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ABSTRACT

In the rat kidney, c2-adrenoceptors predominate numerically over c1-

adrenoceptors in a ratio of approximately 2 to l. While cl-adrenoceptors mediate

¡enal nene stimulation-induced sodium retention, the physiological role of the c2-

adrenoceptor, in the regulation of sodium and water excretion, is less clear.

Therefore, the effects of a2-adrenoceptor stimulation and antagonism were

evaluated in an anesthetized rat preparation. Briefly, uninephrectomized rats were

anesthetized, and the carotid artery and jugular vein cannulated fo¡ the

measurement of blood pressure and the infusion of saline (97 ullmin) respectively.

The left kidney was exposed and the ureter cannulated for the collection of urine. A

31 gauge needle was inserted into the aorta, advanced into the renal artery and

secured with glue, This allowed the di¡ect intrarenal arterial infusion of the a2-

adrenoceptor agonist" clonidine o¡ the a2-ad¡enoc€ptor antagonist, yohimbine.

Blockade of the c2-adrenoceptor by yohimbine resulted in a decrease in sodium and

water excretion, and an increase in urine osmolality. Further experiments

characterized the dose-response relationship benreen an intrarenal infusion of

clonidine, and the effects on sodium and water excretion, At low infusion rates,

clonidine only increased f¡ee water clea¡ance. Both these effects are consistent with

the antagonism of the ¡enal effects of vasopressin. Higher infusion rates of

clonidine, however, also increased sodium excretion. This dose-related dissociation

of water and then solute excretion suggests that another mechanism may be

involved in the renal response to a2-adrenoceptor stimulation. The enhanced

natriuretic response to clonidine administered intravenously as compared to

intrarenally, is consistent with this hypothesis. The natriuresis does not appear to be

secondary to an increase in the release of atrial natriuretic peptide, however, the

potentiation of the natriuretic effects of clonidine following indomethacin
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pretreatment suggests that renal prostaglandins may be involved. Administration of

a specilic V2 antagonist also produced a dose-related increase in free water

clea¡ance at low doses, while higher doses also increased sodium excretion. In the

presence of the V2 antagonist, the effects of high intrarenal infusion rates of

clonidine on sodium excretion were attenuated. These results suggest that the renal

effects of az-adrenoceptor st¡mulation with clonidine may involve two different sites

or mechanisms of action.
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GENERÄL INTRODUCTION

Historical Perspectives

Our knowledge of adrenergic pharmacolory has increased substantially since

the initial subclassification of adrenoceptors into c and É subt¡pes was proposed by

Ahlquist (1948). Ahlquist diffe¡entiated adrenoceptors on the basis of their

pharmacologr rathe¡ than on the basis of thek function, as had been proposed

earlier (Dale, 1906). By comparing the ¡ank order of potency of five catecholamines

in eight different physiological assay systems, Ahlquist discove¡ed a similar rank

order of potency of the catecholamines in five of the test systems, while the other

three test systems exhibited a markedly different rank order of potency of the

catecholamines. He postulated that the two different rank orders of potency

represented two different receptor subtypes which he named c and B. This

pharmacological classification scheme was subsequently validated by the use of

antagonist drugs which selectively blocked either the o or the p-adrenoceptor-

stimulated response, The p-adrenoceptors were further subdivided into Pl and Pz

rec€ptor subtypes by lands et al. (L967). This subdivision also had a

pharmacological basis, since it ¡esulted from a comparison of the rank order of

potency of 12 agonists in several isolated organ systems. This subclassification has

also since been substantiated by the development of subtype selective antagonists

and receptor binding studies (Minneman el a 1., 1979).

Similarl¡ c-adrenoceptors have been subdivided into cl and a2 subtypes,

however this identification was much more difficult. The initial subclassification

was based on the presumed anatomical distribution of the c-adrenoceptors within

the synapse. Presynaptic c-adrenoceptors we¡e inhibitory in function while
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postsynaptic a-adrenoceptors were excitatory. Subsequent work then demonstrated

that presynaptic and postsynaptic c-adrenoceptors were not identical (Dubocovich

and Langer, 1974, St{ke et al., 1974). Consequently, Ianger (1974) proposed that

the postsynaptic c-adrenoceptor which mediated the response in an effector organ

be refe¡¡ed to as al, while t¡e presynaptic a-adrenoceptor tltat regulated transmitter

release be referred to as 02, Generally, this anatomical subclassification holds true,

however, sufficient evidence exists to indicate that not all ol-ad¡enoceptors are

located postsynaptically (Kobinger and Pichle¡, 1980), and not all c2-adrenoceptors

are locåted presynaptically (Timmermans and VanZwieten, 1981). Particularly in

blood vessels, postsynaptic a2-adrenoceptors mediating vasoconstriction have been

demonst¡ated to coexist along with postsynaptic a l-adrenoceptors (DeMay and

Vanhoutte, 1981; Dochery and McGrath, 1980; D¡ew and Whiting, 1979;

Timmermans et a1,,7979). Thus, the anatomic subdivision of o-adrenoceptors was

not usefi¡I as a definition of subtypes. Recognizing this, Berthelson and Pettinger

(1977) suggested both a functional and pharmacological basis for classi$ing a-

adrenoceptor subtypes. Accordingly, a1- and az-adrenoceptors mediate excitatory

and inhibitory responses respectively. The functional classification, however, also

lacked general applicability since it became apparent that some excitatory receptors

should be included in the a2-adrenoceptor classification. A third attempt to define

o-adrenoceptor subtypes was based on a biochemical approach. According to this

definition, ol-adrenoceptors mediate effects secondary to an elevation of

intracellular calcium, while a2-adrenoceptors mediate effects secondary to the

inhibition of adenylate cyclase (Fain and Garcia-SainA 1980; Wikberg, 1979).

However, shortly after this biochemical approach was proposed several investigators

demonstrated that pressor responses to a2-adrenoceptor agonists could be blocked

by calcium channel antagonists such as verapamil, diltiazem and nifedipine (Cavero

et a1.,7983; Timmermans et al., L984; van Meel et al.,l98la;1981b). Furthermore,
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contractions of isolated smooth muscles elicited by c2-adrenoceptor activation were

reduced by lowering the c¿lcium concentration and by calcium channel antagonists

(Hicks et al., 1985; Jim and Matthelvs, 1985; Medgett and Rajanayagam, 1984).

Thus it appears that inhibition of adenylate cyclase is not the only mechanism by

which stimulation of the a2-adrenoceptor can produce a physiological effect. At

present, the definition of al- versus a2-adrenoc€Ptor subtj?es is based on a

pharmacological subclassification, namely the potency of the specific c-

adrenoceptor antagonists prazosin and yohimbine, as originally suggested by

Berthelson and Pettinger (1977). At the al-ad¡enoceptor, prazosin is more potent

than yohimbine, whereas the reverse is true at a2-adrenocePtors (Bylund and

U'Prichard, 1983).

c-Adrenoceptor activation influences a number of diverse physiological

functions in many mammalian species. A detailed ¡eview of the known and

proposed function of a1- and a2-adrenoceptors in various organs and tissues is

beyond the scope of this introduction Instead, only the effects of al- and a2-

adrenoceptors in the kidney will be addressed here, with a greater emphasis placed

on a2-adrenoceptors,

I-ocalization and Mechanisms of Action of a-Adrenoceptors

The existence of c-adrenoceptors in the kidney had been suspected for many

years, since a-adrenergic drugs produce a variety of renal effects, The functions and

locations of o-adrenocepto¡s in the kidney are now beginning to be understood.

Radiotigand binding techniques have been particularly useful for characterizing and

quantitating c-adrenoceptors. In the kidne¡ cl-adrenoceptors have been studied

with [3H]prazosin (McPherson and Summers, 1981; 1982; Schmitz et aI., l98l;

Snavely and Insel, 1982). a2-Adrenoceptors, on the other hand, have been

identified and characterized with l3H]clonidine (Jarrott et al, 7979; McPherson and
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Summers, 1981), l3H[/ohimbine (Schmitz et aL, 1981; Snavely and Insel, 1982),

[3H]rauwolscine (McPherson and Summers, 1983) and ¡3HliAazoxan (Boyajian et aI.,

1987). These studies indicate that a1- and c2-ad¡enoceptors coexist in the kidneys

of a variety of mammalian species, but the number, proportion and distribution of

each c-adrenoceptor subtj?e may vary from species to species.

While there is clea¡ evidence fo¡ the presence of postjunctional a2-

adrenoceptors as well as al-adrenoc€ptors on the smooth muscle of many vascula¡

preparations (McGrath et al, 1982), neither ligand binding studies nor functional

studies have thus fa¡ given very much detailed information on the distribution of a-

adrenoceptor subtypes along the renal vasculature. Autoradiographic studies of rat

kidney slices suggest a predominance of cl-adrenoceptors associated with the renal

vasculature (Stephenson and Summers, 1985; 1986), In addition, these same studies

indicated a high concentration of a2-adrenoceptors associated with the intima in the

renal vasculature of the rat kidney. It is believed that al- and c2-adrenoceptors

coexist in the renal vasculatu¡e. These receptors appear to mediate a

vasoconstrictor response and thereby would contribute to the modulation of ¡enal

blood flow

Initial investigations of the c-adrenoceptor subtype mediating the renal

vascular responses to exogenously administered agonists suggested an almost

exclusive role of al-adrenoceptors in the renal vasculature of the rat (Schmilz et al.,

1981), cat (Drew and Whiting, 1979) and the dog (Hom et al., 1982). More recent

experiments in the anesthetøed ¡at (Wolff ef al., 1987) and in the extra-corporally

blood perfused rat kidney (DiBona and Sawin, 1987) were consistent with this

notion. However, in both of these studies, and in the studies of Horn et al. (1982)

and Wolff et ø1. (1984) in both the dog and the rat, clonidine produced a small

constriction of the renal vasculature, Addition of specific a2-adrenoceptor

antagonists significantly attenuated the ¡enal vasoconstriction induced by either
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clonidine or guanabenz, suggesting that, at least in the dog and the rat, both cl- and

a2-adrenoceptors are involved in mediating the vasoconst¡ictor response. Both c-

adrenoceptor subtypes may therefore modulate renal blood flow. Sþificant renal

vasoconst¡iction has also been documented by a2-aùenoceptor activation in the

rabbit (Hesse and Johns, 1984). Recently, these studies have been expanded to

investigate the ¡ole of the c2-ad¡enocepto¡ in mediating renal vasoconsÍiction in

the conscious rat. Gellai and Ruffolo (1987) demonstrated that equipressor doses

of cirazoline and B-HT 933, specific al- and a2-adrenoceptor agoniss respectively,

were equally effective in decreasing effective renal plasma flow. Moreover, in the

studies of Wolff et al, (1989), intra¡enal arte¡ial bolus doses of guanabenz, above 10

zg, decreased renal blood flow. This dose response curve was shifted to the right by

the specific a2-adrenoceptor antagonists idazaxan and ¡auwolscine, clearly

demonstrating a ¡ole for a2-adrenoceptors in mediating renal vasoconstriction.

In the rat, localization of pH]prazosin binding by autoradiography

demonstrates that the majority of al-ad¡enoceptors in the kidney are associated

with proximal tubules where they are believed to mediate renal nerve stimulation-

induced sodium ¡eabsorption (Bello-Reuss et al., 1976). A small population of a2-

adrenoceptors has been identified in memb¡ane preparations from glomeruli,

however the contribution of glomerular c2-adrenoceptor binding to that in whole

cortex is small. Most of the a2-adrenoceptors appear to be associated with ¡enal

tubules, Autoradiographic studies indicate that pH]rauwolscine binding in rat

kidney cortical sections is also largely confined to proximal tubules (McPherson and

Summers, 1983), Further studies using intact proximal tubular cells have shown that

the a2-adrenoceptor is the predominant c-adrenoceptor subtype present in this

nephron segment (Insel et ø/., 1985). Moreover, in a renal membrane preparation,

a2-adrenoceptors have been shown to predominate numerically over c1-

adrenoceptors (Pettinger et al., 1982; Schmiø et al., 1981; Smyth el al., 1984).
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Denervation did not alter the number of c2-ad¡enoceptors, which suggested the

possibility that these receptors rvere postsynaptic in location. Altematively,

denervation could result in a decrease in presynaptic a2-adrenoc€ptors. If the

postsynaptic a2-adrenoc€ptors are innervate{ rec€ptor upregulation would occur

with denewation. Thus, while postsynaptic a2-aúenoc€ptor number could increase,

and presynaptic c2-adrenoceptor numbe¡ could dec¡ease, the net effect observed in

a renal membrane preparation would be unaltered, Nevertheless, these o2-

adrenoceptors could participate in the regulation of the tubular reabsorption of

sodium and water or in vascula¡ smooth muscle contraction (Horn ef al., 1982;

Pettinger et al., 1982i Sakakibara et al., L982; Young and Kuhar, 1980).

Interestingly, this numerical predominance of a2- over a1-adrenocepto¡s has been

sho\ n to be enhanced in genetically hypertensive rats (Pettinger et al., 1982;

Sanchez and Pettinger, 1981). The inc¡ease in c2-adrenoceptor density in the

spontaneously hypertensive rat (SHR) has recently been found to be primarily

associated with the proximal tubules (Stanko and Sm¡h, in press). The significance

of this elevation in renal a2-adrenoceptors in genetically hypertensive rats has not

been described.

The effects of ol-adrenoceptors in the kidney appea¡ to be mediated by the

mobilization of phosphatidylinositol tumover, which leads to the formation of

diacylglycerol and inositol 1,4,5-triphosphate which subsequently promotes calcium

release from intracellular stores (Berridge and Irvine, 1984; Garcia-Sainz et el,,

1980; Putney, 1987). Whether this is the only mechanism whereby al-adrenoceptor

stimulation increases cytosolic c¿lcium levels has recently been questioned (Han ef

al,, 1987). Nevertheless, the increase in cytosolic calcium is believed to activate

protein kinase C which then triggers gluconeogenesis, a process which is known to

be calcium-dependent, and electroþe transport.



7

a2-Aùenoceptors on the other han4 have been demonstrated to decrease

cellula¡ adenosine 3',5'-cyclic monophosphate (cAMP) levels by inhibiting the

membrane bound adenylate cyclase (E:rton, 1982; Jakobs et al., 1981) However, it is

not known whether this mechanism is the most impo¡lant mechanism whereby

stimulation of the a2-adrenocepto¡ produces a physiological effect, As mentioned

previously, calcium influx appears to be involved in the vasoconsÍictor action of a2-

adrenoceptor agonists (Hick ef aI., t985; Jim and Matthews, 1985; van Meel et al,,

1981a; 1981b). Nevertheless, inhibition of adenylate cyclase and the subsequent

cAMP accumulation appears to be the predominant mechanism by which the effects

of c2-adrenoceptor stimulation are mediated in the renal tubules (Pettinger et al.,

1e87).

Renal Nerve Stimulation and Renal Denervation Studies

Activation of renal a-adrenoceptors produces a variety of effects including

vasoconstriction, sodium and water retention, stimulation and inhibition of renin

release a¡d gluconeogenesis (DiBona, 1982; Gottschallc 1979; Insel and Snavely,

1981; Kim et al,, 1980). Renal denervation has been known for some time to be

associated with a nat¡iuresis and diuresis in the anesthetized animal (Kaplan and

Rapoport, 1951), The mechanism by which this occurs has only been elucidated in

the last decade. Renal denervation in anesthetized rats produced a five to six-fold

inc¡ease in the excretion of sodium. While this occurred in the absence of changes

in glomerular filtration rate and ¡enal blood flow, the increase was accompanied by

a decrease in fractional and absolute water reabsorption in the proximal tubule

(Bello-Reuss et a1.,7975). These results suggested that the diuresis and natriuresis

associated with renal denervation are mediated by a direct effect of adrenergic

neural tone to enhance proximal tubular sodium and water ¡eabsorption,
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Stimulation of the sympathetic nerves o¡ administ¡ation of c-adrenoceptor

agonists produces vasoconstriction that is not uniform, and blood flow is

¡edistributed from cortical to medullary areas. Dhect electrical nerve stimulation

has been demonst¡ated to decrease the renal excretion of sodium. This oc¡urred in

the absence of changes in glomerular filtration rate and renal blood flow, and in the

distribution of intrarenal blood flow, as measu¡ed by the radioactive microsphere

technique (DiBona, 1977). Following cessation of stimulation, sodium excretion

returned to cont¡ol levels. Very clearly then, the change in sodium exc¡etion

resulted from a change in tubular reabsorption without a change in intrarenal

hemodynamics. This effect could be blocked by either phenoxybenzamine, an c-

adrenoceptor antagonist (Zambraski et al,, t976) or guanethidine, an adrenergic

neu¡on-blocking agent (Slick e, al., 1975). This suggested that o-adrenoceptor

stimulation directly increased sodium reabsorption.

Renal a-adrenoceptors also play an important role in the release of renin.

Although renin is primarily secreted from the macula densa cells of the

juxtaglomerular apparatus, there is some evidence that ¡enin is also produced in the

glomerulus (Beierwaltes et al,, 1980), Iæw frequency renal nerve stimulation in

dogs has been shown to increase the release of renin via p l-adrenoceptors (Kopp et

¿/,, 1980; Osborn ef al., L98L). At higher frequencies of stimulation, renin release

may be stimulated secondary to increased intrarenal production of prostaglandins.

This effect is believed to be mediated predominantly by cl-adrenoceptors (Hisa et

al., 1985; Hisa and Satoh, 1981; Kopp el al., l98l). Furthermore, inhibition of renin

release by a2-adrenoceptors has also been suggested (Keeton and Campbell, 1980;

Pettinger et al., 1976). It is likely that this effect is mediated through a decrease in

cAMP production, P¡etreatment of rats with pertussis toxin, which ADP-ribosylates

the inhibitory guanine nucleotide-binding protein (Katada and Ui, 1981), abolished
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the a2-ad¡enoceptor-mediated decrease in renin secretion (Pedraza-Chaverri et al.,

1984).

As mentioned above, renal nerve stimulation is known to cål¡{¡e release of

¡enin and prostaglandins ùom the kidney. Since these substanc¿s might influence

tubula¡ sodium reabsorption, DiBona et øL (1977) and Zamb¡aski and DiBona

(1976) investigated the possibility that these h-rmoral agents might mediate the

nerve stimulation-induced nat¡iu¡esis. There was no ¡nhibition of the antinåtriuretic

resporu¡e to subpressor nerve stimulation following the administration of a

compet¡tive angiotensin II antagonist o¡ indomethacin, Therefore, the response to

nerve stimulation does not appear to be mediated by the intrarenal action of

circulating angiotensin or prostaglandins,

In clearance and micropuncture studies, ¡enal nerve stimulation resulted in

an increase in sodium reabsorption in the proximal convoluted tubule in the absence

of vascula¡ or glomerular changes (Bello-Reuss et al., 7976). Thus, renal

sympathetic nerve activity appears to increase sodium reabsorption, primarily in the

proximal tubule. Moreover, Bencsath ef al, (1972; 1976) have demonstrated that the

effects of renal nerve stimulation on tubular reabsorption of sodium can be

dissociated from those on renin release. The antinatriuretic effects of ¡enal nerve

stimulation aÌe therefo¡e most likely mediated by a direct effect on the renal tubular

epithelial cells, rather than by an indirect effect on renal hemodynamics, a change in

the activity of the renin-angiotensin system, or a change in the synthesis of renal

prostaglandins.

These studies, however, did not identify the c-adrenoceptor subtype

mediating these effects. Osborn el a/. (1983) analyzed the antinatriu¡etic effect of

low level sympathetic nerve stimulation of ¡enal nerves in the dog. Renal arterial

infusions of prazosin, but not yohimbine or rauwolscine attenuated the

antinatriuretic response, Thus, they concluded that the tubula¡ effects of subpressor
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sympathetic nerve stimulation were mediated by cl-adrenoceptors, Simila¡ly, Hesse

and Johns (1985) demonstrated that intra¡enal infusions of norepinephrine

increased renal tubula¡ sodium reabsorption in the rabbit, On the basis of the use

of selectþe antagonists, they concluded that al-ad¡enoc€ptors mediated this

response. Finall¡ Smyth er 4/. (1985b) demonst¡ated that in the isolated perfused

rat kidne¡ the antinatriuretic effect of subpressor renal nen¡e stimulation could be

anøgonized by the cr-adrenoc€ptor antâgonist, prazosin. Moreover, this study

provided evidence that renal tubula¡ c2-adrenoceptors cannot be activated by

sympathetic nerve stimulation, but rather by circulating cåtecholamines only. These

three independent observations provided strong support for a tubular al-

adrenoceptor mechanism which mediated the antinatriuretic effects of low level

renal nerye stimulation. The a2-adrenoceptor, on the other hand, was not activated

by stimulation of the sympathetic nerves and appeared to be coupled to the

adenylate cyclase-cAMP system.

In Vitro Studies

As mentioned previously, renal c2-adrenoc.eptors $,ere activated by

circulating cåtecholamines (Smyth et a/,, 1985b) and appeared to exert their effects

through the inhibition of adenylate cyclase. Several in vitro studies indicate that the

efÏects of az-adrenoceptors are mediated through the inhibition of cAMP

generation, particularly that increased by various hormones. Early studies

demonstrated that a2-ad¡enoceptor agonists prevented vasopressin-induced cAMP

accumulation in ¡enal membranes (Beck ef ø1., 19721' Kurokawa and Massry 1973a)

and inhibited parathyroid hormone-induced increase in cAMP levels in rat kidney

cortex suspensions (Guder and Rupprecht" 1975; Kurokawa and Massry, 1973b).

More recently, Umemura et al. (1985; 1986a; 1986b) we¡e able to identify the

specific effects of a2-adrenoceptor stimulation, in ¡elation to cAMP accumulation,
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in specific nephron segments using isolated intact nephron segments instead of

fractu¡ed cell preparations,

In the glomerulus, parathyroid hormone and serotonin have been shown to

increase the production of cAMP. Stimulation of a2-adrenoceptors attenuated this

parathyroid hormone and serotonin-inducpd inc¡ease in cAMP (Umemva et al.,

1986a). Prostaglandin E4 histamine and adenosine also increase cAMP levels in

the glomerulus, but this increase was not attenuated by a2-adrenoceptor stimulation,

Thus, the ability of a2-adrenocepto¡ stimulation to inhibit CAMP formation is

dependent upon the particular hormone which activates the adenylate cyclase

enzyme complex.

In the proximal tubule, the site whe¡e the majority of a2-ad¡enoceptors are

located, a2-adrenoceptor stimulation with epinephrine inhibits the parathyroid

hormone-stimulated increase in cAMP (Umemura et al., L985). This effect was

antagonized by the specific û2-adrenoceptor antagonist yohimbine, but not by the

specific al-adrenoceptor antagonist prazosin. This effect, however, was confined to

the proximal convoluted tubule, In the proximal straight tubule, a2-ad¡enoceptor

stimulation was unable to inhibit the parathyroid hormone-induced increase in

cAMP. This suggested that a2-adrenoceptors in this segment of the nephron are not

coupled to parathyroid hormone.

