
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directly dependent ol mean arterial pressure. When the AI was calculated for 

rats infused with the more potent P2X1 receptor inhibitor IP51, a value of 0.85 ± 

0.19 illustrated a markedly increased dependence on P2X1 receptors to effect 

autoregulatory adjuJtments in renal vascular resistance. Taken together with 
I . 

data from previous ih vitro experiments (Inscho, Cook et al. 1996), these data 
I . . 

strongly support a role for P2X1 receptors in proper autoregulatory control of 
I 

RBF. 

I 
However, IP51 is no~ perfectly selective for the P2X1 receptor, but it has a high 

degree of specificiJ for P2X1 receptors with an IC50 of 3.1 nM for P2X1 and 2.8)JM 
I 

for P2XJ (King, Liu ~t al.1999). The conclusion that P2X1 receptors are essential 
I 

for autoregulation o,~ RBF in vivo stems from almost 20 years of investigation into 
! 

ATP-induced afferent arteriolar vasoconstriction in vitro and these new data 

collected in vivo (ln
1

scho., Carmines et al. 1991; Inscho 2009). Since the initial 

observations, inveJtigators have demonstrated the role of P2X1 receptors in this 

response using e~ensive pharmacological characterization in afferent arterioles 

and freshly isolated preglomerular vascular smooth muscle cells. In P2X1 

receptor knock-out: mice there is a loss of autoregulatory function at the level of 
I I 

the afferent arterioie. During pathological situations where autoregulation is 
I 

absent, such as h1pertension, there is also a loss of ATP-sensitive P2X1 receptor 

vasoconstriction (Zhao,· Cook et al. 2005). 
I . 



Additionally, a lack mf significant P2X3 receptor expression but abundant P2X1 
I 

receptor expression in r~nal microvessels has been found by western blotting 
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(Zhao, Cook et al. ~005). Currently, there are no compelling data implicating a 

major role for P2X3 receptors in the autoregulatory response either in vivo or in 

vitro. Accordingly, jhile neither the agonists or antagonists available are 

perfectly selective f~r P2X1 receptors, the overwhelming compilation of data 
I 

support the conclu~ion that P2X1 receptors are a critical component of normal 

autoregulatory beh~vior. 
I 
I 

I 

Recent work exami!ning dinucleoside polyphosphate-induced renal 

vasoconstriction subge~ts that ATP is not the only endogenous ligand for the 
I 

P2X1 receptor. Notable candidates are Ap4A and Up4A, both of which decrease 

I 
GFR at the level o,the afferent arteriole (Jankowski, Angielski et al. 2008; 

Jankowski, Patzaklet al. 2008). A recent study by Maciej Jankowski and 

colleagues, demonstrated that quantities of Ap4A as small as 2.0 nmollkg/min i.v. 

could increase sod,ium excretion without decreasing GFR until doses of 10 

nmollkg/min were biven (Jankowski, Angielski et al. 2008). This study 

demonstrated a d9se dependency of Ap4A on tubular excretion prior to afferent 

arteriolar vasocon~trictions. In a different study, Vera Jankowski demonstrated 

the ability of Up4~ to vasoconstrict afferent arterioles, suggesting a role for the 
I 
I 
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regulation of GFR (Jankowski, Patzak et al. 2008). Additional studies need to be 
I 

conducted to deteriine if either Ap4A or Up4A mediate pressure-induced 

vasoconstriction. Nevertheless, it is possible that dinucleoside polyphosphates 

could mediate autoJ~gulation through activation of the P2X1 receptor. Whether it 

is mediated by ATP or dinucleoside phosphates remains to be fully 

characterized. 

Based on previous ktudies, the strongest argument can be made that P2X1 
I 

receptor activation mediates TGF responses (Inscho, Cook et al. 2004), but the 
: 

role of P2X1 receptors in the myogenic response is less clear. The main 
I 
i 

difference between I the ~o mechanisms is the source of nucleotide release and 
i 

the region of the afferent arteriole affected. Based on work by Peti-Peterdi (Peti
i 

Peterdi 2005), we postulate that TGF functions at the most terminal region of the 

afferent arteriole, v~ry dose to the glomerulus. The myogenic response 
! 

contributes the maj:ority of the autoregulatory resistance adjustments that 

traditionally have b¢en attributed to the mid and early portions of the afferent 

arteriole and to a lesser degree the upstream arterial segments (Moore and 

Casellas 1990). The sources of ATP release for the myogenic and TGF 
i 

mechanisms are tHought to be the vascular smooth muscle and the macula 

densa, respective!~ (Bell, Lapointe et al. 2003; Prosdocimo, Douglas et al. 2009). 