There is a general agreement that at the level of the renal proximal tubule,

catecholamines enhance sodium and water reabsorption (Bello-Reuss, 1980). In

vluo micropuncture studies in the rat indicate that sodium reabsorption is affected

by a-adrenoceptor agonists, although the subtype of the c-adrenoceptor mediating

this effect was not defined. Recently, No¡d e, ø1, (1987) demonstrated that in a

suspension of isolated ¡abbit renal tubula¡ cells, a2-adrenoceptor agonists enhanced

zNa influx , Yohimbine, but not prazosin comptetely blocked the norepinephrine-

inducBd increase in sodium influx. Although catecholamines enhance proximal
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tubular sodium and water ¡eabsorpt¡or\ the stimulated transport pathway had

previously not been described, The observation that an amiloride analogue

abolished the norepinephrine-induced sodium influx indicated that a2-

adrenoceptors enhance sodium reabsorption by stimulation of the brush border

sodium-hydrogen antiporter. Although this observation is very thought-provoking, it

w¿¡s not an integral conside¡ation befo¡e the investigations presented in this thesis

were completed. Since completion of the elperiments, however, it has gained new

consideration, as it may help to explain some of the observed results. It is therefo¡e

discussed in further detail in Section 8 (General Discussion).

As in the proximal tubule, the effects of o2-adrenoceptor stimulation in the

loop of Henle are also diverse, depending upon where the a2-adrenoceptors are

Iocated. In the thin descending limb, prostaglandin E2 has been shown to increase

cAMP production, presumably though the stimulation of adenylate cyclase. c2-

Adrenoceptor stimulation attenuates this increase in cAMP (Umemura et aI., L986b,

Torikai and Ku¡okawa, 1981; 1984). While prostaglandin E2 alters fluid and

electrol¡e transport in the thick ascending limb and collecting tubule (Stokes,

1981), the functions of prostaglandin E2 in the descending limb have not been

identified. The thin descending limb of the loop of Henle is an integral part of the

countercurrent multiplication process which is responsible for the generation and

maintenance of medullary hypertonicity, If prostaglandin E2 should alter the

permeability characte¡istics of the thin descending limb to water and/or solutes,

possibly via cAMP, then medullary hypertonicity could be impaired, and

consequently sodium and water excretion could be altered (Kokko and Rector,

1972). ln the thick ascending limb, adenylate cyclase is activated by vasopressin in

the medullary portion, and by both vasopressin and parathyroid hormone in the

cortical portion (Morel et al., l98l; Umemura et ø1., L985). However, a2-
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adrenoc€ptor agonists are ineffective in reversing the increase in cAMP

accumulation in the thick ascending limb of the loop of Henle.

Although a2-adrenoceptors are predominantly locåted within the proximal

convoluted tubules, the major function described to date for these receptors appears

to result f¡om an effect within the cortic¿l and medullary collecting tubules. It has

recently been shown that epinephrine and norepinephrine can inhibit vasopressin-

stimulated cAMP accumulation in the intact cortical collecting tubule and in the

medullary collecting tubule via an c2-adrenoceptor mechanism (Clrabañes et al.,

1984; Umemura et al,, L985), In intact cell preparations, glucagon, calcitonin,

isoproterenol and vasopressin all activated adenylate cyclase and increased cAMP

formation. However, only when cortical or medullary collecting tubule adenylate

cyclase was activated by vasopressin, did û2-adrenoceptor stimulation dec¡ease

cAMP accumulation (Chabardes et al., 1984; Umemura et al., 1985), These results

demonstrate hormone specificity of c2-adrenoceptor inhibition of cAMP

accumulation in the collecting tubule. However, the functional role of these

receptors in the modulation of vasopressin-induced cAMP accumulation had not

been identified.

In isolated rabbit cortical collecting tubules, c-adrenoceptor agonists have

been shown to directly inhibit vasopressin-mediated water reabsorption at the level

ofthe renal tubule (Krothapalliet aL,1983; Krothapalli and Suki, 1984). This effect

could be blocked by a specific c2-, but not by a specific cl-adrenoc€ptor antagonist,

Using a similar preparation in the rat, Chabardes et al. (lg8/.) demonstrated an

inhibition of vasopressin-induced cAMP accumulation by nonspecific c-

adrenoceptor agonists, This effect was blocked by yohimbine, but not by prazosin.

Thus, these biochemical and physiological studies suggested that vasopressin

increases water reabsorption in the corticål collecting tubule by increasing the

formation of cAMP. c2-Adrenoceptor stimulation inhibits the vasopressin-induced
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increase in cAMP and thereby inhibits the vasopressin-stimulated water

reabsorption, In the isolated perfused rat kidney, stimulation of c2-adrenoceptors

with epinephrine antagoniz€d the effects of vasopressin on both water a¡d sodium

excretion. The blockade of the effects of epinephrine by yohimbine was

confirmation that these renal effects were mediated through a2-adrenoceptors

(Smyth et a/., 1985a). These studies found that vasopressin decreases urinary

sodium excretion. This has, however, become an area of contention, sine-e in vivo

studies seem to suggest that vasopressin is natriu¡etic (Johnson et al., L979;

Martinez-Maldonado et aI., 1971; Pierce et al,, 1984). Nevertheless, vasopressin

increases sodium chloride reabso¡ption in the medullary ascending loop of Henle in

the mouse (Hebert et al., 1980; 1981) and in the rat (Jacobsen, 1981). In isolated

cortical collecting tubules, vasopressin stimulates sodium reabsorption (Reif el ø/.,

1986; Schlatter and Schafer, 1987). Presumably, the increase in sodium excretion

observed with c2-adrenoceptor stimulation in the isolated perfused rat kidney

(Smyth et al., L985a) is due to an inhibition of vasopressin-mediated sodium

reabsorption, since epinephrine alone was without effect.

In I4vo Renal Function Studies

Studies with both isolated cortical collecting tubules and the isolated

perfused rat kidney have indicated that the effects of a2-adrenoceptor stimulation

were mediated through the inhibition of cAMP formation (Chabardes et al., 1984i

Krothapalli and Suki, 1984; Smyth et a1.,1984;1985a). This has been confirmed by

the measurement of cAMP levels in single nephron segments and in glomeruli of

the rat (UmemvÍa et al., 1985; 1986a, 1986b). The effects of c2-adrenoceptor

stimulation a¡e thus dependent on whether the hormonally activated cAMP was

mediating an increase or decrease in urine volume and sodium excretion. The

physiological effect of inhibition of cAMP formation by renal a2-adrenoceptor



I5

stimulation ìvould be dependent on the predominating effect of the endogenously

produced cAMP. However, caution must be exercised when extrapolating the

results of in vitrc expenments to an ¡¿ wvo situation. Use of isolated collecting

tubules demands that the nepfuon be cr¡t aPart' and thus the collecting tubule is

functionally destroyed. Even the isolated perfused rat kidney PreParation, in which

glomerular-tubular linkages are still intåct' is not without problems. While the

preparation eliminates extraneous factors such as alterations in the cent¡al release,

degradation and/o¡ exc¡etion of vasopressin and other circulating hormones, it is

the subtle interplay of all these factors that must be considered when one tries to

identi$ the physiological function of the az'ad¡enoceptor. A second disadvantage

of the isolated perfused kidney is that the normally hypertonic medullary

interstitium may be profoundly altered (Lieberthal et al., 1987). It is the¡efore not

surprising that somewhat different results have been documented in in vivo

experiments. Mo¡eove¡, the results of h vivo studies have been conflicting, likely

due to technical differences between studies.

Intravenous administration of clonidine, an c2'adrenoceptor agonist, has

¡esulted in an increase in renal water excretion in previous studies in anesthetized

dogs (Humphreys and Reid, 1975; Olsen, 197ó) and in the rat (Millea 1980). This

effect could be due to central inhibition of vasopressin release or a di¡ect inhibition

of vasopressin at the level of the renal tubule. Studies, in which the mechanism of

this diu¡esis was investigated in the dog, have suggested it may be due to an

inhibition of vasopressin release. This may be possible as a consequence of a direct

inhibitory action on the hypothalamic neurons responsible for vasopressin synthesis

and release (Reid ef al., 1979). Similarly, Humphreys and Reid (1975) could not

detect any water diuresis when clonidine was infused intravenously into acutely

hypophysectomized dogs. Their results indic¿ted that clonidine causes water

diuresis through inhibition of vasopressin release, possibly via an indirect Pathway
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mediated by the c-adrenergic effecs of clonidine on the ci¡culation. Additional

support for tl¡is view is found in two other studies. Bar¡ and Kauker (1979) found

that clonidine did not prevent the antidiu¡etic action of vasopressin given to rats

with diabetes insipidus, and concluded that theh results were consistent with an

inhibition of vasopressin release. More di¡ect evidence came from Roman et al,

(1979) who demonstrated a transient decrease in plasma vasopressin of clonidine-

treated ¡ats, along with the observation that infusion of vasopressin was capable of

blocking the water diu¡esis invoked by clonidine, However, several studies in which

vasopressin has been measured in blood or urine of dogs or rats afte¡ clonidine-

induced diuresis have failed to find any detectab¡e changes in plasma vasopressin

conc€ntrations (Gullner, 1979; Olsen, 1976; Solez et al., 1980), and thus have not

been able to substantiate this hypothesis, Solez et al, (L980) have shown that

intravenous administration of clonidine cåuses an increase in free water clearance

even when it was administered into ¡abbits that were preúeated with vasopressin,

suggesting that clonidine inhibits the antidiuretic action ofvasop¡essin at the tubular

level,

While the above studies are in agreement conceming the effects of clonidine

in inducing a water diuresis, the same is not true for the effects of clonidine on

solute excretion. Clonidine is also able to affect electrol¡e excretion, although the

early evidence of this was contradictory and ill-defined, Electrolyte excretion was

shown to be either increased, decreased or unaltered under the influence of

clonidine. Olsen (1976) reported a four-fold increase in sodium excretion in

conscious dogs, while others obserred a decrease in urinary sodium exc¡etion in

anesthetized dogs (Chrysanthakopoulous and lavender, 1975; Humphreys and

Reid, 1975). Still others found no change in electrolyte excretion (Reid et a/., 1975).

In the ra! sodium excretion has been reported to be enhanced by clonidine (Barr

and Kauker, 1979; Miller, 1980).
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Recent studies have looked at the effects of other c2-adrenoceptor agonists.

Strandhoy et al,, (1982) demonstrated that int¡a¡enal infusions of guanabenz in

anesthetized dogs, significantly increased u¡ine flow and sodium excretion. U¡ine

osmolality was decreased to 530 mOsffig (from 1503 mOsm¡kg), and plasma

vasopressin levels were similarly decreased to approximately 525 pglnú (ftom7.92

pgrrú), They concluded that although this decrease in plasma vasopressin

concentration could contribute to a diuresis, the reduced plasma vasopressin levels

should still be adequate for a u¡ine concentration greater than that obsewed, Thus,

they concluded that the guanabenz-induced diuresis and nat¡iuresis was due to both

a decrease in the central release of vasopressin, as well as an inhibition of the effects

of vasopressin at the renal tubular level. An interesting observation from this study

was that an intravenous infusion of guanabenz was more potent in inducing the

observed diu¡esis and natriuresis than a di¡ect inft¡sion into the renal afery.

Finally, Gellai and Ruffolo (1987) examined the ¡enal effects of B-FIT 933, a

specific a2-ad¡enoceptor agonist in conscious normotensive ¡ats. B-HT 933

significantly increased urine flow and sodium excretion, but did not alter potassium

and urea excretion. Urine osmolality rvas decreased to hypotonic levels (172 1 8

mOsmlkg) and free water clearance was increased, Since the B-HT 933-induced

diuresis and natriuresis rvas not affected by the ganglionic blocke¡ hexamethonium,

the authors concluded that a2-adrenoceptor stimulation in conscious rats modulates

the reabsorption of wate¡ and sodium at the site of the renal nephron, possibly

through an interaction with vasopressin, In a follow-up micropuncture study,

Stanton et oL (1987) demonstrated that the B-HT 933-induced diuresis was due to

the inhibition of water and electrolyte reabsorption beyond the late distal tubule,

strongly suggesting a role for a2-adrenocepto¡s in the modulation of vasopressin

action in the collecting tubule.
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What appears to be clear from the above mentioned studies, is that

stimulation of c2-ad¡enoceptors ø wvo is associated with an inc¡ease in both sodium

and water excretion (Roman et a1,,1979; Miller, 1980; Strandhoy et ø/,, 1982; Gellai

and Ruffolo, 1987; Stanton et al., L987). The exact mechanism whereby which c2-

adrenoceptor stimulation mediates these effects remains unclea¡, A c¡iticism of the

use of specific agonists is that the observed effect may not be present under

physiological conditions, but only in the presence of high levels of activation of the

receptors, Thus, while the above studies have demonstrated a pharmacological role

for a2-adrenoceptors, a physiological role for a2-adrenoceptors remains unclear.

Pharmacological stimulation of the a2-ad¡enoceptors by intravenous, intrarenal or

subcutaneous administration, and in only one or two doses which are either pressor

or produce a hypotonic urine, has failed to clearly define a physiological function of

these receptors. The question remains as to whether these receptors are tonically

active in vivo, A di¡ect method to determine whether renal c2-adrenoceptors play a

physiological role in the regulation of sodium and wate¡ excretion would be by the

infusion of a specific o2-adrenoceptor antagonist, such as yohimbine, into the renal

artery, In order to observe an effect in the presence of an antagonist, the system

must be active. Unfortunatel¡ such experiments have produced conflicting results,

Osborn ef ø/. (1983) demonstrated that renal arte¡ial infusions of either yohimbine

o¡ rauwolscine did not affect renin release or sodium and water excretion.

Moreover, the antinatriuretic response to low frequency ¡enal nerve stimulation was

also unaffected by yohimbine or ¡auwolscine. In contrast, Fildes el c/. (1985)

demonstrated that yohimbine, administered as an intrarenal infusion, produced a

significant increase in sodium and water excretion. The earlie¡ observation suggests

that az-adrenoceptors do not function physiologically in the neuronal regulation of

sodium reabsorption, while the latter suggests they function to retain sodium in the

dog. A major difference between these studies is the infusion rate of yohimbine
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used to block a2-adrenoceptors. Osborn et aL (1983) used an infi¡sion rate of 0.46

ugß{mn, a rate which may not have been great enough to effectively block c2-

adrenoceptors (van Meel et al.,l98lc), while Fildes et al. (L985) used tfuee infusion

rates, each 2O-200 times greater than that used by Osbom et al. (1983). At this rate

of yohimbine infi:sion, it is possible that cl-adrenoceptors, as well as o2-

adrenoceptors may have been blocked,

Puroose of the Present Studies

The initial pupose of the following experiments (specifically sections 2 & 3),

\{as to determine a physiological role for the numerically predominant o2-

adrenoceptor, and to cha¡acterize these receptors in more detail than had previously

been done, using an h vivo preparction. Specifically, the effects of c2-adrenoceptor

antagonism and stimulation on the ¡enal excretion of sodium and water was to be

determined, It was originally hypothesized that if az-adrenoceptor stimulation

antagonized the renal effects of vasopressin, and thereby increased the excretion of

sodium and water, then blockade of these receptors would results in an antidiuresis

and antinatriuresis. This would then, be consistent with the unmasking of the

endogenous function of the c2-adrenocepto¡s.

Upon completion of these two sets of experiments, it became apparent that

the renal effects of a2-adrenoceptor stimulation, in relation to sodium and wate¡

excretion, may be mediated by nvo independent mechanisms of action or at t\ryo

independent sites, Thus, the focus of the experiments shifted slightly, and the

purpose then was to determine what these two independent sites or mechanisms of

action might be, In this process, the role of aüial natriu¡etic peptide, renal

prostaglandins and vasopressin rvas determined. Consequently, the pulpose of the

experiments presented ¡n this thesis is twofold.
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Renal a2rAdrenocepúor Blockâde Decreases Sodium and Vl'ater Excrction in the

Anesthetized Rat

The maioriw of the data in this section have been o¡esented as an abstract at the
Americån Éhysiological Society Meetings, New' Orleans, 1986 (Physiologist
29(4):127,1986). These daø have also been p¡eviqqsty published: Blandford, D.E,
and Smyth, D.D., Eur. J. Pharmacol. 154:117-124,1988.

$csgæ¡ê:

The reported effects of renal c2-adrenoc€ptor blockade on sodium and water excretion have

been inconsistenL The effect of an intrarenal infusion of an c2-adrenocæptor antagonist in rats

undergoing two distinct levels of diuresis and natriuresis we¡e therefore studied. The two levels of

diuresis and natriuresis was achieved by the intravenous infusion of saline at two different rates, namely

97 uUnin and 24 uUmin. Renal excretion of sodium and water was studied in anesthetized rats that

had been unilaterally nephrectomized (right kidnÐ 10 days prior to the exp€rimental day. In the

preæncæ of the lower rate of saline infusion (Z uVmin), an intrarenal infr¡sion of the c2-ad¡enoceptor

antagonist yohimbine (25.6 nmol/kg/min) resulted in no change in urine flow rate or sodium and

potassium excretion, In the presenc€ of a modest diuresis, due to the higher level of saline infr¡sion,

intrarenal yohimbíne resulted in a decrease in urine flow rate, sodium excretion and free water

clearance. These effects of yohimbine were not found in adrenalectomized rats The ability to

demonstrate an effect of renal cz-adrenoc€ptor blockade was dependent on the baseline level of

sodium and water excretion. Moreover, theæ results suggesed that renal c2-adrenoc¡ptors may

mediate the inhibition of the renal action ofvasopressin tfuough adrenal catecholamines
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In renal plasma membranes, o2-adrenoceptors have been shown to be

numerically predominant over cl-adrenoceptors in a ratio of approximately 2:1

(Schmiø et al,, L98l). Renal al-ad¡enoceptors mediate renal nerve stimulation-

induced sodium retention and vasoconstriction (DiBona,1982; Pettinger et al,, L985i

Smyth ef a/., 1985b). A physiological function for the nume¡ically predominant oz-

adrenoceptors remains unclea¡.

Studies in the isolated perfused rat kidney have indicated that the effects of

c2-adrenoceptor stimulation were mediated tfuough inhibition of cAMP formation

(Smyth er al,, 1984i 1985a). Thus, the effects of cz-adrenoceptor stimulation were

dependent on whether the hormonally activated cAMP was mediating an increase

(via arachidonic acid) or decrease (via vasopressin) in urine volume (Pettinger et al.,

1987; Smyth et al,, I985a), In the ø yivo situation, a number of hormones which

activate the adenylate cyclase system would be present. The physiological effect of

inhibition of cAMP formation by renal az-adrenoc€pto¡ stimulation would be

dependent on the predominating effect of the endogenously produced cAMP. At

present" the endogenous agonist for c2-ad¡enoceptors has been proposed to be a

circulating catecholamine, most conceivably epinephrine (Sawyer et al., 1985; Smyth

et al., t985b; Yamaguchi and Kopin, 1980).

A di¡ect method to determine whether renal c2-adrenoceptors play a

physiological role in the regulation of sodium and wate¡ excretion would be to

infuse a specific o2-adrenoceptor antagonist into the renal artery, To date, such

experiments have produced conflicting results. In the anesthetized dog, an

intrarenal infusion of yohimbine has been reported to increase (Fildes et a/., 1985)

o¡ have no effect (Osborn et al,, 1983) on the excretion of sodium and water in the

urine.
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We therefore studied the effect of an intra¡enal infusion of an a2-

adrenoceptor antagonist yohimbine, on the excretion of sodium and water in

anesthetized rats undergoing two distinct levels of sodium and water excretion.

Intrarenal yohimbine decreased sodium and water excretion in the presence of a

modest natriuresis and diu¡esis, These results demonst¡ate that the ability of a2-

adrenoceptor blockade to decrease sodium and water excretion in the kidney is

dependent on the basal rate of sodium and water excretion. The physiological

function of renal a2-adrenoceptors may be related to the inhibition of the renal

tubula¡ actions ofvasopressin, Int¡arenal yohimbine in ad¡enalectomized rats failed

to alter sodium and water excretion, suggesting that epinephrine was conceivably

the endogenous c2-adrenoceptor agonist.



METHODS

Male Sprague Dawley rats (Charles River Canada Inc., St, Constant, P.Q, or

the University of Manitoba breeding colony, whose breede¡s are replaced every

three months with new breeders from Charles River Canada Inc.) weighing 200-225

g were unilaterally nephrectomized (right kidney) under ether anesthesia 7 to 10

days prior to the day of the experimenL Animals were allowed free access to water

(tap water) and chow (Purina Rat Chow) and housed at æoC with a L2/L2h

lighlda¡k cycle. On the day of the experirnent, rats wete anesthetized with

pentobarbital (Nembutal, BDH Chemicals IId., Poole, England; 50-60 mg/kg i.p,).

Additional anesthetic was administe¡ed in a 0.05 ml bolus intravenous dose of 3

mg/kg as needed, The animals were placed on a thermostatically controlled heating

blanket, A rectal thermometer connected to a Harvard Animal Blanket Control

Unit was used to maintain body temperature at 37.5oC. A tracheotomy was

performed and the animal was placed on a ventilator if required. The left carotid

artery was cannulated with a polyethylene catheter (PE60) for the measurement of

blood pressure with a Statham pressure transduce¡ (Model P23Dc) connected to a

Grass polygraph Model V. The left jugular vein was cannulated with eithe¡ one or

two lines. In all experiments, one polyethylene cåtheter (PE160) was inserted fo¡

the continuous infusion of saline, In some experiments, an additional line (PE20)

was also inserted fo¡ the intravenous administration of additional agents. The left

kidney was exposed by a flank incision, and the u¡eter cannulated (PE50), A 31

gauge needle was advanced through the aorta into the renal artery and secu¡ed with

glue (Superglue; Iæpage IJd,, Bramalea, Ontario). Vehicle (saline) or yohimbine

(Sigma Chemical Co., St. Louis, MO) was infused through this line into the renal

afiery at a rate of 13.6 uUmin, Saline was infused intravenously (ugular vein
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cåtheter) at either 24 uUmn or 97 uvml'l. to produce two distinct levels of sodium

and water excretion. Following a 45 min stabilization period, 5 consecutive 15 min

urine samples we¡e collected into pre-weighed tubes. Thus, the u¡ine collection

periods were 45-60, 60-75,75-90, 90-105 and 105-1Ð min after the sta¡t of the

stabilization period, Urine volume was determined gravimetrically. A plasma

sample was obtained at the end of the experimenL

Tlvo separate sets of experiments were conducted. In the ffust set of

experiments, saline was infused into two groups of rats at either 24 or 97 uVmin

immediately following the stårt of the stabilization. This established the natriuretic

and diwetic effect of the higher rate of saline infusion. In anothe¡ two groups of

rats, saline was again infused at eithet 24. ot 97 uVmin, After the fi¡st urine

collection yohimbine, an c2-ad¡enoceptor antagonist" was infused directly into the

renal artery at 25.6 nmo[k/min (0.01 mg/kg/min) for the fi¡al fou¡ collection

periods. In rats ¡eceiving the higher infusion rate of saline, c2-adrenoceptor

blockade with yohimbine was found to have an effect on water and sodium

exc¡etion, Therefore a second set of experiments was completed in which rats were

acutely adrenalectomized to determine if circulating epinephrine was the

endogenous a2-ad¡enoceptor agonist. Plasma aldosterone and corticosteroid

concentrations we¡e maintained at fixed levels throughout the experiment by the

continuous intravenous infusion of aldosterone (?ß nglmin; Sigma Chemical Co., St,

Louis, MO) and hydrocortisone (20 ugmi$ Sigma Chemical Co., St. louis, MO) to

establish physiological levels as previously described (Roman and Cowley, 1985).

These drugs were dissolved in saline containing lVo bovine serum albumin which

was delive¡ed vrith the saline at a rate of 97 uUmi¡ (i.e,, total drug and saline

delivery rate was 97 uUmin), The control group received an equal volume of

vehicle infused directly into the renal artery while the other group received
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int¡arenal yohimbine immediately afte¡ the fkst urine collection as in the above

experiments.

Sodium and potassium conc€ntrations in plasma and urine were determined

with a Beckman Klina Flame Photometer. C¡eatinine conc€ntrations were

determined with a Beckman C¡eatinine Anatyzer Model 2. Urine osmolality was

determined with a micro Osmette (Precision Systems),

Data were analyzæd by a two way repeated measures analysis of va¡iance

(saline x dose), and where the main effect x time interactions we¡e significant, the

locus of the differences was determined by the least significant difference test, with

Tþe I error rate controlled experiment-wise by Dunn's procedure (Winer, 1971).

Data are presented as the means ! the standard error of the mean (S.E.M,). Each

group ¡epresents 5 to 6 animals.

2, Radiolisand Bindins Studv

One of the underlying assumptions of the ¿¿ vivo renal function experiments

was that the removal of one kidney did not alter the a2-adrenoceptor density in the

remaining kidney. In orde¡ to test this assumption, the c2-adrenocepto¡ density in

both the kidney rernoved during the nephrectomy, and in the remaining kidney

(after a period of 7 to 10 days) was measu¡ed with a radioligand binding technique.

Renal plasma memb¡anes from whole kidneys were prepared by the method of

Schmiø et at. (lgïl). [3H]Rauwolscine (0.50-20.0 nM) was used to construct

Scatchard plots in duplicate for each assay, The Ieft kidneys f¡om five male Sprague

Dawley rats were removed, immediately frozen in liquid nitrogen and stored at -

80oC. Ten days later, the remaining kidneys were also removed, immediately frozen

in liquid nitrogen and stored at -8æC. On the day of the assay, the kidney was

thawed, minced in cold sucrose buffer (0.25 M sucrose, 5 mM Tris-HCl, 1 mM

MgCl2, pH 7.40), and homogenÞed 4 times with a polytron for 10 s. After filtering
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tfuough gauze, the homogenate was centrifr¡ged for 10 min at ¿l82 x g (2000 rpm) at

4oC, The pellet was discarded and the supernatant was centrifuged for 10 min at

29,@0 x g (15,500 rpm). The pellet was washed twice by resuspension in buffe¡ K

(25 mM NaH2PO4, 25 mM K2HPO4, 1 mM MgCl2), homogenized with a Teflon

pestle and recentrifuged at 29,000 x g. The final pellet was resuspended and

homogenized in the appropriate amount of buffer K (6.8 rnl buffer llg kidney

weight), Membrane protein was determined according to the procedue of Lowry et

al, (1951) using bovine serum albumin as the standa¡d.

pH]Rauwolscine (72.2 Cilmmol, NEN Research Products, DuPont, Boston

MA) was used to label a2-ad¡enoceptors. Binding assays we¡e performed by

incubating 200 ul of renal plasma membrane (protein concentration 3.2-4.2 mg/ml),

50 ¿l of [3H]rauwolscine (0.50-20.0 nM) and 50 ul of either buffe¡ K or

phentolamine (10 uM) to yield a final volume of 300 ¿1. All experiments were

performed in duplicate. The mixtu¡e was incubated for 30 min at 25oC. The

reaction was terminated by the addition of 5 ml of ice-cold buffe¡ and immediate

filtration through Whatman GF/C glass fibre filters, The filte¡s were washed with 2

additional 5 ml aliquots of cold bulfer, placed in scintillation vials, and counted in 4

mI of triton-toluene aqueous scintillation coclfail, with a counting effrcienq of dßVo

in a gamma scintillation counte¡. The radioligand and phentolamine were diluted to

the appropriate concentrations in the assay buffer, Specilic binding was determined

as the binding which was in excess of nonspecific binding in the presence of 10 uM

phentolamine. Analysis of the saturation experiments was performed with

LIGAND, a computer assisted iterative cuwe fitting programme. The receptor

density and dissociation constants were compared using paired f-tests,
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1. Effect of unilateral nephrectomy on c2-adrenocepto¡ density

The renal c2-adrenoceptor density, as determined by Scåtchard analysis of

equilibrium binding data in pre-and post-nephrectomy kidneys is shown in fig. 2.i.

Ten days after initial nephrec.tomy the¡e was no change in c2-ad¡enoceptor density

(23ó t 49 vs. 221 ¡44 fmoUmg protein; p>0.05). In addition, there was no change

in the Kd in the remaining kidney after nephrectomy (2.2 ¡0.4 nÌll) as compared to

the control kidney (2.0 1 0.4 rM).

2, Effect of intravenous saline infusion on electrolyte excretion

At the beginning of the stabilizâtion period (i.e., immediately following the

surgical procedure) saline was infused into the jugular vein at either ?A or 97 uUmn

and maintained for the duration of the experiment.

The blood pressures and creatinine clearances in the rats receiving the t\ryo

rates of saline infusion we¡e similar (frg 2,2), However, in the group receiving the

higher rate of saline infusion (97 uVmin), urine flow rate (zf0 1 10 vs. 9 t I
üVmin), sodium excretion (7.14 21.60 vs. 1.03 ¿ 0.18 uEqlmin) and the f¡actional

excretion of sodium (3.93 t 0.79 vs. 0.46 1 0.11) were increased (p.0.05) as

compared to the rats receiving the lower ¡ate of saline infusion (fig. 2.3), As well,

osmolar clearance was increased in the rats receiving the high rate of infusion (88,2

+ 11.0 vs. 40.7 t 11.9 tVmin) (fig 2.4). Potassium exc¡etion (fig. 2.3), urine

osmolality (frg. 2.Ð and the change in free water clearance (fig. 2.4) were unaltered.

Thus, úris established two distinct levels of electrolyte excretion on which the elfects

of intra¡enal yohimbine could be studied.
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3. Effect of intrarenal yohimbine infusion on electrolyte excretion in rats

In the ¡ats given the low rate of saline infusion, blood pressure (125 t 6.7 vs.

107 t 33 mm Hg) and creatinine clea¡ance (1.9410.2 vs. 1.57 t 0.2 mVmin) were

slightl¡ but not significantl¡ decreased in the group of animals receiving the

intra¡enal infusion of yohimbine as compared to the controls (fr9.2,5), In addition,

u¡ine flow rate (9 t 1vs. 9 + 1 uVmin), sodium excretion (0.75 :0.12 vs. 1.03 I
0.18 rE{min), potassium excretion (3.13 t 052 vs. 2.66 f 038 uEqlmin) (frg2.6),

urine osmolality (1400 ! 151 vs. 1251 + 285 mOsm), osmolar clearance (40.7 1

ll.9 vs, M.2 ¡ 5.2 uUmin) and the change in free wate¡ clearance (4.49 1 4,3 vs.

0.97 t 6.7 ullmin) (fig, 2,7) were similar to the control group. These data we¡e

obtained during the fourth collection period (90-105 min) and are representative of

the lack of differenc¿ observed between groups during the other collection periods.

4. Effect of intrarenal yohimbine infusion in rats undergoing a mild diuresis

In these experiments, saline was administered at 97 u|min to induce a

modest diuresis. As above, the fourth collection period is presented. These data

are representative of the observed differences between groups. The blood pressure

and creatinine clea¡ance were similar in the control group and in the ¡ats receiving

the intrarenal infusion of yohimbine (fig. 2.8). In the presence of the mild diuresis,

the intrarenal infusion of yohimbine (?5.6 nmolßglmin) produced a decrease

(p.0.05) in u¡ine flow rate (a0 t 10 vs. 18 + 2 uUmin) (fig. 2.9), sodium excretion

(7.14 t 1.60 vs, 3.22 1 0.39 tE{min) (fig. 2.9) and the fractional excretion of

sodium (3.93 g 0.79 vs. 1.41 ¡0.24) (data not shown) as compared to the respective

control group. Potassium excretion tvas unalte¡ed (fig. 2.9). Urine osmolality was

increased (8@ t 104 vs, 12621 165 mOsm), and osmolar clea¡ance was unaltered

(88.2 t 11.0 vs. 67.9 t 2,7 uUmin) in the ¡ats receiving the yohimbine (fig. 2.10).
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Free water clea¡ance (fig. 2.10) decreased (p.0.05) in the group receiving the

yohimbine infusion as compared to the control rats (-205 ! 7.2 vs. 2.M t 3.0

¿Vmin).

In these experiments, rats were adrenalectomized, Again, as in the above

experiments in which yohimbine decreased u¡ine flow rate, saline was infused at 97

uUmrul,, The effects of yohimbine on u¡ine flow or sodium excretion were

attenuated (fig. 2,11). As well, blood pressure (130 t 6 vs. 1æ + 4 mm Hg (fig.

2.12), creatinine clearance (1.4 t 0.1 vs. 1.5 + 0.1 mVmin $rg. 2.12), potassium

excretion (4.5 10.4 vs. 4.7 t0.6 uEqlmin (fig. 2.11) and urine osmolality (574 t56
vs,623 ! 84 mOsm (fig. 2.13) were unalte¡ed, Again, these data represent the

fourth collection period (90-105 min), and are representative of the observed

differences between the two groups,
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DISCUSSION

In the present study, the ptedominant function of a2-adtenoceptors, as

related to sodium and \ryater excretion, was investigated by the infi¡sion of a specific

a2-adrenoceptor antagonist, yohimbine, Yohimbine was inñsed directly into the

renal artery in an attempt to avoid any systemic changes in blood pressure which

may also directly alter urine electrolyte excretion. trVhile it is possible that the long

half life of yohimbine may eventually result in similar plasma levels with intra¡enal

and intravenous infusions, the higher concentration at the site of infusion may be

important. A specific antagonist rather than an agonist was used in an attempt to

unmask the endogenous activity of the ¡enal a2-adrenoceptor, A criticism of the use

of specific agonists may be that the effect observed may not be present under

physiological conditions, but only in the presence of high levels of activation of the

receptors, Conversel¡ to observe an effect in the presence of an antagonist" the

system must be active. In the present study, the rats were unilaterally

nephrectomized 7 to 10 days prior to the experiment day, This was done to reduce

surgical stress at the time of the experiment (i.e., small flank incision; one ureter

cannulated vs. laparotomy; two ureters cannulated), and to allow fo¡ a more

accurate measurement of urine flow rate than a bladder cåtheter would permit due

to dead space.

Since the nature of the present study was to determine a physiological role

for c2-adrenoceptors, it was necessary to establish that the removal of one kidney

did not alter the a2-adrenoceptor density in the ¡emaining kidney. Using

radioligand binding studies, this underlying assumption \ as tested. No significant

change in ¡enal c2-adrenoceptor density occurred as a result of the nephrectomy.

The effect of yohimbine ìvas investigated in the presenc€ of t\vo distinct levels of

sodium and water excret¡on, as well as in acutely adrenalectomized ¡ats, The
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animals rvere adrenalectomized to eliminate circulating epinephrine which has been

implicated as the endogenous a2-adrenoceptor agonist (Sawyer et ø1.,1985; Smyth el

al.,l985ai Yamaguchi and Koph, 1980).

Int¡arenal yohimbine failed to decrease sodium and water exc¡etion in rats

receiving the low ¡ate of saline inft¡sion, This may be ¡elated to the already low

level of sodium and wate¡ excretion present in these animals. In these rats, the Iow

baseline level of excretion would have been difficult to decrease fr¡¡the¡, Rats

receiving the higher rate of saline infusion had an increased level of sodium and

water excretion. In these rats, yohimbine decreased sodium and \¡'ater excretion.

The mechanism by which the yohimbine exerted this effect is not clear. It appears

that yohimbine may have ¡eversed the c2-ad¡enoceptor-mediated antagonism of the

renal effects of vasopressin. In the rats receiving the high rate of sâline infusion,

yohimbine decreased f¡ee water clea¡ance rvithout an accompanying change in

osmola¡ clearance, This would be consistent with an increase in activity of the renal

effects of vasopressin. a2-Adrenoceptor blockade may be potentiating the renal

effects of vasopressin (vide infra). The mechanism by which yohimbine decreased

the excretion of sodium is not known. In the adrenalectomized animals, yohimbine

failed to demonstrate this antidiuretic and antinatriuretic effect. In the absence of

endogenous c2-adrenoceptor activation, yohimbine would not be expected to

dec¡ease urine and sodium excretion. Thus, these results a¡e consistent with the

ad¡enal medulla as the source of the endogenous a2-adrenoceptor agonist.

The relationship between a2-adrenoceptor activation and vasopressin activity

has been well documented, In ¿¿ vivo preparations, vasopressin has been shown to

decrease water and increase sodium excretion (Johnson et al,, 1979; Martinez-

Maldonado ¿l ¿1,,L97L;Pierce et al,,l9M) a2-Adrenoceptor agonists when infused

intravenously, inhibit the renal effects (Krothapalli et al., 1983; Krothapalli and

Suki, 1984; Sm¡h el ø1., 1985a; Strandhoy el a1.,1982) and the central release (Barr
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and Kauke¡, 1979; Strandhoy et a1,,1982) ofvasopressin. c2-Adrenoceptor agonists

such as clonidine and guanabenz only reverse the effects of vasopressin on water

excretion, These agonists produce a further increase in sodium excretion (Barr and

Kauker, 1979; Strandhoy et al., 1982i 1983). The reason c2-ad¡enoceptor agonists

reverse the effect on wate¡ excretion but potentiate the sodium excretion is not

known,

Previous studies in which yohimbine was infused into the renal artery of the

dog (Fildes et al,, L985) have been criticizæd in that the rate of infirsion may have

also blocked al-adrenoceptors (DiBona et a1,,1986), In the rat, stimulation of renal

al-adrenoceptors inc¡eases sodium and water retention (Smyth af a/., 1985b). Acute

blockade of these receptors would be expected to produce an increase in sodium

and water exc¡etion (Osborn et al,, 1983), This is the opposite of that observed in

the present study, suggesting renal al-adrenoc€ptors \ ere not antagonized. Studies

in the rabbit have demonstrated that an intrarenal dose of yohimbine,

approximately 30 times that used in the present study, did not alter the renal

vasoconstrictor response to an al-adrenoceptor agonist (Hesse and Johns, 1984).

The response to an a2-adrenoceptor agonist was significantly attenuated, These

results, however, may be difficult to extrapolate into the rat model since no c2-

adrenoceptor-mediated renal vasoconst¡iction has been found in the anesthetized

rat(Woltretal., 1987).

The interp¡etation of the data must consider effects on presynaptic a2-

adrenoceptors. Stimulation of presynaptic a2-adrenocepto¡s decreased the release

of norepinephrine from the nerve endings in the periphery (I:nger, 1977) and in the

rat kidney (Jeffries et al., 1987). In this stud¡ the int¡a¡enal yohimbine may have

blocked presynaptic a2-adrenoceptors and enhanced the release of norepinephrine

from the nerve ending, This norepínephrine may have activated postjunctional al-

adrenoceptors and decreased sodium and water excretion (Smyth et al,, L985b),
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however, lhe complete attenuation of the effects of yohimbine following

adrenalectomy indicates this is unlikely. It is also unc€rtain whether the

enhancement of the antinatriu¡etic effect of renal nerve activity would have

decreased f¡ee water clea¡ance. As well, previous studies have failed to

demonst¡ate a potentiation of the antinat¡iu¡etic effect of renal nerve stimulation

following az-a&enoc€ptor blockade (DiBona and Sawin, 1987).

Previous studies have proposed that effects of renal a2-adrenoceptor

stimulation may be mediated through inhibition of cAMP formation (Smyth ef a/.,

1984, 1985a), In the isolated perfused kidney, c2-adrenoc€pto¡ stimulation has been

shown to inc¡ease (Smyth et ø/., 1985a) or decrease (Pettinger et al., L985) the

excretion of sodium and water. These results were dependent on the infusion of

vasopressin and a¡achidonic acid respectively. The predominant effect in the whole

animal, however, was not determined. The results of the present study suggest that

the predominant role of renal c2-adrenoceptors in the regulation of water and/or

sodium excretion was mediated by the antagonism of the effects of vasop¡essin, A

numbe¡ of hormones mediate their effects through the activation of the adenylate

cyclase system in the kidney (Morel et al., L981, Pettinger er a/., 1987). These

include parathyroid hormone, calcitonin, vasopressin and prostaglandins, In

isolated nephron segments, a2-adrenoceptor stimulation may attenuate the

formation of cAMP by these hormones (Pettinger et al,, 1987), Thus, renal c2-

adrenoceptors may serve other functions in the kidney un¡elated to sodium and/or

water excretion.

Finally the effect of yohimbine in the present study may have been secondary

to elevations in vasopressin and circulating c¿techolamines as a result of the stress

induced by anesthesia and surgery (Bonjour and Malvin, 1970; Bridle et al., 1983).

This cannot be determined since plasma vasopressin and catecholamine levels were

not measured in the present study. Moreover, the relationship benreen vasopressin,
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anesthesia and surgical süess has not been systematically evaluated (Cowley and

Liar{ 1987). Thus, in the least, the present study indicates that under situations of

stress, a2-adrenoc€pto¡s may play a sþificant role in the regulation of the renal

effects of vasop¡essin. Whether this occurs in the unst¡essed animal remains to be

determined.

In summary, renal c2-ad¡enocepto¡ antagonism produced a decrease in

sodium and water excretion. This effect is consistent with yohimbine blocking the

antagonistic activity of a2-adrenocepto¡s on the ¡enal effects of vasopressin. These

receptors may play a tonal ¡ole in the regulation of the renal effects of vasopressin

in the anesthetized rat, The attenuation of the effects of yohimbine following

adrenalectomy suggest that circulating epinephrine may be the endogenous c2-

adrenoceptor agonist.
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3

Dose Selective Dissociation of VYater and Solute Excretion after Renal c2-

Adrcnoceptor Stimulation

The maioriw of the data in this section have been Dresented at the Canadian Societv
of Clinic¿I investigation meetings, Winnipeg, 1987 (Ctin. Invest. Med. 10:C2Sd,
1987). These data have also beenpreviously published. Blandford, D.E. and Smyth,
D.D., J. Pharmacol. F-xp. The¡. 27:1181-1186, 1988.

Sn@:
In y¡'lro studies have demonstrated an a¡tagonism of the renal effects of vasopressin with ûz-

adrenoc€ptor stimulation. Wh€ther the effect of c2-adrenoc€ptor stimulation, in relation to sodium

and water exc¡etion, ø y¡yo is mediated tfuough indep€ndent mechanisms is unclear. The dos€-

response relationship b€tw€en ¡enal c2-adrenoc¡ptor stimulation (clonidine) on water and electrollte

excretion was evaluated in anesthetized rats Rats wefe nephrectomized unilaterally 7 to 10 days

before the experiment day to allow isolation of renal function. A baseline level of sodium and water

excretion was €stablished by the infusion of saline (97 uVmin i.v.). In separate groups of ¡ats, clonidine

was intused directly into the renal artery at 0 (vehicle), 0.1, 03, I or 3 uglkglmin at a rate of 3.4

uUmin. The lower doses (0.1, 03 and I ug*€/Íú) produc€d a dose-r€lated increase in urine flos,

and free water clearanc¡ and a decrease in urine osmolality. Elechollte or solute excretion was not

altered at these infusion rat€s even though urine flow rate increased 4-fold, The highest dose

investigated (3 ueßøntn) increased urine flow rate (g-fold) and sodium excretion (4-fold). Free

water clearance and osmolar clea¡ancc ¡vere also increased. The efiects of clonidine were attenuated

by yohimbine but not prazosin, indicating these efiects were mediated by c2-adrenoc€ptor stimulation.

These results demonstrate a dose-related selectivity of cz-adrenoceptor stirnulation for water and

sodium excretion. The increas€ in water excretion at the lower infr¡sion fates would be consistent with

the antagonism of the renal €ffects of vasopresin, The potent natriur€sis observed only at higher dos€s

indicåtes another mechånism may b€ involved,
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INTRODUCTTON

In the previous section, blockade of the a2-adrenoc€ptor with yohimbine

decreased urine volume, free water clearance and sodium excretior¡ and increased

urine osmolality. This suggested that the endogenous activation of a2-

adrenoceptors may inhibit the renal actions of vasopressin, To further examine this

possibility, the effect of exogenous a2-adrenoceptor stimulation with clonidine was

examined.

A number of previous studies have described the effects of c2-adrenoceptor

stimulation on the renal excretion of sodium and water. In vivo, stimulation of a2-

adrenoceptors has been associated with an increase in both sodium and wate¡

excretion (Gellai and Ruffolo, 1987; Miller, 1980; Roman et aI., 1979; Stanton et a/.,

1987; Strandhoy et al,, 1982), I¿ y¡'f¡o studies in the isolated perfused rat kidney

(Smyth ef al., 1985a) and in isolated nephron segments (Krothapalli et al., L983i

Krothapalli and Suki, 1984) have demonstrated similar effects and proposed that

these effects of ¡enal c2-adrenocepto¡ stimulation were dependent on the presence

of vasopressin.

The renal effects ofvasop¡essin have been shown to be mediated through the

formation of cAMP (Krothapalli and Suki, 1984; Umemura et al., 1985). In the

isolated perfused kidney (Smyth et al., L985a) and in isolated cofical collecting

tubules (Krothapalli et a|.,1983) vasopressin dec¡eased sodium and water excretion.

In these studies a2-adrenoceptor stimulation inhibited the vasopressin-induced

activation of adenylate cyctase and the effects of vasopressin on sodium and water

excretion. These studies suggested that the effects of c2-adrenoceptor activation in

the kidney were due to the inhibition of vasopressin-mediated increases in cAMP

production,
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Ea¡lie¡ studies by Strandhoy et al. (L982) indicated that the effecfs of ¡enal

az-adrenoc€ptor stimulation on sodium and water excretion appe¿ued to involve

independent mechanisms. This contention has been supported by studies which

have suggested that the effects of c2-adrenoceptor stimulation may be unrelated to

vasopressin (Baranowska et al,, 1987 ; Iæander et al,, 1985).

If the changes in sodium and water excretion after a2-adrenoceptor

stimulation were mediated by different independent mechanisms (Strandhoy el a/.,

1982), then a dissociation in sensitivity of these mechanisms to az-adrenoceptor

stimulation may be anticipated. Previous studies have utilized only one o¡ two doses

to desc¡ibe the effect of a2-adrenoceptor agonists. As well, studies which have

investigated the dose-response ¡elationship have infused the a2-ad-renoceptor

agonist intravenously. The enhanced efficacy of c2-ad¡enoceptor agonists

administe¡ed intravenously as compared to inûarenally (Strandhoy et al,, L982)

indicâtes that systemic effects may be a problem in these studies. Consequently,

these previous studies may have failed to observe an existing differential effect of

c2-adrenoceptor stimulation on water and sodium exc¡etion,

The dose-response ¡elationship between the intrarenal infusion of an a2-

adrenoceptor agonist (clonidine) and the excretion of sodium and water was

therefore investigated. The dose-related dissociation ¡n the excretion of water and

sodium suggests that a2-adrenoc€ptor stimulation may be mediating these effects at

diffe¡ent sites in the kidney anüor by nvo independent mechanisms,
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METHODS

As previously described (Section 2), animals in these experiments \vere

surgically prepared to determine either (a) the pressor response to intravenous and

int¡arenal infusions of the c2-ad¡enoc€ptor agonist, clonidine (0, 0.1,03, 1,3, 10,30

and 100 ugßglmn; Sigma Chemical Co., St. I¡uig MO) or (b) the ø ravo response

to a continuous int¡a¡enal inû¡sion of vehicle (satine) or clonidine (0.1, 0.3, 1 o¡ 3

ugßElmtn) at a rate of 3.4 uVmin.