Consistently, ATP ~ed;ates increases in afferent arteriolar resistance in 
I . 

I 
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response to increases in: perfusion pressure or tubular NaCI delivery by activating 

P2X1 receptors. In fitro evidence argues that P2X1 receptors are involved in both 

responses. The wh0le kidney data presented in the current study support the 
I . . . 

hypothesis that P2~1 receptors play an important role in renal autoregulatory 

resistance adjustments as a whole. 

I 

I 
The importance of these data is derived from the critical role of autoregulation for 

! 

preservation of glo~erular capillary pressure, structure, and function. 
I 

Transmission of el~vated systemic arterial pressutes into the glomerulus is a 

I 

causative factor in ~he development of glomerular injury (Bidani, Mitchell et al. 

1990; Griffin, Pick~n et al. 2001 ). A recent review by Bid ani eta/ (Bidani, Griffin 

i . 

et al. 2009) discus$es the importance of the myogenic response in the prevention 
I 
I 

of hypertensive rer)al injury. Although we did not test the renal response to 
I 

I 

elevated blood prebsure, our findings of impaired autoregulatory behavior are 
I 

consistent with thej hypothesis that P2X1 receptors are essential for the 

I 

autoregulation of ~BF in vivo. In situations where the myogenic response is 
i 

impaired and ther~ are fluctuations in arterial pressure, such as occurs even 

during mild hypertension, there is the possibility of developing glomerular 
i 

structural injury. If structural injury progresses unhindered, the resultant loss of 

renal filtering ability could result in the exacerbation of hypertension and the 

development of eld-organ damage. Given the recent finding that 29% of all 
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I 

adults in the United[ States are hypertensive and an additional28% of the adult 

population are prelpertensive (Ostchega, Yoon et al. 2008), there is sufficient 

reason to be concerned about preservation of autoregulatory behavior. 

I 
Additional Considertio;s and Unanswered Questions Concerning P2X1 . 

Receptors and Autjregulation. Previous reports using the in vitro perfused 

juxtamedullary neppron preparation, as well as the current report have found that 

inhibition of P2X1 r~sults in impaired autoregulatory behavior. While these reports 
! 

are reproducible, t~ey are not entirely consistent with the finding that P2X1 

receptors are mere
1

1y constricting in nature. For example, administration of the 
\ 

P2X1 receptor anta:gonist, NF279, did not cause a decreased afferent arteriolar 
! 
I 

diameter under baseline conditions, but rather caused a stabilization of arteriolar 
i 
I 

diameter during pr~ssure changes (Inscho, Cook et al. 2003). In our studies, 

blockade of P2X1 rbceptors by administration of PPADS and IP51, also did not 

I 
decrease RVR but!rather caused a mild increase in resistance. Furthermore as 

! 

pressure was lowe~ed during PPADS and IP51 administration increased 

compliance was not observed, rather the blood flow data and the RVR data 

I . . 

suggest a stabilization of tone. At first glance, these data suggest that the 

I 
dominant role of P2X1 r~ceptors in RBF regulation is something other than a 

vasoconstrictor. I ' 
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The molecular struct,ure of P2X1 receptors offers support for an alternative theory 

on pressure-medi~ted RBF control. P2X receptor have large extracellular loops 
I 

of 270 amino acids Jf this region 67 amino acids are completely conserved 

between all 7 P2X receptors, of the conserved residues the most abundant are 

cysteine (1 0 residue:s), glycine (14 residues) and lysine (6 residues). Because of 

the conserved cysteine residues and the finding that P2X1 receptors are 

glycosylated (Valera, Talabot et al. 1995) suggests strong extracellular structure 

similarity to the ENaC family (Surprenant, Buell et al. 1995; North 1996). 