1 Pressor responsiveness. The pressor response to intravenous and intrarenal

infusions of the c2-adrenoceptor agonist clonidine (0, 0.1, 0.3, 1, 3, 10, 30 and 100

ugßlntn) was determined. After the surgical procedure, the preparation was

allowed to stabilize for 30 min, Intravenous infusions we¡e administered by the

jugular vein, For the intrarenal infusion, a flank incision was made and a 31 gauge

needle advanced through the aorta into the renal artery and secu¡ed with glue.

Each infusion rate lvas maintained until a steady state in blood pressure was

achieved,

2, Renal function. The renal effects of an intrarenal infusion of vehicle (saline) or

clonidine (0.1, 0.3, L or 3 ugßlmin) were determined. In addition to the surgery

previously described, an electromagnetic llow probe (2.0-2,5 mm, North Carolina

100 series) was placed a¡ound the renal artery fo¡ the measurement of renal blood

flow with a Carolina Analog Blood Flow Meter (Model FM501). After a 45 min

stabilization period, a 15 min control urine collection was obtained into a

preweighed tube, This was followed by the continuous inû¡sion of vehicle o¡

clonidine at 3,4 ¡¡Vmin, During these infusions four consecutive 15 min urine
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collec'tions were obtained. Tfuoughout the enti¡e experiment, saline was infused at

a rate of 97 uVmin,

In the above experiments, the increase in sodium and water excretion

observed following the administ¡ation of clonidine (3 ugßglmu.) may have been

secondary to the increase in blood pressure (approximately ã mm Hg), Therefore,

these experiments \yere repeated using a vascular occluder (a micrometer screw

clamp) to clamp the descending aorta proximal to the renal artery. The carotid

artery as well as the femoral artery were c¿nnulated to record blood pressure

proximal and distal to the clamp. The blood pressure recorded distal to the clamp

in the femo¡al artery represented the blood pressure at the level of the renal artery,

Thus, in the face of increased systemic pressure, the clamp was screwed down to

maintain a constant renal perfusion pressure, Sham experiments we¡e also

conducted whe¡e the occluder was positioned a¡ound the descending aorla, but \ryas

not screwed down with increases in systemic blood pressure, The femoral afery was

cannulated (PE60) for the measurement of post-occlusion blood pressure.

Following the infusion of clonidine, the aorta was partially occluded so that the

blood pressure measured in the femoral catheter remained constant with control

values.

To determine whethe¡ the diuretic and nat¡iuretic effects of clonidine were

mediated by c2-adrenoceptors, the response to clonidine (1 and 3 ug&g/min) was

repeated in the presence of prazosin (0.01 mg/kg; Pfize¡ Canada Inc., Kirkland,

Ontario), an ûl-adrenoceptor antagonist, or yohimbine (f mg/kg) ) an aZ-

adrenoceptor antagonist (van Meel et al,, l98lc), The protocol was as desc¡ibed

earlier except immediately afte¡ the surgical procedure prazosin or yohimbine rvas

administered as a bolus int¡avenous dose. In this series of experiments prazosin

failed to alter the response to clonidine, suggest¡ng either al-adrenoc€ptors were

not involved or altematively these receptors were not effectively blocked at the dose
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used, The effectiveness of al-adrenoc€ptor blockade by prazosin (0,01 mg/kg) was

evaluated in pithed rats. Rats rvere pithed under pentobarbital anesthesia by

inserting a blunt stainless steel rod (approximately 15-20 mm in diameter) through

the orbit of the left eye and foramen magr¡um down into the verteb¡al canal as

described by Gillespie et al. (1970). Immediately after pithing, úe trachea c¿nnula

was attached to a Ha:rard Apparatus Animal Ventilato¡. After a 30 min

stabilization period, the pressor response to clonidine and phenylephrine (0,1,0.3, 1,

3, 10, 30 and 100 ugßElmtn) was determined in the absence and presenc€ of

praznsin, Only one dose response curve was performed on an individual rat.

Statistical analyses were performed with analysis of variance followed by

Duncan's multiple comparison test to determine the location of significance. For

the second (aortic clamp) and third (pretreatment with yohimbine or prazosin) sets

of experiments, data we¡e again analyzed by analysis of variance (drug x clamp; drug

x condition respectively). Significant interactions were analyzed further with simple

main effects analyses and Tukey HSD tests (Winer, 1971), Data are expressed as

the mean l the S.E,M.
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RBSTJLTS

1. Effect of clonidine on blood pressure

The disparate effects of intravenous and intra¡enal infi¡sions of clonidine a¡e

shown in figure 3.1. Int¡a¡enal inft¡sion rates of clonidine at3 ugßglmn or greater

produced a sþificant increase in blood pressu¡e. Intravenous infusion of clonidine

resulted in a slight depressor response (not statisticålly significant) at lower infusion

rates (0.3, 1 and 3 ugßglnin) which reversed to pressor at the two highest doses

examined (30 and 100 rgßglmin) (fig.3.1).

The intrarenal infusion of clonidine resulted in a dose-¡elated inc¡ease in

urine flow rate (fig. 3.2) and f¡ee water clearance (fig. 33). Clonidine at 0.3 and 1

ugßglmn specifically increased urine flow rate 2,5- and 4-fold, respectively. Free

water clearance was also increased, These lower doses of ctonidine failed to alter

solute excretion as indicated by the lack of changes in sodium and potassium

excretion (fig.3.2) and osmolar clearance (fig. 33). Blood pressure and ¡enal blood

flow were unaltered (fig. 3.a). At an infusion rate of I ugkglmin, clonidine

significantly decreased creatinine clearance, The highest dose of clonidine studied

(3 ugßglnlur.) produced a fufher increase in urine flow rate (9.5-fold) and free

water clea¡ance, However, this high dose also increased sodium excretion (4-fold),

potassium excretion and osmola¡ clea¡ance. This high dose was slightly pressor,

reaching a level of significance during the fou¡th collection period, Creatinine

clearance was decreased but this did not ¡each a level of statistical significance.

Renal blood flow was unaltered (fig. 3.a).

The dose-dependent dissociation in the clonidine-induced alterations in

water and then sodium excretion is shown in figure 3.5. Clonidine infusions of 0.3
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and I ugßlmn increased u¡ine flow ¡ate with no change in sodium excretion. The

maximal infusion rate tested inc¡eased both water and sodium excretion. A similar

trend was found when free water clea¡ance and osmola¡ clea¡anc¿ were compared

(fig, 3.5) indicating an increase in solute exc¡etion only at the highest dose

investigated,

3. Effect of clonidine with the use of the aortic clamp,

Since blood pressure was significantly elevated with the high infusion rate of

clonidine, these studies were repeated using an aortic clamp to maintâin normal

renal perfusion pressures, At 3 ugkgmtn, clonidine increased blood pressure,

When the aortic clamp was used, blood pressure, as measured in the femoral afery,

was unaltered (fig. 3.6). Heart rate was decreased with clonidine, irrespective of

whether or not the aortic clamp was used, while creatinine clearance \ryas unaltered

(fig,3.6). The effects on urine flow, sodium excretion and potassium excretion are

shown in figure 3.7. Urine flow and sodium excretion were increased, both with and

without the use of the aortic clamp, The absolute increase in urine llow and sodium

excretion following the use of the aortic clamp is attenuated. These results indicate

that some, but not all of the effects of clonidine on sodium and water exc¡etion

could be attributed to an inc¡ease in systemic blood pressure and renal perfusion

pressure. Potassium excretion was unaltered. F¡ee water clearance was elevated

with clonidine, and this effect appears to be med¡ated independently of the change

in blood pressure (fig. 3.8). Conversel¡ osmola¡ clearance was increased only when

the systemic blood pressure was elevated (fig. 3.8). Finall¡ urine osmolality was

decreased with clonidine, and this decrease occured regardless of whethe¡ the aortic

clamp was used or not (fig.3.8).
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4, Effect of pretreatment with yohimbine or prazosin.

The int¡arenal infr¡sion of clonidine in the presenc€ of al- or az-

adrenoceptor blockade by pretreatment with prazosin or yohimbine, respectively,

had no significant effect on creatinine clearance (fig. 3,9) or potassium excretion

(fig. 3.10). Clonidine increased blood pressure at 3 ugßglmn in both control and

praznsin pretreated animals, Pretreatment with yohímbine attenuated this inc¡ease

in blood pressure (fig. 3.9). Heart rate was decreased by both infusion rates of

clonidine. PretreatÍrent with prazosin did not alter this effecÇ while pretreatment

with yohimbine attenuated the decrease in heart rate at the I ugk{min infusion

rate of clonidine (fig. 3.9).

Pretreatment with yohimbine resulted in a significant attenuation of the

renal effects of clonidine on urine flow and sodium excretion (fig. 3.10).

Furthermore, the effect of clonidine on free water clearance and urine osmolaliry

was also attenuated (fig. 3.11). Pretreatment with prazosin failed to attenuate the

dose-related inc¡ease in u¡ine flow and sodium excretion (fig. 3.10). As well, while

urine osmolality and osmola¡ clearance were unaltered in the presence of prazosin,

the response to f¡ee water clearance was partially decreased (fig.3.10), The failure

of prazosin to alter the renal effects of clonidine was not related to an inadequate

blockade of cl-ad¡enoceptors since the pressor response to phenylephrine was

significantly attenuated by this dose of prazosin (fig. 3.12). P¡azosin (0.01 mg¿(g)

attenuated the pressor response to phenylephrine (ED5g mm Hg = 7.5 t 1.4 vs,

32.2 t 2.2 ugßglmin, p.0.05), but not to clonidine ED mm Hg = 1.9 I 0.2 vs.

3.9 t 1.8 ugßglmin). The data suggest that the observed effects of clonidine were

mediated by c2-adrenoceptors,
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DISCUSSION

P¡evious studies have reported an enhanced renal response to clonidine

when administered systemically as compared to an intrarenal infusion (Strandhoy e,

al., 1982), Similarly, we have found a disparity between the pressor response to

clonidine when infused into the jugular vein and inñ¡sed directly into the renal

artery. The intra¡enal inñ¡sion produced only a presor response, whe¡eas the

intravenous infusion produced an initial depressor response, which was not

statistically sþificant, followed by a pressor response at higher infusion rates, An

intrarenal infusion was used in an attempt to avoid systemic effects of the az-

adrenoceptor agonist which may have indirectly altered electrolyte excretion. The

intrarenal infusion of clonidine at 0.3, 1 and 3 uglk{min produced a dose-related

increase in u¡ine volume, However, an increase in sodium and potassium excretion

and an increase in osmolar clea¡ance was only observed at the highest infusion ¡ate

investigated Q ugßg/min). Furthermore, clonidine produced a dose-related

dec¡ease in urine osmolality and an increase in f¡ee water clearance.

The mechanism by which clonidine mediated this dose-dependent effect on

water and then solute excretion is not known. The clear dissociation of the effects

of clonidine on sodium and wate¡ excretion, suggests two independent mechanisms

may be involved as previously postulated (Strandhoy et al., L982). Yohimbine

pretreatment (1 ngkg), shown previously to block a2-adrenoceptors (van Meel et

c/,, 1981c), attenuated the renal response to clonidine. Pretreatment with an ct-

adrenoccptor selective dose of prazosin (0.01 mg/kg) failed to attenuate these tenal

effects of clonidine. This suggests that the renal effects of clonidine, in this

preparation, are mediated by a2-adrenoceptors.

The ability of c2-adrenoceptor stimulation to increase both the excretion of

sodium and water has been well documented both in vivo (Gellai and Ruffolo, 1987;
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Miller, 1980; Roman e, ¿1., 1979; Stanton et al., L987; Strandhoy et al., 1982) and in

vrfro preparations (Krothapalli et a1.,1983; Krothapalli and Suki, 1984; Smyth e/ al.,

1984; 1985a). In contrast to the present study, these previous studies failed to report

a dose-dependent dissociation of the effects of an c2-ad¡enoceptor agonist on \ ater

and sodium excretion. The apparent discrepancy may have occurred for two

reasons; the high doses investigated in previous studies and/or tlre route of drug

administration,

Studies utilizing only one or two doses of an c2-adrenoceptor agonist have

observed a concomitant inc¡ease in sodium and water excretion (Gellai and Ruffolo,

1987; Miller, 1980; Roman et al., 1979i Stanton et al., L987t Strandhoy et al., 1982).

These studies administered doses which were p¡essor and/or produced a hypotonic

urine. This same effect was observed in the present study only with the maximal

infusion rate investigated. This was approximately 30 to 100 times greater than the

dose which selectively increased urine volume but not sodium excretion, Moreover,

the studies of Strandhoy ef al. (1982) demonstrated that the int¡avenous infusion of

an c2-adrenoceptor agonist produced a greater effect on sodium and water

excretion than when the same dose was administered directly into the renal artery,

These results suggested that the int¡avenous route of administ¡ation may have

additional systemic and/or central effects. Thus, previous studies which investigated

high intravenous doses of an a2-adrenoceptor agonist would have failed to observe

the dose-related dissociation in water and sodium excretion,

The mechanism(s) by which clonidine selectively increases water and then

sodium excretion is (are) unknown. Previous studies have proposed that the effects

of c2-adrenoceptor agonists we¡e mediated by the inhibition of the ¡enal effects of

vasopressin (Smyth et al., l985ai Strandhoy et al., 1982). The effects ofvasopressin

on sodium and water excretion a¡e va¡iable depending on the preparation utilized,

1¿ yifro studies with the isolated perfused rat kidney (Lieberthal ef ø/., 1987; Smyth
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et al., 1985a) and in isolated nephron segments (Krothapalli et al., 1983; R.eú et al.,

1986) have demonstrated a decrease in water and sodium excretion after the

administration of vasopressin. ln in vivo preparations, vasopressin has been shown

to decrease water excretion but increase urinary sodium excretion (Balment et aI.,

1986b; Fejes-Toth and Szenasi, 1981; Mafinez-Maldonado et al.,l97L). The ¡eason

for the discrepancy between in vivo utd in vitro prepantions in relation to sodium

excret¡on is unclear. It may be related to the seconda¡y release of a factor in the ¡n

vivo situation, such as oxytocin (Balment et al., L986a) and,/or prostaglandins

(Lieberthal et al,, 1987). The dose-dependent effects of a2-adrenoceptor agonists

may be due to a dose-dependent difference in antagonism of these other factors.

Clonidine was infused directly into the renal artery to avoid systemic effects.

The decrease in heart rate observed at all infusion rates studied and the increase in

blood pressure at the high infusion rate, indicate extrarenal effects may have been

involved, At the high infusion rate, blood pressure increased approximately 25 mm

Hg with an increase in urine flow rate to 2ll ! 16 ¿Vmin as compared to 26 t5
¿Vmin in the cont¡ol group. Roman and Cowley (1985) have repofed that a similar

increase in blood pressure only increased urine flow from approxim ately 20 uUmin

in the control group to 40 u|min. Moreover, when renal perfusion pressure was

maint¿ined constant during infusions of clonidine (3 ugßglmin) by the use of an

aofic occluder above the renal artery clonidine still increased urine flow and

sodium excretion, The absolute increase in urine flow and sodium excretion in the

blood pressure controlled group was slightly, but significantly less than that observed

in the group whose renal perfusion pressure rvas not held constant, Thus, the

conÍibution of the increased blood pressure to the ¡esults is minimal. Some, but

certainly not all of the effects of clonidine seen in this study can be attributed to a

pressure-diuresis and a pressure-natriuresis phenomenon. Similarl¡ the decreased

heart rate observed in the present study indicated that clonidine may also have had
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a central effec't which would have decreased the level of activity of the sympathetic

neryous system (Koepke and DiBonq 1986; Pettinger, t975). This effect would

decrease the level of activity of ¡enal al-adrenoceptors which mediate sodium and

water retention (Smflh ef ø1., 1985b). This appears unl¡kely, inasmuch as a dec¡ease

in ¡enal al-adrenoceptor activity would not have also produced a decrease in u¡ine

osmolality and an increase in free water clearanc€ as seen in the present study.

Prazosin pretreatment failed to alter the response to clonidine suggesting

tlrat cl-ad¡enocÊptors were not involved, Moreover, the remaining hypertrophied

kidney in cfuonically uninephrectomized rats functions as if "physiologically

denervated" (Szenasi et al., 1988), suggesting any central actions of clonidine would

have had negligible effects on renal nerve activig. Altematively, clonidine may

inhibit the central release of vasopressin as suggested by Barr and Kauker (1979). A

more recent study demonstrated that clonidine does not reduce plasma vasopressin

in the rat (l,e,ander et al,,1985),

In addition to the central effects, it is possible that clonidine may have

stimulated presynaptic o2-adrenoceptors. This would ¡esult in a decreased release

of norepinephrine in the kidney (Jeffries et al,, 1987), causing a decrease in the

level of activity of al-adrenocepto¡s which mediate sodium and water retention in

the rat (Smyth el al., 1985b). As discussed above, this site of action would not be

consistent with the observed dec¡ease in urine osmolality and inc¡ease in free water

clearance.

In summary stimulation of renal c2-adrenoceptors with low infusion rates of

clonidine produced an inc¡ease in water excretion. At higher infusion ¡ates of

clonidine, sodium and potassium excretion we¡e also increased, The observed effect

on free water clearance at lower infusion rates is consistent with the postulate that

the ¡enal effects of a2-adrenoceptor stimulation a¡e mediated by the inhibition of
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the renal effects of vasopressin. However, the increase in both sodium and water

excretion at higher doses of clonidine may involve another mechanism,



4

Enhanced Natriurctic Potency of Intravenous Clonid¡ne: Extra¡enal Site ofAction?

The data in this section have been presented as an abstract at the Federation of
American Societies for Expe¡imentaf Biolog meetings, Las Vegas, 1988 (FASEB J.
2(4)'A793, tJSt).Jtres_e_Oþta have,alslr beeT p¡gvlgqily publishëd:' Blancùford, D.E.
and Smyth, D.D., Eur. J. Pharmacol. 174:181-188, 1989.

S¿r¡eps!!:

Other laboratories have demonstrated that intravenous administration of clonidine resulted in

a conc¡mitant increase in water a¡d sodium excretion. In contrast, ín the previous section, low

intra¡enal i¡fi¡sion rates ofclonidine s,ere shown to selecrively increase water excretion, whereæ higher

infusion fates were required to íncrease solute excretion, This suggested that the renal effects of c2-

adrenoc€ptor stimulation may b€ mediated at two independent sites or by two independent

mechanisms of action, To determine if one of these sites or mechanisms of action was an extfarenal

one, the dose response curve for an intravenous infr¡sion ofclonidine on water and solute excretion was

c.ompared to that of an intrafenal infr¡sion of clonidine, Uninephrectomiz€d rats were anesthefized and

the remaining kidney isolated for the collection of urine. Clonidine (0.1, 03, 1 or 3 uglkg/min) or

vehicle (saline) was administered either intravenously or intrarenally. Both intravenous and intrarenal

administration of clonidine produced a dose selective dissociation of water and solute excretion, that is,

at low infusion rates only urine volume was increased. Higher infusion rates lvere required to increase

sodium excretion. In addition, intravenous administration of clonidine was more potent in producing a

natriuresis, suggesting that the renal effects may b€, in part, secondary to additional peripheral and/or

c€ntral €ffects of this agonist following this route of administration.
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INTRODUCTTON

Previous studies have shown that stimulation of o2-adrenoceptors ln vivo is

associated with an increase in both sodium and water excretion (Gellai and Ruffolo,

1987; Miller, 1980; Roman et ø1.,t97* Slanton et al., 1987; Strandhoy et al., L982).

These effects have been attributed to either a di¡ect antagon¡sm of the renal effects

of vasopressin, a decrease in the central release of vasopressin and,/o¡ other

independent mechanisms un¡elated to vasopressin (Baranowska et al., 19871,

l-eander et al., L985),

Strandhoy et al. (1982) proposed that the effects of renal c2-adrenoceptor

stimulation on sodium and wate¡ exc¡etion appeared to be mediated by independent

mechanisms. If the changes in sodium and water excretion following a2-

adrenoceptor stimulation are indeed mediated by different mechanisms, then a

dissociation in sensitivity of these mecha¡isms to oz-adrenoceptor agonists would be

expected to occur. In the previous sectior! a dose selective dissociation of water and

then sodium excretion following a2-adrenoceptor stimulation with clonidine infused

directly into the renal artery was reported (Blandford and Smyth, 1988b - Section 3).

A diuretic effect was observed at low infusion rates of clonidine (0.3 and I

ugß!mn), while a natriuretic effect was observed only at the maximal infusion

rate tested (3 uglkglmin). These results were consistent with the postulate that a2-

adrenoceptor stimulation may be mediating the increase in water and sodium

excretion at diffe¡ent sites in the kidney and/o¡ by two independent mechanisms,

If the natriuretic effect of a2-adrenoceptors is mediated predominantly at

renal sites, then one would anticipate that a direct intrarenal infusion would have

greater potency. Conversely, if an extrarenal site is involved, then an intravenous

infusion would be expected to be simila¡ or have a more potent effect on sodium

excretion than an intrarenal infusion. Therefore, in the present study, the renal
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effects of inuavenously infi¡sed clonidine were oompared to the effects of clonidine

infused directly into the renal artery.



METHODS

As previously described, (Section 2) male Sprague Dawley raß (2Ã0-2?5 g)

were unilate¡ally nephrectomized (7 to 10 days prior to the experiment day) and

surgically prepared to compare the difference between the renal response to

intravenous and int¡a¡enal infi¡sions of the c2-ad¡enoceptor agonist" clonidine. The

left jugular vein of the rats receiving intravenous infusions of clonidine was

cannulated with two lines; (PE160) for the infusion of saline (97 zVmin) and (pE2O)

for the continuous infusion of vehicle o¡ clonidine. For the rats receiving infusions

directly into the renal artery, only one line was placed into the jugular vein (pE160)

for the infusion of saline. For the di¡ect int¡a¡enal infr¡sion of the clonidine, the left

kidney was exposed by a flank incision and the ureter cannulated (pE50). A 31

gauge needle was advanced through the aorta into the renal artery and secured with

glue. Finall¡ an electromagnetic flow probe was placed on the ¡enal artery for the

measurement of renal blood flow.

Following a 45 min stabilization period, urine was cotlected fo¡ 15 min in a

pre-weighed tube. This was followed by the continuous infusion of vehicle (saline)

o¡ clonidine (0.1, 0.3, I or 3 ugßglmin) at a rate of 3.4 uVmin into either the

jugular vein or the renal artery. Only one infusion rate was investigated in each rat,

Four consecutive 15 min urine samples were collected during this infusion. Urine

volume was determined gravimetrically. A plasma sample was obtained at the end

of the experiment.