Importantly, it has b~en suggested that the ENaC/degenerin superfamily, has 

mechanosensitive properties in the nematode Caenorhabditis elegans 

(Kellenberger and Schild 2002). Recent studies have identified ·a component of 
I 

the renal myogenic :response that is inhibited by application of ENaC inhibitors 

(Jernigan and Drummond 2005; Jernigan and Drummond 2006; Wang, Takeya 

et al. 2008; Drummond 2009; Guan, Pollock et al. 2009). It is reasonable to 

speculate that because P2X1 receptors have similar extracellular structure with 

ENaC, and ENaC qhannels are reported mechanosensors, P2X1 receptors have 

potential mechanosensative properties also. Under situations where P2X1 

receptors are inhibi:ted pharmacologically, ATP binding to the receptor is 

impaired, but the s~spected mechanically-linked region could remain intact. The 

I : 

resultant response [would be that of a steady or latched vasculature unable to 

respond to changek in arterial pressure or flow, but still receiving appropriate 

signals concerning curr~nt tone. The described scenario could result in a 



I 
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autoregulatory profill similar to those seen in this study and those seen with the 
I 

in vitro juxtamedulla~ nephron preparation, but convincing experimental 

evidence awaits. 

I 

In summary, Aim 1 lxtends previous in vitro findings by establishing that in vivo 
j 

autoregulatory beh+ior 6f RBF is dependent upon activation of renal vascular 

P2X1 receptors. Ph,rmac;:ological blockade of P2X1 receptors results in marked 

inhibition of whole kidney pressure-mediated RBF control. Due to the dominant 
I 

role of the kidney in :the long-term maintenance of arterial pressure, loss of RBF 
I 

control has the pote;ntial to exacerbate hypertension and end-organ damage. 
I 

These data suggest~ that a loss of P2X1 receptor signaling may contribute to 

some forms of renal injury and autoregulatory impairment. 

The goal of Aim 2 ~as to evaluate the role of P2Y 12 receptors in the Ang Il-
l 

mediated impairment of whole kidney autoregulation of RBF. These results 

establish that P2Y1~ receptors are expressed on the renal vasculature, and 

mediate renal vascular impairment in Ang 11-induced hypertension. Ang II-
I 

mediated plasma ahd urinary TXB2 production is not diminished by clopidogrel 
. I 

treatment. HoweveL protection of autoregulatory ability in Ang II hypertension by 
I I 

P2Y12 receptor inhibition is associated with a decrease in cortical CD-3+ T-cells, 

suggesting a possi~le mechanistic link. This work builds upon previous findings 
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i 

of Graciano and Tu, I( Graciano, Nishiyama et al. 2008; Tu, Chen et al. 2008) 

demonstrating decrJased renal structural injury by clopidogrel treatment 

independent of redultions in arterial pressure. Those findings are extended in the 
I . 

current study by our detection of renal vascular P2Y12 receptor protein 

expression and P2YI12 receptor associated renal autoregulatory impairment. 

This study demonstjatesthat body weight gain is decreased in rats infused with 

Ang II, consistent with previous work (Inscho, Cook et al. 2004; Guan, Fuller et 
I . 

al. 201 0). The findinjg thqt systolic blood pressure, as measured by tail-cuff 

plethysmography w~s unchanged in clopidogrel treated Ang 11-infused rats 
I 

agrees with previou~ reports (Graciano, Nishiyama et al. 2008; Tu, Chen et al. 
I 

2008; Giachini, Osmond et al. 2009). Unique however, is the finding that in Ang II 

hypertension, arterif11 pressure measured by radio-telemetry is indeed reduced 

by clopidogrel treat~ent. Previous studies have shown conflicting results using 
! 

different methods tq measure blood pressure, confirming the necessity of 

I 

validating experime;ntal models (D'Angelo, Elmarakby et al. 2005; Kurtz, Griffin et 

al. 2005). The ability of clopidogrel to lower arterial pressure in Ang II 

hypertension suggests a link between the progression of Ang 11-induced 

. hypertens-ion and ~2Y12 receptor activity. The function of P2Y12 receptors in the 

regulation of arteriJI pressure may be uniquely related to hypertensive conditions 
I 

because clopidogr~l had no effect on arterial pressure in sham rats. 

' 
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I 

The primary goal wa~ to investigate the effects of P2Y12 receptors in pressure-

mediated RBF contrll at similar degrees of hypertension. For this reason, the 

Ang II infusion rate las increased from 60 ng/min to 70 ng/min. This allowed for 
I 
I 

a matched develop1ent and magnitude of hypertension between vehicle- and 

clopidogrel-treated rats. ~urthermore, matching the arterial pressure permitted 

separation of P2Y12 1receptor influences on autoregulation from other influences 

on blood pressure. I 

! 

Whole kidney autor~gulatory efficiency was examined in vivo using vehicle- and 

clopidogrel-treated ~ats with similar blood pressure profiles. The data revealed 
I 

i 

that chronic P2Y12 receptor blockade is able to preserve normal autoregulatory 

behavior despite pe~sistent hypertension. Although these data are unique, there 
! 
I 

is a growing body of evidence demonstrating preservation of vascular function in 
I 
I 

various situations with persistent hypertension (Luft 2001; Savoia and Schiffrin 

2007). For example!, use of a non-specific anti-inflammatory agent, pentosan 
I 

I 

polysulfate, preserv·ed afferent arteriolar autoregulation without affecting arterial 

pressure (Guan, Fuller et al. 201 0). Also, Ang 11-treated rats switched to a high-

salt diet developed ;marked afferent arteriolar vasoconstriction, hypertension, 

decreased glomeru;lar filtration rate, and increased tubulointerstitial injury; all of 
I 
I 

which were decrea~ed by immune suppression with mycophenolate mofetil 

I 
(Franco, Tapia et al. 2001). In the DOCA-salt model of hypertension, TN F-a 

inhibition with etanlrcePt also reduced renal injury without affecting blood 
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pressure (Eimarakbl Quigley et al. 2008). These data suggest that inflammatory 
I 

cascades are impo~ant contributors to the impairment of autoregulation 
I 

observed in hypertensive models of renal injury. 

i 
I 

I 

The prevention of Arg 11-induced renal structural injury by clopidogrel 

administration is cofsist~nt with previous reports (Graff, Harder et al. 2005; 

Graciano, Nishiyamr et c;:1l. 2008; Tu, Chen et al. 2008) and suggests unique 

mechanisms for the
1 

elevation of arterial pressure, loss of RBF autoregulatory 

control, and development of renal injury. Although not an intended study 
I 

parameter, a-actin ~xpression was observed in the glomeruli of Ang 11-infused 

rats and did not ap~ear to be decreased by clopidogrel. Despite reducing renal 

structural injury, cldpidogrel treatment did not decrease Ang 11-mediated 
I 

proteinuria. 

i 
Vascular smooth muscl.e/endothelial tissue, platelets, and sympathetic neurons 

I 

all express P2Y12 receptors (Kunapuli 1998; Wihlborg, Wang et al. 2004; 

Quintas, Fraga et al. 2009). In this study, P2Y12 receptor protein was identified in 

homogenized renal tissue. Additionally, using immunofluorescence combined 

with confocal microscopy, P2Y12 receptors were co-localized with a-actin 

expression, confirrl,ing renal vascular expression. Expression of P2Y12 receptors 

I : 
in non-renal vascular tissue is reported in both humans and rats (Wihlborg, Wang 

I 

et al. 2004; Giachihi. Osmond et al. 2009). In a similar model ofAng 11-induced 
I 
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hypertension, clopidbgrel. treatment improved vascular dilation to acetylcholine 
I 

and normalized vasJconStriction to phenylephrine (Giachini, Osmond et al. 
I 

2009). However, dir~ct involvement of clopidogrel-inhibitable P2Y12 receptors in 

vasoconStriction wal not found. Therefore we reason that the beneficial effects of 

I 
clopidogrel are not due to reductions in P2Y12 receptor-mediated vasospasm or 

I 

via decreased contrkctile function, but rather are due to vascular, platelet, or 
I 

lymphocyte derived )pro-inflammatory factors. 

i 
I 
I 

Thromboxanes are botent vasoconstrictors that are able to stimulate vascular 
I 

dilatory impairment.! The finding that TXBz concentrations are increased in Ang II 

I 

hypertensive rats is! consistent with previous reports (Mistry and Nasjletti 1988; 
I 
I 

Keen, Brands et al.! 1997). Accordingly, we examined the plasma and urinary 
I . 

thromboxane level~ in Ang 11-infused rats treated with clopidogrel. P2Y12 receptor 

inhibition did not re~uce TXB2 levels, but did reduce vascular injury, suggesting 
I 
I 

separate mechanis:ms for the development of vascular injury by thromboxanes 

without and during !P2Y12 receptor inhibition. Recently, reduction of platelet-
, 

derived thromboxahes by clopidogrel administration was reported in healthy 

normotensive male volunteers both in vivo and ex vivo (Armstrong, Dhanji et al.). 