Statisticål analyses of the intravenous infusions ve¡sus the int¡arenal

infusions were performed with a two-way, repeated measures analysis of variance

(route of administration x dose of clonidine). Significant interactions (i,e., where

the dose of clonidine had diffe¡ent effecs depending on the route of administration)

were anaþed further with simple main effects analyses and Tukey HSD tests
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(Winer, 1971). Data are presented as the mean + S.E,M., and a¡e taken from the

last thee collection periods (i.e., 15 to 60 min afte¡ the infusion of clonidine was

begun). Each group represents 5-8 animals,



RESI'LTS

Both int¡arenal and int¡avenous administ¡ation of clonidine produced a

dose-¡elated dissociation of water and solute excretion (fig. a,1). Intra¡enal infr¡sion

rates of 03 and 1 uglk{mn significantly inc¡eased u¡ine flow rate without an

accompanying increase in sodium excretion. At the ma¡cimal infusion rate tested (3

ugß!mn), both u¡ine flow rate and sodium excretion were increased, Similarly,

an intravenous infusion of 0,3 ugßglmn clonidine sþificantly increased u¡ine flow

without a concomitant inc¡ease in sodium excretion. At highe¡ intravenous infusion

rates (1 and 3 ugkglmin), clonidine increased both urine flow rate and sodium

excretion, The effects on free \ryater clearance and osmolar clearance are parallel to

that of urine volume and sodium excretion respectively (fig. a.4.

For the purpose of comparison, intravenous and intrarenal infusions of

clonidine we¡e analyzed by a two-wa¡ repeated measures analysis of variance (route

of administration x dose of clonidine). A significant interaction effect was noted for

blood pressure. The intrarenal infusion of clonidine only increased blood pressure

at the maximal infusion rate tested (fig. a3). Intravenous infusions significantly

decreased blood pressure at 0,1 ugß{min and increased blood pressure at 1 and 3

ugßlmin clonidine (fig. a3). Significant main effects (route of administration)

were observed for both heart rate and creatinine clearance, Heart rate was

decreased to a greate¡ extent by clonidine administered intravenously as compared

to an intra¡enal administration (fig. a.a). Creatinine clearance, also, was dec¡eased

when clonidine was administered intravenously as compared to an intrarenal

administration (fig. a3). Renal blood flow was unaltered (data not shown).

A significant dose-related increase in urine flow rate was observed, with

u¡ine flow increased at 0.3, 1 and3 ugßglmin clonidine irrespective of the ¡oute of

administration (fig. a.a). At the 1 ugßglmin infusion rate, the int¡avenous
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administrat¡on of clonidine had a greater effec't on urine flow rate as compared to

the int¡arenal route. Sodium excretion demonstrated a significant main effect

(route of administration) and interac.tion effect, The intrarenal infusions of

clonidine increased sodium excretion only at the maximal dose tested (3

ugßglmn), while the intravenous infr¡sion increased sodium excretion at both 1

and 3 ugßlmn $g. a,Ð. Moreover, intravenous inñ¡sions of clonidine at 0.3, 1

and 3 ugß{min had a greater effect on sodium exc¡etion than clonidine

administe¡ed directly into the renal afery, The same trend was noted for osmolar

clea¡ance. Intrarenal clonidine only increased osmola¡ clearance at the maximal

dose tested, while the intravenous infusion inc¡eased osmolar clea¡ance at 1 and 3

ugßlmn (fig. a.5). Again, clonidine administered intravenously had a grearer

effect on osmolar clearance than intra¡enally administered clonidine at 0.3, 1 and 3

ugßglmn.

F¡ee water clearance was increased at all doses tested, and this inc¡ease was

observed irrespective of the route of administration (fig. 4,5). Urine osmolality was

decreased at all doses, again, irrespective of the route of administ¡ation (fig. a.5),

and, polassium exc¡etion was unalte¡ed (fig, a.a).
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DISCUSSION

Previous studies have reported on the renal effects of az-adrenoceptot

agonisæ administered systemically (Barr and Kauker, 1979; Gellai and Ruffolo,

1987; Miller, 1980; Roman et al., 1979; Stanton et al., t987; Strandhoy et ø1., 1982).

In most of these studies, only one or two doses of the a2-adrenoceptor agonists were

utilize{ and this dose was generally pressor and,/or produced a hypotonic urine, AII

these studies, however, demonst¡ated a concomitant inc¡ease in water and sodium

excretion following c2-adrenoceptor stimulation. This is in contrast to the results of

the previous section which reported a clear dose-¡elated dissociation of wate¡ and

then solute excretion following c2-adrenoceptor agonist administration directly into

the renal artery (Blandford and Smyth, 1988b - Section 3), This is consistent with

the findings of Strandhoy et al,, (1982) who reported an enhanced diuretic and

natriuretic response to a single dose of guanabenz infused intravenously as

compared to a dkect intrarenal aferial infusion, This suggested that sodium and

water excretion following a2-adrenoceptor stimulation may involve an extrarenal

site of action. The present study characte¡ized the dose response to a2-

adrenoceptor stimulation following an intravenous infusion of clonidine. This

response was compared to that of an intrarenal infusion of clonidine. If an

extrarenal site of action mediated the response to an intrarenal infusion of

clonidine, then one would anticipate a similar o¡ an enhanced response following

intravenous infusion, Conversel¡ if the effects we¡e mediated only at renal sites,

then an intravenous infusion would have a similar o¡ a lower potency than an

intra¡enal infusion,

In the present study, an intrarenal infusion of clonidine was compared to an

intravenous infusion of clonidine, An intrarenal infusion of clonidine produced a

dose-¡elated dissociation of water and solute excretion which was consistent with
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that repofed in the previous sect¡on (Blandfo¡d and Smyth, 1988b - Section 3).

Moreover, an intravenous infr¡sion of clonidine also produced a simila¡, but weaker

dose-related dissociation, The same infusion rates of clonidine, whether

administered by an intravenous or intra¡enal route, increased u¡ine volume and

water excretion. However, one intravenous inft¡sion rate (l ugkglmin) significantly

increased u¡ine florv as compared to the same rate of an intra¡enal arte¡ial infi¡sion

of clonidine, Sodium excretion and osmolar clearance differed between the two

routes of administ¡ation in that lower inft¡sion rates increased sodium excretion

when given by the intravenous route but not when given by the intrarenal ¡oute.

While the intrarenal infusions increased sodium excretion only at the maximal

inft¡sion rate tested, the int¡avenous infusions had a greater potency, increasing

sodium excretion at both 1 and 3 ugßglmn. This suggests that independent

mechanisms may be mediating sodium and water excretion following the infusion of

an a2-adrenoceptor agonist.

These results are in contrast to those previously observed, whe¡e infusion of

a2-adrenoceptor agonists produced a concomitant increase in both urine volume

and sodium excretion (Gellai and Ruffolo, 1987; Miller, 1980; Roman et øt., t979;

Stanton et al., 1987; Strandhoy et al., 1982). The reason for this discrepancy is

unclear. It may be ¡elated to the fact that a2-adrenoceptor agonists in many of these

studies were administered in only one o¡ two doses which were pressot or produced

a hypotonic urine, As such, the threshold dose for the selective increase in urine

volume may have been missed.

The mechanisms by which clonidine selectively increased water and then

sodium excretion, and has an apparent great potency when given intravenously,

remains unclear, Vasopressin increases cAMP production in the medullary and

cortical segments of the thick ascending limb of Henle and in the coilecting tubules

(Umemura et ø1,, 1985). In the collecting tubules, vasopressin increases the
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permeability to water (Krothapalli et al., 1983). In the thick ascending limb

vasopressin increases sodium reabsorption (Hebert et al,, Lg84). However, c2-

adrenoceptot stimulation has only been associated with an inhibition of vasopressin-

induced CAMP formation in the cofical collecting tubule (Umemura et al., l9*5a).

Moreovel, a2-adrenocepto¡ stimulation has also been associated with a decrease in

water permeability in this segment (Krothapalli and Suki 1984). Consequently, a

low int¡a¡enal infision rate of clonidine would conc€ivably antagonize the effects of

vasopressin in this segment and decrease rvater permeability (Krothapalli and Suki,

1984) thereby selectively increasing water exc¡etion. Vasopressin has been reported

to increase sodium reabso¡ption in a number of nephron segments (F,lalouf et al,,

1984; Hebert et al,, L984; Reú et aI., 1986). Higher intrarenal infusion rates of

clonidine may have decreased the central release of vasopressin. This has been

previously reported for the c2-adrenoceptor agonist, clonidine (Barr and Kauker,

1979; Roman et al., L979). This in tum would have decreased the antinatriuretic

effect of vasopressin in the kidney and consequently increased sodium exc¡etion.

On the othe¡ hand, the intravenous infusion of clonidine may have functioned

predominantly to decrease the central release of vasopressin. This would have

dec¡eased both the antidiu¡etic (cortical collecting tubule) and antinatriuretic (thick

ascending limb) effects of vasopressin,

One can also consider the postulate that the systemic ¡evels of clonidine were

lower during intra¡enal infusions as compared to intravenous infusions, since it is

likely that a p¡oportion of the intrarenally infused clonidine was ultrafiltered and

eliminated. As such, it is possible that the differences may be of a pharmacokinetig

rather than a pharmacodynamic nature. However, since plasma vasopressin and

circulating clonidine levels were not measured in the present study, this contention

remains speculative. It is interesting to note, however, that the dose of clonidine

which has been previously shown to inhibit vasopressin ¡elease (Roman et at., L979)
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is simila¡ to the ma,ximal infusion rate used in the present study. On the other hand,

in a mo¡e rec¿nt study, another a2-adrenoc€ptor agonist BHT-933 was found to

have had no effect on plasma vasopressin levels (Gellai and Edwards, 1988).

The natriu¡etic effect of clonidine may have been mediated by a number of

other extra¡enal factors independent of vasopressin. Firstl¡ Baranowska et al,,

(1987) demonst¡ated that clonidine, in a bolus dose of 50 ugßg, significantly

increased the plasma levels of atrial naÍiuretic peptide. Thus, tow doses of

clonidine administered directly into the renal artery may result in an antagonism of

the renal effects of vasopressin, producing a diuresis. High doses may stimulate the

¡elease of atrial natriu¡etic peptide resulting in both an increase in urine volume

and sodium excretion. This would also be consistent with the inc¡eased natriu¡etic

potency of clonidine following an intravenous infusion as compared to an intra¡enal

infusion. Secondl¡ Balment et al,, (L986) demonstrated that the natriuretic

response to vasopressin in vivo ß potentiated by concurrent administ¡ation of

orytocin. While the role of orytocin in this preparation is unknown, it is conceivable

that clonidine may alter the release of the neurohypophysial hormones such that the

oxytocin to vasopressin ratio is altered. If the net effect is a relative inc¡ease in

oxytocin levels, this may result in a synergistic action between oxytocin and

vasopressin to enhance sodium exc¡etion. This synergistic effect has been

demonst¡ated in the rat (Balment et al., 1986a; Con¡ad et al., L986; Edwards and

LaRochelle, 1984).

Intravenous clonidine decreased heart rate at all infusion ¡ates studied and

further decreased heart rate at the maximal infusion tate tested (3 zgßglmin).

Blood pressure was decreased at the low infusion rates and inc¡eased at the high

infusion ¡ates. These results suggest both a central and systemic effect of clonidine.

A central effect of ctonidine could result in a decrease in the level of activity of the

sympathetic nervous system (Koepke and DiBona, 1986), whereas a systemic effect
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could result in stimulation of presynaptic a2-adrenoc€ptors in the kidney (Jeffries et

at., 1987). Both of these effects would dec¡ease the release of norepinephrine in the

kidney. This would subsequently decrease the level of activation of renal ct-

adrenoceptors resulting in an increase in sodium and water exc¡etion (Smyth e/ a/.,

1985). While plausible, this appears unlikely since a decrease in renal c1-

adrenoceptor activity is not consistent with a decrease in urine osmolality and an

inc¡ease in free water clea¡ance as observed in the present study. In addition, the

remaining hypertrophied kidney in chronically uninepbrectomized rats functions as

if physiologically denervated (Szenasi et aI., 1988) and consequently any central

actions of clonidine would have had negligible effects on renal nerve activity. The

greater decrease in heart rate observed at the maximal infusion rate tested may be

secondary to the increased blood pressure. However, the contribution of the

increased blood pressure (15 mm Hg in this particular study) to the observed ¡enal

effects would also be expected to be negligible (Roman and Cowle¡ 1985; Section

3).

In summary, the comparison of a2-adrenoceptor stimulation following either

int¡avenous or intrarenal infusions of clonidine produced a dose-related dissociation

of wate¡ and solute excretion, This is in contrast to the concomitant inc¡ease in

water and solute excretion following d2-adrenocepto¡ stimulation by clonidine and

the other a2-adrenoceptor agonists administered intravenously as previously

described (Gellai and Ruffolo, 1987; Miller, 1980; Roman ef a1.,1979 Stanton e, 4/.,

1987; Strandhoy et al., 1982). Furthe¡, the intravenous infusions appear to be more

potent for the excretion of sodium, These ¡esults are consistent with the postulate

that water excretion may be mediated by direct renal effects (anøgonism of

vasopressin), whereas solute excretion may be mediated by other extrarenal factors.

Moreover, these studies indic¿te that the investigation of the physiological role of

renal az-adrenoceptors by an intravenous infusion of agonists may be inappropriate.
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5

Clonidine.Induced Diu¡rsis cnd Natriu¡esis Does Not Inyolve Atriat Natriuretic

Peptlde Release

The data in this section have been p¡esented at the Federation of American
Societies for Expe¡imental Biologr meeiings, T as !sg¿5, 1988 (FASEB J.2(4):A793,
1988).

Svnoosis:

In previous sections (Sections 3 & 4) low dos€s of intrarenal clonidine increased only the

excretion of water. Higher doses also increased sodium and potâssium excretion. It was postulated

that low doses of clonidine antagonized the rena¡ effects of vasopressin, while higher doæs may releæe

atrial natriuretic peptide (ANP). In this æries of experiments, the effects of an intra¡enal infusion of

clonidine on renal function and on plæma ANP levels were determined, Unilaterally nephrectomized

rats weÍe anesthetiz€d, and the c¿rotid artery and jugular vein cån¡ulated for the recording of blood

pressure and the infusion of saline (97 uVmin) respectively. The left kídney was exposed, and the

ureter cannulated for the collection of urine, A 3l-gauge needle s¡as advanc¡d into the renal artery for

the infusion of vehicle (saline) or clonidine (1, 3 ot l0 uglkglmin) at 3.4 uVr n. plasma samples were

taken both before and during the infusion of clonidine, for the measurement of plasma ANp levels

(radiorecrptor assa¡ Amersham). I¡w dose s of clonidine (l ugryÍtú) increase d only urine volume

and free water clearanc€, Higher doses of clonidine (3 and 10 ugkglmin) increased both sodium and

n¡ate¡ excretion a¡d osmola¡ clea¡anc€, Although ANP levels appeared to be slightly elevated at the

higher infrsion rates, no relationship was found between sodium excretion and ANp levels These

results indicate that, at the doses tested, ANP is not involved in the clonidine-induced diuresis and

natriuresis,



INTRODUCTION

Renal c2-ad¡enoceptor stimulation has been shown to inc¡ease the exc¡etion

of both sodium and water (Gellai and Ruffolo, 1987; Miller, 1980; Roman et a/.,

1979; Sønton et al., 1987; Strandhoy et al,, 1982), This has been attributed to a

direct antagonism of the renal effects of vasopressin (Krothapalli et a/., 1984; Smyth

et al,, 1985a), Alternativel¡ a2-adrenoceptor agonists may function to decrease the

endogenous ¡elease of vasopressin (Barr and Kauker, L979) ot to both dec¡ease the

central release as well as antagonize the ¡enal effects of vasopressin (Strandhoy et

al., 1982), In the Brattleboro rat which lacks endogenous vasopressin, infi¡sion of

a2-adrenoceptor antagonists resulted in an antinatriuresis and an ant¡diuresis

(Farjam and Greven, 1989), suggesting that the effects of a2-adrenoc€ptor

stimulation may not be directly linked to vasopressin. In this regard clonidine, an

o2'adrenoceptor agonist has been shown to inc¡ease sodium and water excretion

(Miller, 1980), as well as to increase the plasma levels of atrial natriuretic peptide

(ANP) (Baranowska, 1987). This increased level of ANp may accÐunt for the

diuresis and natriuresis. Thus, a numbe¡ of altemate explanations exist for the

natriuretic action of c2-adrenoceptor agonists.

A previous section documented a dose-related dissociation in the actions of

clonidine (Blandford and Smyth, 1988b - Section 3). It was postulated that two

independent mechanisms or sites of action may be involved, The setective increase

in water excretion at low infr¡sion rates woutd be consistent with eithe¡ an

antagonism of the renal effects ofvasopressin o¡ a dec¡ease in the central release of

vasopressin, The increase in both sodium and wate¡ excretion at the high infi¡sion

rates, however, may involve another mediato¡. In the present study we postulated

that the natriuretic effect of a high infusion rate of clonidine may be secondary to an

inc¡ease in the release of ANP. Therefore plasma ANP levets we¡e measured in the
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presenc€ of three levels of clonidine infusion; a lower infusion rate which increased

only water excretion and two high infusion rates which would be expected to be

associated with increased solute exc¡etion.



METTIODS

1. In Øyo Renal Function

Male Sprague Dawley rats, weighing 200-225 g, rvere unilaterally

nephrectomized (right kidney; ether anesthesia) 7 to l0 days prior to the

experiment. On the day of the experiment, the rats we¡e anesthetized with

pentobarbital (Nembutal; 50 mgÂg i.p.) and surgically prepared as described

previously (Section 2). Following surgery and a 45 min stabilization period, a 15

min cont¡ol urine sample was collected, and a 0.5 rrl blood sample was taken, This

was followed by the continuous infusion of clonidine (1, 3 or 10 ugÆ<g/min) at a rate

of 3,4 uUmul During these infusions, th¡ee consecutive 15 min urine samples were

collected into pre-weighed tubes, Thus the experimental urine collection periods

were 60-75,75-90 and 90-105 min after the start ofstabilization. TWo additional 0.5

ml plasma samples were taken; one at the end of the second urine collection period

(after the start of the clonidine infusion), and one at the end of the experiment.

Plasma samples used in the measurement of plasma ANp levels were placed

into tubes containing I mg EDTAy'nrl of blood and 100 ul (500 KIU/ml whole

blood) protease inhibitor (Aprotinin/ml of blood. Blood samples were spun at 4t
at 2000 x g for 30 min, and immediately the¡eafter separated and stored at -ßoC.

ANP levels were then determined with a radioreceptor assay (Amersham).

2. Atrial Natriuretic Peptide Radioreceptor Assay

The plasma sample was purified by direct Sep-pak chromatography using the

following procedure. The Sep-pak Cr8 cartridge was pre-washed with l0 ml

ethanol:water:acetic acid (90:6ra) and 10 ml 4Vo acntic acid at a flow rate of less

than 5 mVmin, The plasma sample was applied to the cartridge, washed with 5 ml
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4Vo acetic acid and eluted c¡ith 3 ml of the ethanoli\ ater:acetic acid sotution. The

sample was then d¡ied.

Radioreceptor assays \vere performed by incubating 200 ¿l of t¡acer (30 kBq,

0.8 ¡rCit3-[21]iodotyrosylælcANp), 100 ut of ptasma sample and 200 zl of receptor

(prepared f¡om bovine adrenal glands) to yield a linat votume of 500 ul. All

experiments were performed in duplicate. The mixture was incubated for 90 min at

25oC. The receptor bound fraction was then separated by 30 min of centrifugation

at >2000 x g at 4 t. tle supernatant was discarded, the tubes d¡ained for 5 min

and counted for 60 sec in a gamma scintillation counter.

statisticål analyses for both the renal function studies and the radioreceptor

assay were performed with an analysis of variance, significant effects were further

analyzed with Tukey HSD tests. Data are expressed as the mean ! S.E.M.



RESI,JLTS

1, Renal function

Blood pressure and creatinine clearance was monitored at 15 min intervals

throughout the experiment. There was no diffe¡ence in eithe¡ blood pressure or

creatinine clea¡ance between the groups during the control urine collection (fig,

5.1). However at both 3 urd L0 ugk{min infi¡sions of clonidine, blood pressure

and creatinine clearance were significantly increased from the respective conúols

during the second and thi¡d collection period (fig. 5.1). Heart râte was decreased

(fig. 5.1) in all groups immediately after the start of clonidine infusion irrespective

of the infr¡sions rate utilized. Moreover, there was no diffe¡ence between the threc

infusion rates of clonidine at any given time period,

Electrolyte and water excretion during the control collection period (45-60

min) was not different between groups (fig. 5,2), Following this control u¡ine

collection, the intrarenal infusions of clonidine (1, 3 or l0 ugßlmn) were begun.

Int¡arenal infusions of clonidine produced a dose-¡elated increase in urine volume

and sodium excretion that rvas most evident during the first and second collection

period after the infusion of clonidine was begun (i.e., 60-75 and 75-90 min) (fig, 5.2),

Moreover, clonidine infusions of 3 and L0 ugk{mn increased u¡ine flow rate and

sodium excretion as compared to the I ugßlmn infusion of clonidine. By the

thi¡d collection period, however, this difference between the doses of clonidine was

not significant, Potassium excretion was unaltered by t ugkg/min infusion of

clonidine, increased by 3 ugßg/min infusion of clonidine during the second and

third collection periods and increased by l0 ugßlmin infusion of clonidine during

the third collection period, each compared to its respective control collection,

However, there was no significant difference between the groups at any given time

period (fig.5.2).
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Free water clea¡anc¿ was inc¡eased in a dose-¡elated manner (fig, 5.3).

While there was no difference between groups during the control collection, free

water clea¡ance was increased by 3 ugßg/mn infusion of clonidine as compared to

L ugßglmn. Similarl¡ L0 ugßlmn clonidine increased free water clearance as

compared to 3 ugßglmn infusions of clonidine, Osmola¡ clea¡ance was unaltered

by the 1 ugßlmn infusion of clonidine, increased by the 3 ugßglmn infusion of

clonidine during the third and fou¡th collection periods, and fu¡ther increased by the

l0 ugßlmn infusion ¡ate of clonidine during all experimental collection periods,

each cornpared to its respective control collection (fig, 5.3). Again, there was no

diffe¡ence between the groups at any given time period. Urine osmolality was

significantly decreased with clonidine irrespective of the infusion rate. Moreover,

there was no difference between the groups at any time period.

2, Plasma ANP levels

Plasma ANP levels were measured after the control period, prior to the

infusion of clonidine, as well as 30 min after the infusion of clonidine was begun.

Overall, clonidine inc¡eased plasma levels of ANP as compared to pre-clonidine

ANP levels, irrespective of the infusion ¡ate of clonidine used (fig. 5.4). There was

however, no difference between the groups, and thus this increase may simply

reflect a time effect. Moreover the ANP values a¡e well within the normal range

repofed for rat plasma (20-550 pmoll), To determine whethe¡ there was any

association between the natriuretic effect of clonidine and plasma ANP levels, the

data was plotted on a scatte¡gram (fig, 5.5), and a regression analysis was

performed, The cor¡elation coefficient was determined to be 0,49 suggesting that

the¡e is no correlation between the natriuretic effect of clonidine and plasma ANP

Ievels.
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DISCUSSION

In 1981, DeBold demonstrated that mammalian aúial extracts contained a

potent diuretic and natriu¡etic factor loc¿ted in specific secretory-like granules of

atrial cardiocytes, This factor was subsequently identified as a number of

structu¡ally related atrial natriuretic peptides (Flynn et al,, l9$3l' Kangawa and

Matsuo, 1984). Recently, Baranowska et al. (L987) demonstrared that clonidine, an

c2-adrenoceptor agonist, significantly increased ptasma tevels of ANp in normally

hydrated, conscious rats. This increment was postulated to corelate with the

diu¡etic and natriuretic actions of ctonidine. As reported in the previous section,

clonidine produced a dose-related dissociation of water and solute exqetion

(Blandford and Smyth, 1988b - Section 3). High infusion rates of clonidine (> 3

ugßglmin) were necessary to increase urine flow rate and f¡ee water clea¡ance as

well as sodium excretion and osmolar ctearance. These ¡esults and others

(Strandhoy et a 1., L982) suggest that the effects of renal c2-adrenoceptor stimulation

on sodium and water excretion may be mediated by two diffe¡ent mechanisms of

action, Therefore, low infusion rates of clonidine may inhibit the renal effects of

vasopressin while high infusion rates may result in the release of ANp, which then

increases both water and sodium excretion.

In the present study, intrarenal infusions of clonidine (1,3 and l0

ugßlmin) produced a dose-related inc¡ease in urine flow rate and sodium

excretion' Both 3 and l0 ugßglmin infusions of clonidine inc¡eased urine flow rate

as compared to the I ugftglmin infusion of clonidine, Similarly, free water

clearance was also increased ¡n a dose-related manne¡, Clonidine at 3 ugßglmin

inc¡eased osmolar clearance during the thi¡d and fourth collection period, while l0

ugßlmn increased osmola¡ clearance during all experimental collection periods

as compared to the respective control cottection periods, These results a¡e
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consistent with the previously reported results for intrarenal infusions of clonidine.

Moreover, these effects have previously been shown, in this thesis, to be mediated

by c2-adrenoceptors (Blandford and Smyth, 1988b - Section 3). In that stud¡ the

effects of clonidine on urine volume and sodium excretion were attenuated by

yohimbine, an a2-adrenoceptor antagon¡st, but not by prazosin, an ct-adrenoceptor

antagonist.

While the present results of the effects of clonidine on the exc¡etion of water

and sodium are similar to those previously reported, some minor discrepancies exist.

What is most obvious is the fact that urine flow rate, sodium excretion and f¡ee

water clearanc€ dropped drastically during the fourth collection period in the

presence of high clonidine infusion rates. This is most likely due to two technical

difficulties, FiÌst, two 0.5 n¡l blood samples were taken, one immediately prior to

this last collection period, Secondly, the rate of urine flow was so great with both

the 3 and l0 ugftlmn infusion rates of clonidine, that the animals were unable to

maintain that rate for an extended period of time without adequate fluid

replacement, This, coupled with the removal of approximately 5Vo of the total

blood volume of the rat may have compromised the stability of the preparation.

This reasoning is supported by the fact that the clonidine-induced increase in blood

pressure and creatinine clearance at 3 and l0 ugßglmin infusion rates is decreased

in the foufh collection period to values that are consistent with control values.

The clonidine-induced increase in blood pressure and creatinine clearance

may seem to suggest that the changes in wate¡ and electrolyte excretion a¡e

secondary to vascular or glomerular changes, while this possibility cånnot be ruled

out in the present study, Roman and C-owley (1985) have reported that a similar

inc¡ease in blood pressure (25 mm Hg) would only increase urine flow rate by

approximately 20 ullmin. Thus, the contribution of the increased blood pressure to

the present results is negligible. This is supported by the results of the experiments
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which maintained a normal renal perfusion pressure by the use of a vascula¡

occluder (Section 3).

In the present stud¡ plasma ANP levels were not significantly increased with

high infusion rates of clonidine, This is in contrast to the results of Ba¡anowska el

ø1. (1987). In that study, a bolus int¡avenous injection of50 ug resulted in a 20-fold

elevation in plasma ANP levels. This maximal elevation of ANp release was

observed 10 min after the injection of clonidine, Clearl¡ the results of the present

study are inconsistent, This may, however, simply teflect different methodologies.

In the present study clonidine was administered intrarenally over a period of 45 min,

C.onsequentl¡ it is conceivable that plasma levets of clonidine may not have been

sufücient to induce ANP release even at the maximat infusion rate tested. As

demonstrated by Baranowska et al, (1987), doses of clonidine less than 50 ug were

unable to increase ANP levels above normal levels. Alternatively, we may have

missed the peak plasma concentration of ANP with our sampling. At 30 min afte¡

the administration of clonidine, plasma ANP tevels were not much diffe¡ent f¡om

control (Baranowska e, al,, 1987), Peak plasma levels of ANp occur¡ed between 5

and 11 minutes. such a pattern of ANP release with clonidine would be consistent

with the time course of the natriuretic and diu¡etic effects of clonidine in the present

study.

In summary, the results of the present study suggest that the diuretic and

natriuretic effects of a2-adrenoceptor stimutation with ctonidine do not involve the

release of ANP. The results, however, do not exclude the potential importance of

ANP at higher infusion rates. The physiological retevance of ANp ¡elease at these

high levels of c2-adrenocepto¡ stimulation remain to be determined.
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6

Potentiation of the Natriuretic Effect of clonidine tr'oltowing Indonethacin in the

Rst

The data in this section have been presented at the canadian sociew of clinical
Iy:r¡lg"J¡g,l meerings., Edmonron, f989 (Ctin.Invest. Med. it,È6i;-i'98Ð.-TË;e
datå have also been submitted for publication.

Svnonsis:

Previous sections have demonstrated a diuretic effect of clonidine at low intra¡enal infusion

rates with a natriuretic effect being obærved at high inÂ$ion rates e 3 ugrymf,). The natriuresis

at high infusion rates may have been secondary to increased renal prostaglandin production.

Therefore, the effeÆts of indomethacin (a cycloorygenase inhibitor) on the respons€ to clonidine were

evaluated in the anesthetÞÆd raL Inharenal infusions of vehicle (saline) or clonidine (0,1, 03, 1 or 3

ugryffin) were examined both in the presence and absenc€ of pretreatment with indomethacin (5

rnglkg; i.p.). As found in previous sectionl clonidine produced a dose-related increase in urine volume

and free wate¡ clearance at 03, 1 and 3 uglygtmin as compared to the vehicle gfoup. sod¡um

excretion and osmolar clea¡anc¿ however, was increased only at the highest infusion rate investigated.

Following indomethacin pretr€atment, clonidine producrd a greater increase in urine volume at each

infr¡sion rate invesrigated. The indomethacin pretreatment also resulted in a potentiation of the

natriuretic effe¡t of clonidine at all infusion rates investigated, Interestingly, this was associated with an

increase in osmolar clearanc¿ but not free water clea¡anc¿. These effects of indomethacin were

reversed by the infusion of prost,gl¿¡1¿¡¡ EZ A¡¡ infusion of prostaglandin E2 attenuated the

indomethacin induc¿d increase in both urine 0ow and sodium excretion, indicåting that the effects of

indomethacin s,ere mediated by prostaglandin inhibition. These results suggest that endogenous

prostaglandin p¡oduction attenuated the renal effects of clonidine, As well, thes€ studies suggest that

in the presence of c2'adrenoc€ptor stimulation, prostaglandin Ez mediates an antidiuretic and

antinatriuretic effecL



INTRODUCTION

P¡evious studies reported ea¡lie¡ in this thesis, have demonstrated a dose

related dissociation in water and sodium excretion following an intra¡enal infusion

of clonidine, an a2-ad¡enoceptor agonist (Blandford and Smyth, 1988b - Section 3;

1989a - section 4). These ¡esults we¡e in contrast to a number of other studies

which demonstrated concomitant increases in water and sodium excretion following

the systemic administ¡ation of a2-ad¡enoceptor agonists. Results already presented

in this thesis are consistent with the postulate (strandhoy et at.,l9B2) that the effects

of renal c2-adrenoceptor stimulation on sodium and water excretion may be

mediated at two different sites or by two different mechanisms of action. The effect

of clonidine on water excretion at low infusion rates was consistent with an

antagonism of the renal effects of vasopressin. The mechanism by which high

infusion ¡ates of clonidine increased sodium exc¡etion remained unclear. The fact

that intravenous administ¡ation of clonidine was more potent in producing a

natriu¡esis (Blandford and smyth, 1989a - section 4) suggests that the effects of

clonidine in increasing sodium excretion may be secondary to additional actions of

this agonist.

One explanation fo¡ the natriuresis seen with a high infusion rate of

clonidine involves the possible role of the acid-stable, fat soluble prostaglandins.

Early studies have demonst¡ated that prostaglandins have diuretic and natriuretic

actions (Fine and Trizna, L977;lino and Imas, 1978; Johnston ef a/,, 1967; Stokes

and Kokko, 1977). ln addition, it has been shown that pÌostaglandin synthesis is

increased during adrenergic stimulation (Diz et al., 1981; Dunham and Zimmerman,

1970; Matsumuta er al,, 1986), Therefo¡e the increased sodium excretion observed

at a high infusion ¡ate of clonidine may be secondary to an inc¡ease in the synthesis

of prostaglandins. Thus, the effects of an intra¡enal infusion of clonidine were
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investigated in the presence and absence of indomethacin, a cycloorygenase

inhibitor.
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METHODS

Male sprague Dawley rats (200-z2s g) were unilaterally nephrectomized

(right kidney, ethe¡ anesthesia) 7-10 days prior to the day of the experiment, on the

experiment day, they were surgically prepared as desc¡ibed previously (section 2),

Vehicle (0.3 rnl) or indomethacin (5 mglkg; Sigma Chemical Co., St. Louis, MO)

dissolved in a physiological buffe¡ (25 mM NaH2pO4, ã mM K2HpO4, 1 mM

Mgcl2) at a pH of 7.¿r0 was administered intraperitoneaily immediately folrowing

induction of anesthesia. Following surgery, the rats underwent a 45 min

stabilization period, followed by a 15 min period where urine was collected into a

pre-weighed tube. This was to serve as a preparation control to ensure that each rat

had the same level of renal function, and to determine whether indomethacin

pretreatment produced any additional effects in the absence of clonidine. This was

followed by the continuous infusion of vehicle (saline) or clonidine (0.1, 0.3, 1 or 3

ugßglmin) at a rate of 3.4 ullmin directly into the renal artery, only I infusion

rate was investigated in each ¡at, TWo consecutive 30 min urine collections were

obtained during the infusion, Again, throughout the experiment, saline was infused

at a rate of.97 uVmin.

Preliminary experiments indicated that indomethacin pretreatment alte¡ed

the ¡enal response to clonidine. This was consistent with endogenous prostaglandins

altering the response. If this was cor¡ecq then it would be expected that an infusion

of a prostaglandin should reverse the effects of indomethacin. In another group of

¡ats prostaglandin E2 was infused int¡avenously (through a second jugular catheter,

PE20) at I ugßglmin at a rate of 3.4 uvmin (dissorved in ethyl alcohor at 100

mg/rnl and diluted in physiological buffer ar a pH of 7.4) in addition to the

indomethacin (5 mgkg i.p.) and cronidine (r uglkg/min). prosraglandin E2 was

also given as a continuous intravenous infusion which was begun at the same time as
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the clonidine and maintained for the du¡ation of the experiment, The rest of the

protocol is identic¿I to the one previously described.

statisticål anaryses of the first colrection period (preparat¡on contrors) was

performed to confirm that surgery or indomethacin had not altered renal function.

This data was analyzed by a nro way analysis of va¡iance, statisticål analyses of the

experimental data were performed with a two-way repeated measufes analysis of
variance (presence or absence of indomethacin x dose of cronidine), significant

interaction efrects (i.e., where the dose of clonidine had diffe¡ent effects depending

on whethe¡ indomethacin was present or not) were further analyzed with simple

main effects analyses and rukey HSD tests (winea r97l). Data are presented as

the mean i s.E.M', and are taken from the second 30 min coilection period, which

is representative ofthe observed differences. The data from the experiments rvhere

the animals were given the int¡avenous infusion of prostaglandin E2 in the presence

and absence of indomethacin were anaþed by a one-way repeated measures

analysis of variance. Significant effects we¡e further analyzed with rukey,s HSD

tests. Again, the data are presented as the mean + the S.E.M., and are taken f¡om

the second collection period.
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RESULTS

1, P¡eparation Controls

This data was analyzed to confirm that all rats had the same level of renal

function' All groups were simila¡ with respect to the measured baseline parameters.

specifically' there was no difference between any groups with respect to blood

pressu¡e, creatinine clea¡ance, heart rate, renat blood flow, urine volume, sodium

and potassium excretion, free water ctearance, osmolar clearance and urine

osmolality (data not shown), These ¡esults indicâte that all rats did have the same

level of renal function. Moreover, the results also suggest that pretreatment with

indomethacin, in the absence of clonidine, had no effects of the excretion of sodium

and water.

2. Response to Intrarenal Clonidine Following Indomethacin Treatment

A significant main effect (dose of clonidine) was found for btood pressure

(fig. 6.1). Blood pressure was significantly elevated in the two groups of animals

receiving a 3 ugßglmin infusion of clonidine, both in the presence and absence of

indomethacin. Blood pressure was slightly, but not significantly e¡evated in the

animals receiving a 1 ugßg/mn infusion of clonidine, particularly in the group

pret¡eated w¡th indomethacin, vascula¡ and glomerular function were unaltered by

pretreatment with indomethacin or üeatment with clonidine as evidenced by no

changes in renal blood flow (as measured by an electromagnetic flow meter) and

glomerular filtration rate (as measured by creatinine ctearance) (fig 6.1). Heart rate

was also unaltered by the experimental conditions (data not shown).

Significant main effects (both presence of indomethacin and dose of

clonidine) were noted for both urine flow rate and sodium excretion (fig. 6.2),

Indomethacin enhanced both the diuretic and natriuretic effects of ctonidine,
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clonidine produced a dose related increase in u¡ine flow rate at 0.3, I and 3
ugßglmn both with and without indomethacin pretreatment, However, at the 0.3

and L ugßglmn infr¡sion rates of clonidine, indomethacin potentiated the effect on

u¡ine flow rate, sodium excretion was increased at both the 0.3 and 1 ugßglmn
infusion rate in the animals p¡et¡eated with indomethacin as compared to cont¡ots.

Moreover, a significant inte¡action effect was also noted for sodium excretion. In
the absence of indomethacin pretreatment, clonidine inc¡eased sodium excretion

only at 3 ugftglmin, whereas in the presence of indomethacin, clonidine

sþificantly increased sodium exsetion at 0.3, I and 3 ugßglmin as compared to

the saline control (0 clonidine). A similar t¡end was noted with osmolar clearance

(nig. ó.3). Intra¡enal infr¡sions of clonidine increased osmolar ctearance at a dose of
1 and 3 ugßglmn in the animars that we¡e treated with indomethacin. In the

absence of indomethacin, clonidine increased osmolar clearance only at the

maximal dose tested (fig. 6.3) potassium excretion was unaltered by the intrarenal

infusions of clonidine (fi1. 6.2).

Free rvater clearance was increased at all doses studied, and this increase was

observed regardless of whethe¡ the animats were pretreated with indomethacin (fig.

6.3). Although not statistic¿lly significant (p=0.057), the animals that we¡e

pret¡eated with indomethacin demonst¡ated a smaller increase in free water

clearance as compared to the vehicle pretreated group, Finally urine osmolality was

decreased at all doses tested, and this dec¡ease was observed irrespective ofwhethe¡

the animals were pretreated with indomethacin o¡ not (fig. 6.3).

3. Response to Indomethacin Following prostaglandin E2 Infusion

The previous experiments indicated that the observed effects may be due to
inhibition of prostaglandin synthesis, and as such, infusion of a prostaglandin would

be expected to revelse these effects, Therefore, the effects of indomethacin on the
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response to clonidine (l ugkglmin) in the presence of an intravenous infusion of
prosteglandin Ez (Lugklmn) were determined. This data was analyzed by a one

way repeated meÍ¡sures analysis of va¡iance. Rats receiving indomethacin, in the

presence of clonidine, had a significantly increased urine flow rate as compared to

the animals receiving clonidine alone (fig. 6.4). Addition of prosøglandin Ez

attenuated the indomethacin-induced increase in u¡ine flow rate. The same is true

for sodium excretion and osmolar clearance. pretreating the animals with

indomethacin significantly increased sodium excretion (fig. 6.4) and osmola¡

clearance (fig. 6.5) from control, while addition of prostaglandin E2 attenuated the

indomethacin-induced increase in both sodium excretion and osmolar clearance,

These effects however, were seen in the presence of an elevated blood pressure (fig,

6.6)' In the animals pret¡eated with indomethacin, clonidine increased blood

pressure by approximately 18 mm Hg. This increase was attenuated by the addition

of prostaglandin 82. Heart rate was unaltered (data not shown).

In the indomethacin pretreated group, free water clearance was increased

only during the second collection period (i.e. interaction effect p=0.95g¡. a¡¡,
increase was prevented by the concurrent administration of prostaglandin E2 (fig.

6.6). urine osmolality was unalte¡ed (fig, 6.5). similarl¡ creatinine clea¡ance and

heart rate were also unaltered (fig, 6.6).
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DISCUSSION

In the isolated perfused rar kidney (sm¡h er a/., 19g5) and in isorated

cortical collecting tubules (Krothapalli et at,, L9g3) a2-adrenoceptor stimulation

inhibited vasopressin-induced activation of adenylate cyclase, as well as, the effects

of vasopressin on sodium and water excretion. These ø yiao studies indicated that

the effects of c2-ad¡enoceptor activation in the kidney were due to the inl¡ibition of
the vasopressin mediated increase in cAMp production. However, other studies

have proposed that the effects of renal a2-adrenocepto¡ stimulation on sodium and

water excretion may be mediated at two different sites in the kidney or by rwo

diffe¡ent mechanisms of action. strandhoy et al. (Lgg2), reported an enhanced

diuretic and natriuretic response to guanabenz following an intravenous infusion as

compared to an intrarenal infusion. simila¡ results were demonstrated with
clonidine in the previous section (Blandford and smyth, 19g9a - section 4). These

studies suggested that water excretion following a2-adrenoceptor stimutation may be

mediated by intrarenal factors; i.e., the inhibition of the renal effects of vasopressin,

whereas sodium excretion may involve an extrarenal site o¡ mechanism of action

which is independent of vasopressin. This contention has been supported by studies

which att¡ibute the increase in sodium and water excretion after a2-adrenoceptor

stimulation to a decrease in the central release of vasopressin (Barr and Kauker,

1979; Roman et al., 1979), an increase in the synthesis of renar prostagrandins

(Lieberthal et al., 1987) and/o¡ othe¡ independent mechanisms, possibly unrelated

to vasopressin (Baranowska ef al,,l997;I*ander el al,, l9g5),

since prostaglandin synthesis is increased during adrenergic stimuration (Diz

et al,, l98l; Dunham and Zimmerman, 1970, Matsum ura et al,, l9g7), and since

prostaglandins have been shown to have diuretic and natriuretic actions (Fine and

Trizna, 1977i Iino and Imas, 1978; Johnston et al., 1967; Stokes and Kokko, 1977),
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the effec{s of an int¡a¡enal infr¡sion of clonidine, an c2-adrenoceptor agonist, were

examined in the presence and absence of indomethaci¡1, a cycloorygenase inhibitor.

It was anticipated that the natriu¡etic respor¡rie seen with an intra¡enal infusion of
clonidine at a rate of 3 ugftglmn (Blandford and Smyth, lggg), would be

attenuated if this effect was due to a seconda¡y increase in the synthesis of renal

prostaglandins.

In the present stud¡ indomethacin enhanced rather than attenuated both the

diu¡etic and, to a greater extent" the natriuretic effects of clonidine. Mo¡e

specificall¡ while clonidine produced a dose-related increase in urine flow rate,

both with and without indomethacin pre[eatment, free water clearance was

attenuated with the administration of indomethacin. sodium excretion and osmola¡

clea¡ance we¡e enhanced. Thus, the potentiation of the effects of ctonidine by

indomethacin appear to be independent of rvater excretion. In the vehicle

pretreated animals, sodium excretion was increased only at the maximal infusion

rate tested. In the indomethacin pretreated animals however, sodium excretion was

increased by clonidine at both the 0.3 and I ugkglmin infusion rates as compared

to both control animals (0 clonidine) and animals p¡etreated with the vehicle.

similar effects were seen for solute excretion (osmolar clearance). In addition, the

indomethacin-induced potentiation of the effects of clonidine were attenuated by

the concu¡rent administration of prostaglandin E2. These results suggest that the

effects of clonidine may be attenuated by the synthesis of prostaglandins, which are

antinatriuretic,

It has been suggested that prostaglandins may play an important role in
modulating the renal actions of vasopressin, vasopressin increases the production

of cAMP within the epithelial cell. This inc¡eased accumulation of cAMp results in

an increase in sodium reabsorption in the cofical and medullary segments of the

thick ascending limb of the loop of Henle (Fjla]rc¡ur et a1.,19g4; Hebert and Andreoli,
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1984; Reif et al., 1986), and an inc¡ease in the permeabitity of the collecting tubule

to water. r¿ ffro studies in the toad bladder (oiloff et a1,,1965) and in the isolated

collecting duct (Grantham and orloS 1968) have demonstrated that proståglandin

E suppresses vasopressin-induced changes in water permeability, most likely by

inhibiting vasopressin-activated adenylate cyclase, Mo¡e recent studies have

supported this contention by demonsüating that p¡ostagandins dec¡ease

vasopressin'induced cAMP accumulation in the ¡abbit cortical collecting tubule

(Chabardes et al., 1988). Prostaglandin synthesis inhibition with cycloorygenase

inhibito¡s, on the other hand, has been shown to enhance the ability of

prostaglandins to antagonize the effects of vasopressin (chabardes et al, lggg;

Jaclaon er a/., 1980).

Similarl¡ tn in vivo studies, inhibition of cycloorygenase has been shown to

result in an augmentation of the antidiuetic effects of vasop¡essin in the rat (Berl e/

al., 1977; Itm et aI., 1977) and in the dog (Anderson et al., 1975i Fejes-Toth ef al.,

1977; 7'arnbraski and Dunn, 1979). It would appear that the results reported here

are in contrast with those previously reported, since pretreatment with

indomethacin had no effect on water and sodium excretion in the absence of

clonidine' Howeve¡ the failure of indomethacin to alter our baseline levels may

¡eflect a low endogenous synthesis of prostaglandins in the control experiments

which was elevated following clonidine infusion, Alternatively, this may indicåte

that the dose of indomethacin these animals received was insufficient to block the

synthesis of renal p¡ostaglandins. while prostaglandin levels were not measured in

the present study, others have reported that a similar dose of indomethacin inhibits

prostaglandin synthesis under similar experimental conditions (c.ampbell et at,,

1979; Francisco et al., 1982), Moreover, the fact that indomethacin potentiated the

effects of c2-adrenoceptor stimulation, and an infusion of prostaglandin E2 reversed

the effects of indomethacin seems to indicate that the dose used was sufficient.
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These results indicate that the effects of indomethacin were indeed mediated by an

inhibition of prostagl andin synthesis.