However, in Ang 11-:-hypertensive rats, clopidogrel treatment did not reduce 

plasma thromboxare ~ntent possibly because of chronic stimulation of vascular 

thromboxane prod~ction by Ang II. These data suggest little contribution of P2Y12 

receptor activation to thromboxane production during Ang II hypertension. 
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Therefore, we reasJn that the beneficial effects of P2Y12 receptor inhibition are 

independent of throtboxane production. 

! 

I 

i 

Notably, links have been made between clopidogrel inhibitable soluble P-selectin 
. I . 

release and leukocY,te adhesion (Wang, Wang et al. 2007; Woollard, Suhartoyo 

et al. 2008). SeveJI studies have implicated T-lymphocytes as mediators of 
I 

renal and vascular i:njury during hypertension (Mattson, James et al. 2006; Guzik, 

Hoch et al. 2007; Hoch, Guzik et al. 2009; De Miguel, Das et al. 201 0; Madhur, 
I 

Lob et al. 201 0). W~ observed an increase in CD-3 positive T-cells in Ang II 

hypertensive renal tissues, which was reduced by clopidogrel treatment. These 

i 
data agree with thet findings that T -lymphocytes mediate renal injury (De Miguel, 

I • 

I 

Das et al. 201 0). H?wever the finding that hype·rtension can be maintained while 

simultaneously reducing T -cell infiltration suggests that deleterious effects ofT-
I 
I 

cell function can be independent from induction of hypertension. Among P2Y 

receptors, P2Y12 has the highest mRNA expression in lymphocytes isolated from 

humans (Wang, Jacobsen et al. 2004). Additionally, blockade of P2Y12 receptors 
I 

significantly reduc~s platelet-leukocyte aggregation and subsequent leukocyte 

extravasation (Kiinkhardt, Bauersachs et al. 2003; Klinkhardt, Kuczka et al. 

2003). 
I 

I 

In summary, we hJve demonstrated that P2Y12 receptor inhibition prevents Ang 

11-induced impairm~nt qf renal autoregulatory behavior. Our results indicate that 

I 
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I . 

the potentially bene,icial effects of clopidogrel in the improvement of 

hypertension-induced autoregulatory impairment are possibly due to reductions 
I 

in T-cell infiltration, 1
1

bcal inflammatory events, and renal structural injury. A 
: ' 

possible link betweJn vascular-leukocyte interactions during hypertensive injury 
I : 

and P2Y12 receptor !activation suggests indirect as well as direct vascular anti-
1 

inflammatory effect~ of clopidogrel. These data support the growing contention 

I 

that systemic hypertension is a strong initiator of inflammatory systems. P2Y12 
I 

receptor inhibition With clopidogrel could provide a useful benefit for individuals at 

risk of progression to chronic renal disease. 

We obtained functi<Dnal evidence that P2Y12 receptor inhibition with clopido.grel 
I 

prev.,~nts loss of wh.ole kidney autoregulatory behavior during Ang II 

hypertension. We ~ropOse that a component of renal injury is related to P2Y12 

receptor activation .I Although there are several possible explanations for the 

protection from hypertensive renal injury afforded by clopidogrel, investigation 
j 

into the interaction~ between leukocytes and the vascular wall will likely identify 

novel mechanismsi for P2Y12 receptors in health and disease. These findings 

potentially identify novel treatment strategies for individuals at increased risk of 

progression to chronic renal disease. 
I 

I 
The studies described above have provided evidence of purinergic receptor 

involvement in autrreg~latory behavior in both normotensive and hypertensive 
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paradigms. Aim 1 addressed the role of P2X1 receptors in the regulation of RBF 

in vivo, whereas Ai~ 2 fOcused on the role of PZY12 receptors in RBF control 

during Ang 11-inducdd hypertension. Both studies highlight the involvement of 
I . 
I 

purinergic receptors! in the regulation of renal vascular function. While the direct 

interaction between these two studies was not evaluated, a greater body of 

i 
evidence exists, linl<ing loss of P2X1 receptor function to autoregulatory 

I 
impairment in Ang I~ hyp;ertension (Zhao, Cook et al. 2005; Inscho 2009; Guan, 