It has been postulated that az-adrenergic agonists also blunt the

hydroosmotic effect of vasopressin in the isolated cofical collecting tubule of the

rabbit (Krothapalli et al., 1983; Krothapalli and Suki, l98a) and the rat (Chabardes

et al., 1983; Umemu¡a et al., 1985) by inhibiting the generation of cAMp. This

raises the possibility that c2-adrenoc€pto¡s dec¡ease cAMp production by increasing

the synthesis of prostaglandins which function as mediators of this inhibitory effect.

As such, p¡ostaglandin synthesis inhibition with indomethacin would be expected to

result in an augmentation of the vasopressin-induced cAMp production, cutminating

in an antidiu¡esis, These effects however, were not observed in the toad bladder

(y'dvo et a1.,1988), the tat cortical collecting tubule (Chabardes et a/., lggg) o¡ in the

pfesent study. Although free wate¡ clearance was statistically unaltered by

indomethacin pretreatment in the present study, the data does suggest (p=0.057)

that pretreatment with indomethacin may attenuate the ability of clonidine to

inc¡ease free water ctearance. Moreover, in the studies with concu¡¡ent

prostaglandin E2 administration, this increase in free water clea¡ance with

indomethacin reached a level of statistical significance. whether this is

physiologically relevant is unclear. lvhat is interesting is that urine flow rate

following clonidine was increased rather than decreased following indomethacin

Pretreatment.

With respect to sodium excretion, prostaglandins have been shown to have

natriuretic effects (Fulgraff and Meiforth, l97l; Iino and Imai, l97g; Johnston et a/.,

1967). The exact mechanism of action has not been delineated, and may be

attributed to changes in renal hemodynamics, caused by their effects on vascuta¡

smooth muscle (Martinez'Maldonado el al., L972), or by altering sodium transport

by a direct action on the renal tubules, paficularly the collecting tubules (Fulgraff
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and Meiforth, 1971). More specificall¡ prosta$andin E2 suppresses sodium

transport in the cortic¿l and medullary collecting tubules (Fulgaff and Meifofh,

1971; Iino and tmai, 1978). consequentl¡ inhibition of prostaglandin synthesis

would be erpected to decÌease the exc¡etion of sodium. This was not seen in the

present study. In the absenc¿ of clonidine, indomethacin had no effect on sodium

excretion, suggesting that endogenous levels of prostaglandins are very low unde¡

these experimental conditions. In the presence of clonidine, indomethacin elevated,

rather than decreased, the excretion of sodium, while the concurrent administration

of prostaglandin E2 attenuated this indomethacin-induce d effect. These results

süongly suggest that clonidine may stimulate the synthesis of renal p¡ostaglandins,

which in turn clearly play an antinat¡iuretic role in the present study. These results

a¡e consistent with the work of Kirschenbaum and Stein (1975).

The mechanism by which renal prostagrandins dec¡ease tJ¡e exc¡etion of
sodium is unclea¡. since blood pressure was elevated with high infusion rates of

clonidine, particularly in the presence of indomethacin, it may be argued that the

observed effects simply reflect changes in hemodynamics. Moreover, infusion of
prostaglandin E2 dec¡eased the indomethacin-induce d inc¡ease in blood pressure.

However, the observed effects on sodium excretion also occur at infusion rates of

clonidine which produce no alterations in blood pressure. In addition, renal blood

flow was not changed throughout all experiments, In the present study, osmolar

clearance was increased with indomethacin while f¡ee water clearance was slightly

decreased, This increase in solute excretion, in the absence of changes in water

excretion and potassium excretion may indicate that the indomethacin-induced

nat¡iu¡esis may be due to diminished sodium reabsorption beyond the distal tubule,

sodium ûansport has been shown to be either stimurated (Fassina ef a/.,

1976; Kirschenbaum and stein, 1975; Lipson and sharp, 1971) or inhibited (AI-

Awqai and Greenough, 1972; Fulgraff and Meiforth, 1971; Iino and Imai, i979) by
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p¡ostaglandins' These effects may be due to a direct action of the prostaglandin on

the epithelia, but are dive¡se and appe¿u to be dependent on the natu¡e of the

epithelia wherein sodium transpof occt¡Is, Accordin$y, Iæyssac et at, (lg7')
proposed that prostaglandins stimulate sodium t¡ansport in epithelia with high

electrical resistance, whe¡eas they inhibit sodium transpof in epithelia with low

electric¿l ¡esistance. According to this hypothesis, it would be ant¡cipated that

prostaglandins would stimulate sodium transport in the collecting tubute since this

segment belongs to the high resistance membranes (Helman et at., l97l), Such

effects of prostaglandins would be consistent with the present results.

In summary, pretreatment of the rats with indomethacin resulted in a

potentiation, rather than an attenuation of the natriuretic response to clonidine.

The ability of clonidine to increase u¡ine volume was also potentiated by

indomethacin, but the increase free water clearance was unalte¡ed or even

decreased. Moreover, infusion of prostaglandin E2 reve¡sed the effects of

indomethacin both on urine volume and sodium excretion, Taken together, these

results suggest that clonidine may increase the synthesis of renal prostaglandins, and

that these prostaglandins in turn, function not to increase water and sodium

excretion, but rather to decrease water, and paficularly sodium excretion in the

anesthetized rat.
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Role ofvasopressin in the Response to Intrsr€nâl Infi¡sions of a2-Adrenoceptor

Agonists

T.he qrajo{ty of the-data in this section, have been p¡esented at the Fede¡ation of
American societies for Eme¡imental Biolory meetinls, New orleans, 19g9 (FASEB
J.3(3):A415, 198e). Thesé dataa'è-ariõ in ff'r&;Í. iñ-ár."ôi. i*p. fuiói. rb-lo. -

Svnopsis:

Previous studies have indicated that the effects of fenal c2-adrenoceptor stimulation are

mediated though the blockade of the renal effects of vasopressin, If this premise is co¡¡ect, then 1)

specific antagonists of the antidiuretic effect of vasopressin (v2 antagonists) should mimic 02-

adrenoc€ptor stimulation, and 2) in the presence of V2 antagonists, the diuretic and natriuretic effect

of clonidine should be anenuated. The renat effects of td(clt à , ¡-n3 , ná l-AVp, a specific vz

antagonist, nere studied. on the experimental day, uninephrectomized rats were anesthetized

(Nembutal) and the cårotid artery and jugular vein cannulated fo¡ the recording of blood pressure and

infusion of saline, respectively. The Ieft kidney was expoæd and the ureter cånnulated. A 31-gauge

needle was advanc€d into the renal a¡tery to permit direct intrarenal inft¡sion of study drugs.

Intravenous bolus doses of the v2 antagonist (0, l, 3, l0 or 30 nmol,&g) produc€d a dose-related

inc¡ease in urine volume and free water clearanc€ at all doses tested. Sodium excretion increased only

at the higher doses (10 and 30 rrnol/þ). This dose-related disociation in nateÌ and then sodium

exc¡etion is simila¡ to that observed following int¡a¡enal clonidine infusions, In the pres€nc€ of the V2

antagonist, clonidine (3 ugrynltn) had no effect on urine volume or free water clea¡ance, but

significantly dec¡eased the excretion of sodium from control. These results demonsrrate that V2

antagonists mimic the efrects of ctonidine in the kidney. As ç,ell, in the abs€nc€ of vasopressin (v2

antagonism)' the effects of clonidine are attenuated, Moreover, they are also consistent with not only

an antidiuretic role for endogenous vasopresin, but also an antinatriuretic one.
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INTRODUCTION

P¡evious studies ,n vüro have demo¡rstrated that stimulation of ¡enal c2-

adrenoceptors attenuates the inc¡ease in cAMp production as well as the

antidiu¡etic effect ofvasopressin (Krothapalli et ø1., l9B3; Smyth ef al., t9g5). In

vivo, the function of a2-ad¡enoceptors is less clear since a number of hormones

increase cAMP production in specific nephron segments and this increase in cAMp

may be attenuated by c2-adrenoceptor agonists. Consequentl¡ the overall

physiological effect of c2-adrenoceptor stimulation is dependent on the

predominating effect of endogenously produced cAMp. A number of studies have

reported on the ¡enal effects of c2-adrenoceptor agonists administered systemically

(Roman et al., 1979; Miller, 1980; Strandhoy et at., lg92; Gellai and Ruffolo, 19g7;

stanton et al., L987), These studies demonstrated a concomitant inc¡ease in water

and sodium excretion following a2-adrenoceptor stimulation, These effects were

attributed to either a di¡ect antagonism of the renal effects of vasopressin, a

dec¡ease in the central release ofvasopressin and/or other mechanisms unrelated to

vasopressin. In this thesis, a dose-related dissociation in water and sodium exsetion

has been demonstrated with increasing doses of clonidine (Blandford and smyth,

1988b - Section 3).

These studies with clonidine were consistent rvith the previously proposed

postulate (Strandhoy et aI., 1982) that the effects of renal az-adrenoceptor

stimulation on sodium and water excretion may be mediated by two different sites

and/or mechanisms of action. I¡w doses may increase urine volume by the

antagonism of the renal effects of vasopressin, while higher doses of ctonidine may

dec¡ease the centrâl release of vasopressin or may exert an effect by mechanisms

independent of vasopressin (Iæander et al,, l9B5; Balment et al,, 19g6; Baranowska

et al,, L986) to inc¡ease both u¡ine votume and sodium excretion.
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The renal effects of a2-adrenoc€ptor agonists appear to be mediated by the

antagonism of the renal effects of vasopressin, c-onsequently, one would postulate

that specific antagonists of the antidiu¡etic effect of vasopressin (v2 antagonists)

should mimic the effects of c2-ad¡enoceptor agonists. However, clonidine, at a high

infr¡sion rate also increased sodium exc¡etion. If the increase in sodium excretion is

due to the antagonism of vasopressin, then this would imply that vasopressin is

antinatriuretic h vivo, a notion that is strongly opposed at present. If, however, the

effects of clonidine at high doses (3 ugk{mtn) are dependent on vasopressin, then

in the presence o1. a Y2 antagonist, the effects of clonidine should be attenuated.

Therefore, we set out to first determine the renal effects of a specific v2 antagonist,

[d(cH2)5,D'Ile2,ll"47-Aw,and second, to determine the effects of clonidine in the

presence of vasopressin blockade with this V2 antagonist.
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METHODS

As previously desc¡ibed (Section 2), male Sprague-Dawley rats (?ÃO-2?-5 g)

we¡e u¡ilaterally nephrectomized and surgically prepared. The left jugular vein was

cånnulated (PE160) for the infusion of satine (97 zvmin) and for rhe bolus

administration (0.2 ûrl) of the V2 anragonist, t<f(CH2þ,Ð-il*,Ile4l-Avp (1, 3, 10 or

30 nmol¡kg; Peninsula l¿bo¡ato¡ies Inc,, BelmonÇ CA), or saline (vehicle). The

left kidney was exposed by a flank incision and retracted ventrally. The ueter was

cannulated. An electromagnetic flow probe was placed around the renal artery for

the measurement of renal blood flow. At this point, the preparation was used to

determine either the dose response to the v2 antagonist or the effects of clonidine

in the presence of the V2 antagonist.

1. Dose Response to the V2 Antagonist

Following the surgical procedure, the animals we¡e allowed to stabitize fo¡ 45

min, after which a 15 min control urine sample was collected. This was followed by

the di¡ect intravenous administration (over a period of approximately I min) of
vehicle or increasing doses of the v2 antagonist (1, 3, 10 or 30 ¿mol/kg) in a total

volume of 0.2 ml. only one dose was investigated in each rat. Four consecutive 15

min u¡ine collections were then obtained.

2, Effects of Clonidine in the Presence of a V2 Antagonist

In these experiments, a 31 gauge needle was advanced through the aorta into

the renal artery for the direct continuous infusion of clonidine into the renal artery

as previously described (section 2), Following a 45 min stabilization period, a 15

min control collection was obtained. This was followed by the intravenous

administration of vehicle (saline) or v2 antagonist (30 rmolTkg). This dose was
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chosen since it produced a maximal decrease in urine osmolality to levels consistent

with almost complete antagonism of vasopressin in the previous experiments.

Following anothe¡ 15 min stabilization period, the continuous intra¡enal infusion of

clonidine (1 or 3 ugk{m..) was begun and mainøined fo¡ the du¡ation of the

experiments. Again, four 15 min urine collections were obtained.

In the above experiments, the increase in sodium and water exc¡etion

observed following clonidine (3 ugß{min) may have been secondary to the

inc¡ease in blood pressure (approximately 20 mm Hg). Moreover, the apparent

antinatriuretic effect observed with clonidine in the above experiments with the v2
antagonist may have also been obscu¡ed by an increase in blood p¡essure.

consequentl¡ these experiments were repeated using a vascular occluder (a

micrometer screw clamp) to ctamp the descending aorta proximal to the renal

a¡l.ery ' The carotid and the femoral arteries were cannulated to reco¡d blood

pressure proximal and distal to the clamp. The blood pressure recorded distal to

the clamp in the femoral artery represented the blood pressure at the levet of the

renal artery' In the face of inc¡eased systemic pressure, the clamp was sc¡ewed

down to maintain a constant renal perfusion pressure. sham experiments \ ere also

conducted where the occlude¡ was positioned a¡ound the descending aorta, but was

not screwed down with inc¡eases in systemic blood pressure. The femoral artery \{as

cannulated (PE60) for the measurement of post occlusion blood pressure.

Following the infusion of clonidine, the aofa was partially occluded such that the

blood pressure measured in the femoral cathete¡ remained constant with control

values.

statisticål analysis of the dose response to the v2 antagonist was performed

with a one-way, repeated measures analysis of variance. significant inte¡actions

were further analyzed with rukey HsD tests, Data are presented as the mean 1
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s.E.M. The experiments which we¡e done to examine the effects of ctonidine in the

presence of the v2 antagonist as wetl as those using the vascular clamp were

analyzed with a two-way, repeated measures analysis of va¡iance (presence of v2
antagonist x dose of clonidine; presence of V2 antagonist x clonidine/clamp,

respectively), significant interactions were analyzed further with simple main

effects analyses and rukey HSD tests (winer, l97l), Again, data are presented as

the mean + S.E.M., and a¡e taken from the last thee collection periods (i,e., 15 to

60 min after the infusion of clonidine was begun). Each group rep¡esents 6 to g

animals unless otherwise specified.
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RESULTS

1 Dose Response to the V2 Antagonist

The intravenous administration of the V2 antagonist, [d(CI{2)5,D-IlP,Ile4].
AVP' resulted in a dose-¡elated increase in u¡ine volume (fig. 7.1) and free water

clea¡ance (fig,7.2). The Y2 antågonist at 3, 10 and 30 zmol¡kg increased u¡ine

volume' Free water clea¡ance was increased, while u¡ine osmolality was decreased

af all doses tested, The lower doses of the v2 antagonist (1 and 3 ¿molikg) failed

to alter solute excretion as indicated by no changes in sodium and potassium

excretion (fig. 7.1) and osmolar clearance (fig, 7.2). Higher doses of the V2

antagonist (10 and 30 ¿movkg), however, significantly increased sodium excretion

(fig, 7.1), but had no effect on potassium excretion, Osmolar ctearance was

decreased at all doses during the second cotlection period and was increased with l0

nmol/kg of the v2 antagonist during the final collection period. This represents a

dose-¡elated dissociation of \ ater and sodium excretion following v2 antagonist

administration. Blood pressure and creatinine clearance (fig. 7.3) were unalte¡ed.

Renal blood flow was decreased at 3, 10 and 30 zmol,lkg in a dose-related manne¡

(fig. 7.3). Filtration f¡action was unalrered (data not shown).

2. Effects of Clonidine in the Presence of the V2 Antagonist

In this group of experiments, significant main effects (dose of clonidine) were

found for blood pressure, the change in renal blood flow and heart rate (fig. 7.4).

Blood pressure was significantly elevated in the groups of animals receiving

int¡arenal infusions of clonidine at 3 uglk$min, both in the presence and absence

of the V2 antâgonist, Renal blood flow, howeve¡ was dec¡eased in these same

groups (receiving 3 ugßglmin intrarenal infusions of clonidine), Heart rate was

decreased in a dose'¡elated manner at both 1 and 3 ugßglmin of clonidine, again
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both in the presence and the absence of the v2 antagonist. Finall¡ creatinine

clearance and filtration fraction (data not shown) was unaltered in all groups.

A significant inte¡action effect was noted for both urine flow rate and sodium

excretion (fig. 7.5). For urine volume, in the absence of the v2 antagonis! clonidine

produced a dose-¡elated increased in u¡ine flow ¡ate. In the presence of the v2
antagonist' however, I ugß{mn clonidine significantly increased urine volume

from control, while 3 ugk$mn clonidine did not alter u¡ine volume, Moreover,

the v2 antagonist alone significantly increased urine volume from controt suggesting

an antidiuretic effect of endogenous vasopressin. Fo¡ sodium excretion, clonidine

alone, in the absence of the v2 antagonist, inc¡eased sodium exc¡etion only at the

maximal dose tested. This, however, as previously stated was accompanied by a

slight but significant elevation in blood pressure. In the presence of the v2
antagonist, I ugßglmin clonidine did not change sodium excretion from control,

whe¡eas clonidine at 3 ugßlmin decreased sodium exc¡etion, This decrease in

sodium excretion occur¡ed in spite of an elevation in systemic blood pressure. In

addition, by the third and fourth collection periods post infusion of clonidine,

sodium exc¡etion was significantly elevated with the v2 antagonist alone as

compared to control, suggesting that vasopressin is also antinatriuretic. potassium

excretion was unaltered (fig. 2.5),

Free water clearance and u¡ine osmolality also demonstrated a significant

interaction effect (fig, 7.6), while osmolar clearance ( fig, 7.6) was unaltered, F¡ee

water clearance showed a similar trend as did urine volume (i.e,, dose-related

increase). clonidine produced a dose-related increase in f¡ee wate¡ clearance. In

the presence of the V2 antagonist, L ugßglmin ctonidine significantly inc¡eased

f¡ee water clearance from its respective control, while 3 ugßglmin clonidine did

not significantly alter free water clearance. urine osmolality was significantly

decreased by the intrarenal infusions of clonidine in the absence of the v2
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antagonist. The Y2 antagonist alone significantly decreased urine osmolality from

control, and the addition of clonidine had no effect in fu¡the¡ decreasing urine

osmolality,

3. Aortic Clamp Exoeriments

From the preceding results, two questiotu¡ Íuose: 1) can the inc¡ease in

sodium excretion with 3 ugßglmn clonidine be attributed to an increase in blood

pressrue' and 2) if this is the case, in the absence of an increase in blood pressure

would the decrease in sodium excretion seen with 3 ugßglmn clonidine in the

presence of the v2 antagonist dec¡ease further. To answe¡ these questions, the

experiments with a 3 ugßglmin int¡a¡enal infusion of clonidine were repeated. A
vascula¡ occluder was used to clamp the descending aorta proximal to the kidney to

maintain a constant renal perfusion pressure. This data was analyzed by a mo-way,

repeated measures analysis of variance.

A significant interaction effect was observed for blood pressure (fig. 7.7). In

the absence of the v2 antagonist, the animals that received clonidine, and were also

sham clamped (occluder positioned, but not screwed down with increasing systemic

blood pressure) had a higher blood pressure (as measured in the femoral artery)

than control animals (those not receiving clonidine) and those in which the ao¡ta

was partially occluded, The same trend was evident in the animals which received

the intravenous administration of the v2 antagonist, In the presence of the v2
antagonist, in all three groups, (controt, sham clamp and clamp), blood pressure was

slightly elevated as compared to the control animals which did not receive the v2
antagonist.

significant interaction effects were also noted for urine votume and sodium

excretign (fig. 7.7). In the absence of the v2 antagonist" a 3 ugßglmin inr¡arenal

infusion of clonidine increased urine volume in both the sham clamp and clamp
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groups. However, the increase in urine volume following clonidine (3 ugß{mrr.)
was decreased by the prevention of the associated blood pressure increase. The

same ûend is apparent with sodium excretion, in that 3 ugßlmn clonidine

significantly increased sodium excretion f¡om cont¡ol in both the sham clamp and

clamp groups' Again, the absolute increase in sodium exsetion was dec¡eased in

the group whose renal perfusion p¡esstue was contro ed, This suggests that part of
the effect of clonidine on u¡ine volume and sodium exc¡etion may be atüibuted to

an inc¡ease in systemic blood pressure. In the presenc€ of the v2 antagonist,

clonidine failed to increase urine volume furthe¡ from control. sodium exc¡etion

was dec¡eased vtirh 3 uvlhgrîin clonidine in both the sham clamp and clamp

groups. Moreover, the absolute decrease in sodium excretion was not different

between these two groups,
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DISCITSSTON

The effects of a2-ad¡enoceptor stimulation have been proposed to be

mediated through the antagonism of the renal action of vasopressin (Gellai and

Ruffolo, 1987; Miller, 1980; Roman et al., lg79i Stantoî et al.19g7; Strandhoy et a/,,

1982). If this premiss was co¡rect, then one would postulate that specific antagonists

of the antidiuretic effect of vasopressin should produce the same effects as a2-

adrenoceptor agonists. In this regard, in the present study, the dose response

relationship of rhe V2 antagonisr [d(CH2)5,D-ItJ,Ile4¡-AVp, a highly porent and

selective antidiuretic antagonist, (Manning et at,, Lgg4) was determined, Increasing

i.v. bolus doses of the v2 antagonist (0, 1, 3, 10 or 30 nmovkg) produced a dose-

¡elated increase in u¡ine volume and free wate¡ clea¡ance at ¡ower doses (1 and 3

nmol/kg) with sodium excretion increased only at the higher doses (10 and 30

nmol/kg). This dose-¡elated dissociation is similar to that repofed fo¡ clonidine

(Blandford and smyth, 1988). This parallel is consistenr with rhe postulate thar the

effects of clonidine we¡e mediated through antagonism of the stimulatory effects of
vasopressin on cAMP generation. consequently, these resutts may seem to suggest

that clonidine at high doses o¡ infusion ¡ates does not nec€ssarily act independently

of vasopressin as previously speculated (Blandford and smyth, lgggb - section 3;

1989a ' section 4). This wourd therefore impry that vasopressin plays an

antinatriuretic ¡ole in in vivo preparations, a notion not generally accepted

(Humphreys et al,, 1970; Johnson et at,, lgTgi Mafinez-Maldonado et al., l97l;
Piercæ et a1.,1984; Schwartz and Reid, 1986; Smith el ¿ t., LgTg).

The increase in sodium excretion observed following the v2 antagonist is

therefore somewhat surprising, given that vasopressin is believed to be natriuretic.