I 

Fuller et al. 201 0). ~ng II hypertensive animals have markedly attenuated 
i 

autoregulatory beh~vior ·(Inscho, I mig et al. 1999; Wang, Chin et al. 2000; Inscho, 
I 
! 

Cook et al. 2004). Additionally, P2X1 receptor-mediated afferent arteriolar 

vasoconstriction is ~ignificantly impaired in Ang II hypertensive rats (Zhao, Cook 

et al. 2005). lntere~tingly, inhibition of inflammatory pathways in Ang II 
! 

hypertensive rats i~ able to restore both renal autoregulation and P2X1 receptor 
I 
I 
I 

vasoreactivity (Gu~n, Fuller et al. 201 0). Taken together these studies suggest a 
I 

I 

strong relationship !between Ang II hypertension and loss of P2X1 receptor

' I 
I 

mediated autoregu;latory behavior. 
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APPENDIX 1: PRELIMINARY DATA 

Identification of P2Y12 Receptor Protein by lmmunob/otting. Western blotting 

(Howe and Hershey 1981) was performed on the supernatant of homogenized 

tissue samples using the Novex Mini-Cell electrophoresis and trans-blotting 

system (Invitrogen). Western blots were prepared by loading protein extracts on 

NuPAGE Novex 4-12% Bis-Tris Mini gels (Invitrogen). Proteins were transferred 

to Protran Nitrocellulose transfer membrane (Whatman Incorporated, Piscataway 

NJ, USA) before being blocked and incubated with primary antibody (Table 9). 

Antibody binding was detected by the epi-chemiluminescence (ECL) method 

(Ahnstroem and Nilsson 1965) following incubation with a horseradish 

peroxidase (HRP)-Iinked lgG secondary antibodies. 

Western blot analysis was performed to determine P2Y12 receptor expression in 

kidneys from normotensive and hypertensive rats (Figure A). Clear evidence of 

specific banding was apparent in whole kidney tissues probed with antibodies 

against P2Y12 receptors (40 kDa, Figure A). All treatment groups showed 

expression of P2Y12 receptors in homogenized whole kidney samples. Ang II 

treated rats had higher P2Y12 receptor expression compared to their 

normotensive counterparts (Figure AB). 
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Figure A. Western blot analysis of P2Y12 receptor expression in renal samples 

from rats treated with.Ang II and c/opidogrel. A: Whole kidneyhomogenates from 

sham receiving vehicle (Lanes 1-2), 60 nglmin Ang //-infused receiving vehicle 

(Lanes 3-4), 70 nglmin Ang //-infused receiving c/opidogrel (Lanes 5-6}, and 

. sham receiving clopidogre/ (Lanes 7-8). Anti-P2Y12 receptor antibody dilution of 

1:200. B: The relative renal expression of P2Y12 receptors after normalization to 

{3-actin expression. *indicates P < 0.05 vs. respective sham group. 
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Identification of renal vascular P2Y12 receptor mRNA expression by reverse-
1 

transcriptase polyJerase chain reaction. P2Y12 receptor expression was 

identified in mecha'nically isolated microvessels and cortical and medullary tissue 

extracts by reverse transcriptase polymerase chain reaction (rt-PCR) (Battula 

and Loeb 1975). Total RNA was isolated using·RNeasy Mini Kit (QIAGEN 

Sciences Incorporated, Valencia CA, USA) according to the manufacturer's 

instructions. Extraneous DNA was degraded using RNase free DNase (QIAGEN 

Sciences) and the extracted RNA was quantified by spectrophotometer (260 nm; 

Beckman DU Series 600). One microgram of total RNA was reverse transcribed 

at 42°C for 30 minutes in a 20 JJL reaction volume, using an iScript eDNA 

synthesis kit (Bio-Rad). The eDNA template (5 JJL) was added to a 50 JJL reaction 

volume including Taq DNA polymerase (QIAGEN Sciences). Water controls were 

run to verify the purity of the preparation. The amplified PCR products were run 

on a 1.5o/o agarose gel containing 0.5 J.Jg/ml ethidium bromide and visualized 

with a Bio-Rad Molecular Image Gel Doc XR system. Product size was estimated 

with 1 00-bp DNA ladder (QIAquick PCR Purification Kit, QIAGEN Sciencesr The 

forward primer for the P2Y12 receptor was 5'-ATG ATT CTC ACC AAC AGG 

AGG CCA-3', with the reverse primer 5'-GCAAAGTGGAAGGGAACGAAGCAA-

3'. The calculated annealing temperature was 58°C, with the thermal cycle being 

repeated 38 times;. The band size was determined to be 287 bases in length. 
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RT-PCR analysis was performed to determine mRNA expression for P2Y12 

receptors in homogenized isolated renal microvessels, and renal medulla and 

cortex (Figure B). Renal tissues collected from normotensive rats express mRNA 

for P2Y12 receptors. Single bands were detected between 200 and 300 base

pairs in samples taken from preglomerular microvessels and renal medulla, 

demonstrating presence of P2Y12 receptor mRNA expression. 
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Figure B. RT-PCR analysis of P2Y12 receptor expression in select renal tissues. 

Left lane provides the molecular weight marker. Preglomerular micro vessel, renal 

cortex, and renal medulla mRNA samples are in Janes 2, 3, and 4, respectively. 
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Assessment of activated platelets at baseline by flow-cytometric measurement of 

P-selectin expres~ion. Whole blood was extracted by a catheter inserted into the 

abdominal aorta. Approximately 10 ml of blood was drawn into a plastic syringe 

containing 1 ml of 0.11 M sodium citrate, and the samples were centrifuged 

150 x g for 10 minutes at room temperature. A total of 5 IJL of the platelet rich 

supernatant was added to 35 IJL of PBS and 5 IJL of CD62P-FITC antibody 

(Beckman Coulter Incorporated, Brea CA, USA), and incubated in the dark for 30 

minutes. Samples were diluted in 500 !JL of 1% (v/v) ultrapure methanol-free 

formalin in PBS. Negative controls were made by using 40 !JL of PBS without 

antibody. To test maximum activation, purified platelets were incubated in 20 IJM 

ADP with CD62P-FITC antibody for 30 minutes before being diluted in fixative. 

The samples were analyzed in a fluorescence-activated cell-sorter flow 

cytometer (Becton, Dickinson, and Company, Franklin Lakes NJ, USA). A 

minimum of 10,000 platelets for each sample were analyzed. P-selectin was 

detected in the platelet population by forward and side-scatter bivariate plots and 

used as a marker of platelet activation. Mean p-selectin-positive fluorescence for 

the entire platelet population is expressed as a percentage of the total platelet 

population. The percentage of p-selectin positive platelets was generated by 

subtracting the number of fluorescence-positive platelets from unlabeled 

platelets. 

P-selectin was expressed on 6 ± 1% of the platelets from sham-vehicle and 6 ± 
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0% of the platelet~ from sham-clopidogrel rats (Figure CA, black and white bars, 
I 

respectively). The:number of platelets that expressed P-selectin tended to 

increase in Ang 11-vehicle rats (8 ± 1, Figure CA, shaded bar). In 70 ng/min Ang II 

infused receiving clopidogrel the percentage of platelets expressing P-selectin 

returned to levels not different from sham rats (6 ± 1%, Figure CA, checked bar). 

When the percentage of activated platelets was measured in response to 

exposure to 20 IJM ADP, P-selectin was expressed on 9 ± 1% and 7 ± Oo/o of the 

platelets from sham-vehicle and sham-clopidogrel treated rats (Figure CB, black 

and white bars, respectively). Ang 11-vehicle treated rats appeared to exhibit an 

increase in the percentage of platelets expressing P-selectin to 10 ± 1 o/o (Figure 

CB, shaded bar) but this change was not significant, whereas the addition of 

clopidogrel significantly reduced P-selectin expression to 6 ± 1 °/o (Figure CB, 

checked bar) relati~e to the vehicle controls. 
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Figure C. Percentage of P-selectin expression in platelets in Ang II and 

clopidogrel treated rats. A: Average percentage of platelets expressing P-selectin 

under baseline conditions. B: Average percentage of platelets expressing P

selectin in response to exposure to 20J.1M ADP. #indicates P < 0.05 vs. 

respective vehicle treated rats. 
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1 APPENDIX II: LIST OF ABBREVIATIONS 
I 

ad - colloid osmotic reflection coefficient 

1Ti _interstitial fluid colloid osmotic pressure 

lT P - plasma colloid osmotic pressure 

2,3-dinor TXB2- 2, 3-dinor thromboxane B2 

8-SPT- 8-(p-sulfophenyl) theophylline 

ABC - avidin-biotin-peroxidase complex 

AI -autoregulatory index 

Ang II - Angiotensin II 

AP -arterial pressure 

APNEA- N6-[2-(4-aminophenyl)ethyl] adenosine 

BSA - bovine serum albumin 
! 

i 

CCPA- 2-chloro-N6-cyclopentyl-adenosine 

CHA - N6 -cyclohexyl-adenosine 

CPA- N6-cyclopentyl-adenosine 

DAB- 3,3' diaminobenzidine 

DAPI - 4' ,6-diamidino-2-phenylindole 

DMSO - dimethyl sulfoxide 

DPCPX- 8-cyclopentyl-1 ,3-dipropylxanthine 

ECL- epi-chemiluminescence 
I 

Ecto-S'NT- ecto-n~cleotidase 
I 
I 

EIA - enzyme immLnoassay 
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ENX- 1 ,3-dipropyl-8-[2-(5,6-epoxy)norbornyl]xanthine 

GFR- glomerular: filtration rate 

GR 79236- N-[1 S,trans,2-hydroxyi)-N6-cyclopentyl-adenosine 

HRP- horseradish peroxidase 

1251-AB-MECA- N6-(3-[1251]iodo-4-aminobenzyi)-5'-N-

methylcarboxam idoadenosine 

I CAM - intracellular cell adhesion molecule 

IL - interleukin 

IP3 - inositol 1 ,4,5-triphosphate 

IP51- P1 ,P5-di-inosine-5'-pentaphosphate pentasodium salt 

JGA- juxtaglomerular apparatus 

Jvc- transcapillary 'Volume flow 

Ktc - capillary filtration coefficient 

KFM 19 - ( ±)-8-(3~oxocyclopentyl)-1 ,3dipropylxanthine 

KW-3902- 8-noradamant-3-yl-1,3-dipropylxanthine 

MCP~ 1 - monocyte chemoattractant protein-1 

N 0861- N6-endonorboman-2-yl-9-methyladenine 

NECA- N-ethylcarboxamidoadenosine 

NF279- 8,8'-carbonylbis (imino-4,1-phenylene carbonylim.ino) bis-(1 ,3,5-

napthalenetrisu lfoh ic acid) 
I 

i 

NKCC2- Na:K:2Citcotransporter 
I 

OCT - optimal cuttirg temperature 
I 
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PAS- periodic-a6id Schiff 

PBS - phosphate: buffered saline 

P c- capillary hydrostatic pressure 

PGc- glomerular capillary pressure 

Pi- interstitial fluid pressure PLC- phospholipase C 

PMSF - phenylmethylsulphonyl fluoride 

PPADS - pyridoxal phosphate-6-azo-benzene-2,4-disulfonic acid 

RBF - renal blood flow 

RIP A- radio-immunoprecipitation assay 

ROS - reactive oxygen species 

R-PIA- (R)N6-phenylisopropyl-adenosine 

rt-PCR- reverse transcriptase-polymerase chain reaction 

RVR- renal vascular resistance 

TGF - tubuloglomerular feedback 

TGF-13- transforming growth factor-~ 

TXB2 - thromboxane 82 

TNP-ATP - 2,3-0-(2,4,6-trinitrophenyi)-ATP 

VCAM -vascular cell adhesion molecule 
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; APPENDIX Ill: CHEMICAL STRUCTURES 
I 

a. ~-methylene ATP CPA PPADS 

IP51 DPCPX Clopidogrel 