It is, however, consistent with several other ¡n vlvo studies (Gellai et al.,l9g4; Kinter

et al,, t986i Kinter e, al,, 1987), However these studies focussed on the large
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increases in u¡ine volume and not the modest increase in sodium excretion. The

absolute increase in sodium excretion in the present study could be due to an

elevated rate of urine flow in the distal nephron segments (wright et at., 1977),

inhibition of vasopressin-stimulated sodium reabsorption in the thick ascending limb

of the loop of Henle, sodium and urea reabsorption in the cortical collecting tubule

(Imbert-Teboul et al., 1975; Imbert-Teboul et ar., r97g), or an inhibition of
vasopressin-stimulated increase in the sodium conductance in the apical cell

membrane, that is, an increase in sodium reabsorption in the rat corticat collecting

tubule (schlatter et a1,,7987). Thus, these results not only confirm the antidiu¡etic

role fo¡ vasopressin, but also indicate an antinat¡iuretic one. However, given that

urine osmolality decreases to levels lower than plasma osmolality, and that the

vasopressin antagonist produced a dose-related inc¡ease in free wate¡ clearance (net

positive free water clearance), it may be argued that v2 antagonists are true water

diuretic or aquaretic agents as proposed by Kinter et al., (19g7), This does not

necessarily rule out an antinat¡iuretic role for vasopressin, which would be

consistent with the results of the in vitro experiments (constantine et al., l9g2i
Krothapalli et aL, 1983; Schlatrer er 4/., 19g7; Smyth er a/., l9g5).

This study is, as briefly mentioned previousry, in contrast with other ¡¿ vjvo

studies which suggest that vasopressin is natriuretic (Humphreys et al., 1970;

Johnson et al., 1979; Martinez-Mardonado e/ al., r97r; piercn et at., l9g4; schwartz

and Reid, 1986; smith et al,, 1979). These natriuretic effects may be rerated to

elevations in glomerular filtration rate, o¡ may be secondary to alterations in

medullary solute concentrations or hydraulic gradients (Smith ef at,, 1979).

Infusions of vasopressin have also been shown to ¡educe renin secretion (Johnson el

al', 1973) and increase renal prostaglandin and kinin secretion (Nasjletti e, ar,,

1978), all of which could contribute to decreased renal tubular reabsorption of
sodium. In addition, this natriuresis may be due to secondary inc¡eases in orytocin,
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which has been shown to function qynergisticaily with vasopressin to increase sodium

excretion (Balmentet a1.,1986; conrad et at.,1986; Edwa¡ds and LaRochelle, l9g4).

while the¡e continues to be much controversy about whether vasopressin

inlluences ¡enal blood flow and glomerular filtration rate, in the present study the

v2 antagonist decreased renal blood flow f¡om conÍol. These results suggest that

endogenous vasopressin at renal tubula¡ sites may increase renal blood flow.

Altematively, since v2-receptors are blocked" vasopressin would be unable to act at

this site. It is possible that this displaced vasopressin is now available to bind with

Vl-receptors on blood vessels, stimulation of these receptors would decrease ¡enal

blood flow. This hypothesis is however, inconsistent with the work of Gellai et al.,

(1983, as cited by valtin, 1982) where they demonstrared that inhibirion ofborh the

pressor and the antidiuretic effects of vasopressin had no effect on effective renal

plasma flow in the I-ong Evans rat,

In the second series of experiments, the effects of clonidine were determined

in the presence and absence of the renal effects of vasopressin using the maximal

dose of the V2 anragonist used in the dose response study (30 nmolftg). This dose

was selected since it decreased u¡ine osmolality to levels that are consistent with

almost complete antagonism of vasopressin. A higher dose may have had some

antivasopressor activity (Manning et al,, l9g4). If the effects of clonidine at high

doses are dependent on vasopressin, then in the presence of the v2 antagonist the

effect of clonidine should be attenuated, conversely, the large effect of ctonidine on

water and sodium excretion secondary to vasopressin inhibition may mask the

effects of clonidine (sodium excretion or reabsorption) in other nephron segments.

As noted in previous experiments (Blandford and sm¡h, lgggb - section 3;

1989a'section 4), clonidine alone resulted in a dose-related increase in urine

volume and f¡ee water clearance. In the presence of the v2 antagonist alone, urine

volume and free water clearance significantly inc¡eased from control demonstrating
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again' as in the dose fesponse rerationship, the antidiu¡etic effec{ of vasopressin.
Addition of r ughlmn ctonidine significantry increased both u¡ine vorume and
free wate¡ crearance, wh'e addition of 3 ugkgrmnctonidine had no further effect,
despite the fact that a 3 ugk{mn inû¡sion of clonidine was accompanied by an
inc¡ease in brood p¡essure (20 mm Hg). It is possibre that the v2 antagonist may
not have compretery attenuated the antidiu¡etic effects of vasopressin, that is, the
circulating revers of the drug may not have been sufücient to block ail v2-receptors,
and thus the addition of I ugßglmn ctonidine may have fr¡fher attenuated or
antagonized the effects of vasopressin, resulting in a fuÍher increase in u¡ine
volume and f¡ee water crearance. However, given that" one wourd expect then, that
a higher dose wourd have, at the very reas! the same effect as the lower dose, if not
a greater one. This did not occur.

with fespect to sodium excretion, clonidine arone increased (doubred)
sodium exc¡etion only at the maximar dose (3 uglkglmin). This was associated with
an inc¡ease in blood Pressure. The Y2 antagonist alone inc¡eased sodium excretion
as compared to control, suggestitig again, that vasopressin, in addition to being
antidiuretic is antinatfiuretic. In the presence of the v2 antagonist, 3 ugkglmin
clonidine significantry attenuated sodium exc¡etion f¡om contror (i,e,, y2antagonist

alone).

The mechanism by which clonidine produces these effects both in the
presenc€ and absence of vasopressin is not crear. In the presence of vasopressin, it
is possible that the inc¡ease in systemic brood pressure may pray a significant rore in
inducing a pressure-natriuresis, simirarr¡ the cronidine-induced dec¡ease in sodium
excretion seen in the presence of the V2 antagonist may be enhanced if the inc¡ease
in blood pressure was prevented' Thus, we repeated the experiments with a 3
ugßg/min intrarenar infusion of cronidine and a vascular occruder to clamp the
descending aorta to ensure that renal perfusion pressure remained constant. Both
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in the presence and absence of the vascular oc¿luder, clonidine alone increased

u¡ine volume and sodium excretion f¡om control, However the absolute increase in

u¡ine volume and sodium exc¡etion was attenuated in the absence of the v2
antagonist' suggesting that some of the effects of 3 ugßglmn clonidine may be

att¡ibuted to an increase in renal perfusion pressure. In tlte presence of the v2
antagonist' clonidine, with and without the use of the vascula¡ ocrluder, had no

effect on urine volume but dec¡eased sodium excretion. sodium excretion was not

further attenuated by the use of the occluder. This could be due to the fact thar

clonidine decreased sodium excretion to basetine levels, which are already very low.

Baranowska et al., (1987) demonstrated that cronidine in a borus dose of 50

uglkg significantly increased the plasma levels of atrial natriu¡etic peptide, Thus,

high doses of clonidine may stimutate the release of aÍial natriuretic peptide,

resulting in both an increase in urine volume and sodium excretion. Alternatively, it
has been suggested that the increase in atrial naûiuretic factor may induce release

of vasopressin f¡om the rat posterior pituitary (Januszewicz e/ a/., l9g5). This

increase in vasopressin release may be of a sufficient magnitude to overcome the

antagonism by the V2 antagonist, and thus exert its antidiuretic and antinat¡iu¡etic

effects; decreasing urine volume (as compared to tow doses of clonidine) and

decreasing sodium excretion. However, other, more recent, in wvo studies

demonstrate that atrial natriuretic factor, instead of inducing vasopressin retease,

may in fact inhibit its release (I-ee et al., L9B7 samson et al., l9g7). In addition, in

our experiments where plasma ANp levels were measured (smyth and Blandford,

1988' section 5), clonidine did not increase plasma ANp levels, suggesting that at

least in the series of studies presented in this thesis, the nat¡iuretic response to

clonidine is not secondary to changes in circulating levels of ANp.

In summary increasing i.v. doses of the V2 antagonist produced a dose_

related increase in urine volume and f¡ee water ctea¡ance at all doses, with sodium



148

excretion increased only at the higher doses, This is simila¡ to the dose-related

dissociation in wate¡ and then solute excretion observed with increasing doses of

clonidine. Intrarenal clonidine (l ugßEln:r¡') in the presence of the v2 antagonist

furthe¡ inc¡eased u¡ine volume and free water clearanc€, but not sodium excretion.

In the presence of the V2 antagonist, intra¡enal clonidine (3 ugÂglmin) had no

effect on urine volume or f¡ee water clearance while sodium excretion was

significantly decreased f¡om control, This ability of v2 antagonists to mimic the

effects of int¡arenal clonidine suggests that clonidine may be mediating its effects

through the antagonism of the ¡enal effects of vasopressin. Moreove¡ they are

consistent with not only an antidiuretic role for endogenous vasopressin, but also an

antinatriuretic one. Finally, these results indicate that in the absence of vasopressin,

stimulation of renal az-adrenocepto¡s results in an antinat¡iuresis.
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GENERAL DISCUSSION

In renal plasma membranes, c-adrenoceptors are known to be present with

an app¡oximate 2-fold greater density of c2- ove¡ al-adrenoceptors (sanchez and

Pettinger' 1981; schmitz et al., 1981). Renal cl-adrenoc€ptors are generally

believed to be important in mediating renal nerve stimulation-induced tubula¡

sodium reabsorption (osborn et al., L9B2; 1983) and vasoconstriction (DiBona,

1982; Pettinger et al., l98Íi Schmitz et al., lg9l; Smyth e, at., l9g5b). The precise

physiological role, however, of the nume¡ically predominant û2-ad¡enoceptors has

not been delineated, Both a1- and o2-adrenoceptors have been proposed to alter

electrolyte and fluid balance, yet their exact ¡oles are not clearly understood, sm¡h
el al', (L985b) have proposed separate roles of c-ad¡enoceptor subtypes; renal nerve

stimulation potentiates tubular water and sodium reabsorption via al-adrenoceptor

stimulation, while c2-adrenocepto¡s play an important ¡ole in the regulation of

water and sodium excretion by modulating the actions of vasopressin and other

hormones in the distal segments of the nephron.

P¡evious studies have described a close physiological association of ¡enal c2-

adrenoceptors and vasopressin. vasopressin, th¡ough stimulation of cAMp

formation, has been shown to be antidiu¡etic and antinat¡iuretic in in vitro

preparations' whereas in in vivo preparations vasopressin has been shown to be

antidiuretic and natriu¡etic. The natriuretic effect of vasopressin, ø vivo, has been

postulated to be due to any of a numbe¡ of alte¡ations in vascula¡ function, in

glomerular function or in the circulating levels of generat or locat hormones

(cowley et al., 1988). stimulation of c2-adrenoceptors in the isolated perfused rat

kidney (smyth et aI.,l985a) and in isolated cortical collecring tubules (Krothapalli er
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al', L983) inhibited the vasopressin-induced decrease in the excretion of sodium and

water. These ø v¿¡¡o studies indicated that the effects of cz-adrenoc€ptors afe

mediated through the inhibition of cAMp production, particularly that increased by

vasopressin. In vivo, ihere a¡e a numbe¡ of hormones which activate the adenylate

cyclase'cAMP system in specific nephron segments. The function of these recepto¡s

is dependent on the pool of hormonally activated cAMp, However, the

predominant function of these rec€ptors in vivo was not kno\ n. In this regard, the

series of experiments presented in this thesis have c¿ntered around the

characterization of the renal a2-adrenoceptor. More specifically, the

inter¡elationship of renal a2-adrenoceptors and vasopressin in the regulation of
sodium and water excretion has been investigated using an intact, anesthet ized nt
preparation.

It was initially postulated that the infusion of an c2-adrenoceptor antagonist,

yohimbine, directly into the renal artery would unmask the predominant

endogenous activity of the a2-adrenoceptor. In the anesthetized rat, blockade of the

az-adrenoceptor with yohimbine resulted in a significant dec¡ease in the excretion

of sodium and water, and free water clearance, and an increase in urine osmolality

(Blandford and smyth, 1988a - section 2). This study was one of the fi¡st

descriptions of the blockade of the endogenous function of a2-adrenoceptors in the

kidney' since then, these results have been confirmed by Farjam and Greven

(1989)' In their study, the a2-adrenoceptor antagonists yohimbine and idazoxan

dec¡eased urine flow, and sodium and potassium excretion in both the intact and

diabetes insipidus rat. Becåuse the same effect was observed in the vasopressin-

deficient rat, the authors concluded that vasopressin does not play a role in c2-

adrenoceptor antagonist-induced a¡tidiuresis. Thus, it would appear that az-

adrenoceptor stimulation exerts its effects on renal tubutar sodium and water

handling independently of vasopressin. This could represent additional evidence for
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two sites o¡ mechanisms of action of a2-adrenoceptor agonists. Alternativeþ, it may

reflect an abnormality of the B¡attleboro rat. vasopressin deficiency in the

B¡attleboro rat is associated with a depletion of pituitary orytocin content (Valtin e/

al,, 1965)' In normal rats, elevated plasma osmolality is known to activate orytocin

releasing neurons (Brimble and Dyball, L977), and raise plasma orytocin

concentfations (Balment et al., 1980i B¡imble et al., lgTg). In the B¡attleboro rar,

the ¡aised plasma osmolality is associated with hypertrophy of the hypothalamic-

hypophyseal neurons (Orkand and palay, l9ó7), increased fuing rate of the

neurohypophyseal neu¡ons (Dyball, 1974), and etevated plasma orytocin levels

(Brimble et al., 1982;Boer et al., l98B; Dogterom et al., lggg; North e, at,, 19gZ).

while the¡e have been numerous reports suggesting that oxytocin is capable of
influencing renal function, the exact natu¡e of this effect is unclear. Most

investigators have reported thât oxytocin causes an increase in urine flow (Jacobsen

and Kellogg, 1956; Iæes and Locket! 1964; Rosas et at., L962), although an

antidiuretic effect has also been observed in the normal rat (sawyer and valtin,

L967; chan' 1965). when given in pharmacologicat doses, oxytocin has been found

to significantly increase sodium excretion in the neurohypophysectomized rat

(Balment et al., L986ai r986b). when given in smaller, more physiological doses

which produce plasma hormone levels consistent with those measured in an intact

rat" oxytocin had no effect on the renal excretion of sodium, Therefore, given that

plasma orytocin levels are significantly elevated in the B¡attleboro rat, and that

oxytocin may have a diuretic and natriu¡etic effect when present in such large

concentrations, the a2-adrenoc€ptor antagonists yohimbine and idazoxan may block

the ¡enal effects of ovytocin. Howeve¡ a link between az-adrenoceptors and

oxytocin has not yet been established, A di¡ect way to determine if the oz-

adrenoceptor antagonist-induced antidiuresis is independent of vasopressin would

be by the selective ablation of the paraventricular and supraoptic nuclei of the
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hypothalamus, the b¡ain areas responsible for the production of vasopressin and

oxytocin in normal rats. The renal effects of specific a2-adrenoc€ptor antagonists

(and agonists) could then be determined both in the presence and absence of
physiological concentrations of vasopressin. To determine what role, if any,

oxytocin plays in the response to c2-adrenoceptor stimulation or antagonism, these

studies could be repeated in the presence and absence of physiological

concentrations of oxytocin.

Another possible explanation for the vasopressin independent effect

observed by Farjam and Greven (1989) may be ¡elated to the ability of borh

yohimbine and idazoxan to bind to imidazoline-preferring receptors, This

possibility may be more feasible, particularly since the dose of yohimbine used was

50 times greater than the dose used in the study p¡esented in this thesis (Blandford

and smyth, 1988a - section 2), and was administered as a bolus dose. This

possibility is addressed later in more detail.

Further experiments presented in this thesis characterized these a2-

adrenoceptors in detail by elucidating the dose-response relationship between an

intrarenal infusion of clonidine, an a2-adrenoceptor agonist, and the effects on

sodium and water excretion. By the study of the complete dose-response curye, trvo

functions of these receptors, which had been missed in previous studies (due to the

high doses utilized), were dissociated. At low infusion rates, clonidine only

increased urine flow and free water clearance (Blandford and smyth, 19ggb -

section 3). These effecs (both stimulation and antagonism of c2-adrenoceptors)

were consistent with clonidine antagonizing the renal effects of vasopressin. Higher

infusion rates of clonidine, however, also increased the excretion of sodium and

osmolar clearance (Blandford and sm¡h, 19ggb - section 3). This suggested that

another mechanism or site of action may be involved in the respons e to az-

adrenoceptor agonists,
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The natriu¡etic effect at high infusion rates suggested that an extra¡enal

effect may be involved. Alteratively, a vasopressin-independent effect or another

site of action within the kidney may mediate this natriuretic effect, The enhanced

natriu¡etic effect of clonidine when administe¡ed int¡avenously as compared to

intrarenally (Blandford and smyth, 1989a - section 4) was strong evidence that an

extrarenal site may mediate this natriu¡etic response. It was subsequently

postulated that high infusion ¡ates of clonidine may 1) inc¡ease the release of at¡ial

natriuretic peptide (ANP), 2) increase the synthesis of renal prostaglandins, which

have been shown to have natriuretic effects, or 3) decrease the c€ntrat release of

vasopressin, Altematively, the natriuresis seen with high infusion rates of clonidine

may be secondary to an increase in the release of orytocin which has been shown to

function synergistically with vasopressin to selectively increase sodium excretion in

the neurohypophysectomized rat (Balment er a/., 1986b).

Measurement of plasma ANp levels indicated that the natriu¡esis seen with

clonidine does not appear to be secondary to an increase in the release of ANp

(Smyth and Blandford, 1988b - Section 5), at leastwith the infusion rates tested. On

the other hand ¡enal prostaglandins may be involved, The potentiation of the

effects of clonidine following cycloorygenase inhibition with indomethacin (smyth

and Blandford, 1989 ' section 6) is consistent with the endogenous production of

prostaglandins playing an important regutatory role. The present results suggest

that prostaglandin production, in response to clonidine infusion, has an apparent

disparate effect, Free water clearance is increased whereas solute exc¡etion

(sodium) is decreased by these indomethacin-sensitive factors. The third possibility,

i,e., a decrease in the central ¡elease of vasopressin, has not been add¡essed in this

se¡ies of experiments, As discussed previously, o2-adrenoceptor stimulation has

been associated with an inhibition of vasopressin-induced cAMp formation only in

the cortical and medullary collecting tubules (Umemura e t al,, l9g5), Consequently,
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a2'adrenoceptor stimulation with clonidine would antagon izæ the effects of

vasopressin in this segment and decrease water permeability (Krothapalli and suki,

1984). This would selectively increase water excretion. In a number of other

nepfuon segments, including the thick ascending limb of the loop of Henle,

vasopressin has been reported to increase sodium reabsorption (Hebert and

Andreoli, 1984; Elalouf ef al., L984; R.erf et al., 198ó), As a2-adrenoceptors are not

coupled to vasopressin receptors through the adenylate cyclase-cAMp system in

these nephron segments, stimulation of a2-ad¡enoceptors would not be expected to

reverse the effects of vasop¡essin on sodium excretion, If clonidine at high infusion

rates decreases the endogenous release of vasopressin, as suggested by Barr and

Kauke¡ (1979) and Reid et al. (1979), the antinarriuretic effecr of vasopressin would

have been decreased. This would have increased both the antidiuretic (cortical and

medullary collecting tubule) and antinatriuretic (thick ascending limb) effects of

vasopressin. since plasma vasopressin levels have not been measu¡ed in the present

series of studies, this contention remains speculative. Howeve¡ recent studies have

clearly documented that c2-adrenoceptor agonists have no effect on plasma

vasopressin levels (Gellai and Edwards, 1988). More specifically, clonidine does not

reduce plasma vasopressin levels in the rat (Iæander et al., l9g5).

The proposed effects of clonidine on orytocin release have also not been

investigated in this se¡ies of experiments, holever, it represents another plausible

avenue which needs fufher exploration, while there is no di¡ect evidence as ofyet,

that a2-adrenoceptors increase the release of oxytocin, it is known that vasopressin

and orytocin can be released both simultaneously or independently depending upon

the stimuli. Moreover, even when they are released simultaneously, they can be

selectively regulated so that different quantities of hormone a¡e released (Kasting,

1988). It is thus plausible that if c2-adrenoceptor stimulation decreases vasopressin

release, the rat¡o of orytocin to vasopressin would be inc¡eased. As mentioned
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previously, the precise role of orytocin in modulating renal fr¡nction is unclear. It
has however been established that oxytocin functions synergistically with vasopressin

to increase sodium excretion in the rat (Balment et al,, l9g6a; con¡ad et al., 19g6;

Edwards and kRochelle, 1984).

As previously postulated, the results presented in this thesis indicåte that two

sites or mechanisms of action may exist for the renal effects of clonidine. The

potentiation of the effects of clonidine following cycloorygenase inhibition with

indomethacin is consistent with the involvement of endogenous renal prostaglandins

in antagonizing the natriuretic effect of this proposed second mechanism of action.

since prostaglandin synthesis is increased during adrenergic stimulation (D4 et al.,

1981; Dunham and Zimmerman, 1970; Matsumura et al., r9g7), it stands to reason

that clonidine would inc¡ease the synthesis of prostaglandins, prostaglandins have

long been believed to have effects at several sites involved in the regulation and

maintenance of water balance, however the exact nature of thei.r effects is unclear,

They are believed to play an important role in modulating the renal actions of
vasopressin, presumably by inhibiting the vasopressin-activated adenylate cyclase.

The resultant decrease in cAMp formation, therefore, decreases the water

permeability of the collecting duct (Grantham and orloff, 196g). with respect to

sodium handling, the results a¡e at best controve¡sial, some studies suppo¡t the

concept that endogenous prostaglandins inhibit sodium transpo rt (r*yssac et al.,

1975; Tannenbaum et al., 1975), whereas others support the opposing standpoint,

that prostaglandins enhance sodium transport (Kirschenbaum and stein, 1976).

va¡iations in hemodynamic changes, diffe¡ences in experimental conditions and

many other factors may be responsible fo¡ these discrepancies. Regardtess of the

exact nature of thei¡ function, it seems clear that renal prostaglandins alter water

and sodium excretion, possibly by different mechanisms. water excretion may be

increased through prostaglandins by antagonism of the effects of vasopressin
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(inhibition of vasopressin-induced adenylate cyclase), while sodium excretion may

be modified by a direct tubula¡ action of the prostaglandins, with respect to the

present experiments with clonidine, preliminary studies in our laboratory suggest

that the infr¡sion ¡ates used in this se¡ies of studies, increased the synthesis of renal

prostaglandins. The effect of indomethacir¡ as wefl as that of prostaglandin Ez in

the present study suggests that prostaglandins may be antinatriu¡etic (Smyth and

Blandford, 1989; section 6), which supports previous findings (Kirschenbaum and

stein, 1976). In addition, through the inhibition of the vasopressin-mediated

increases in cAMP formation, prostaglandins would be expected to produce a water

diuresis. This is consistent with the effects observed with low int¡arenal infusion

rates of clonidine. At high infusion rates of clonidine, sodium excretion was

significantly elevated. This may reflect a predominance of the ability of

prostaglandins to inhibit vasopressin-induced accumulation of cAMp over the ability

of prostaglandins to alte¡ tubular sodium reabsorption. This hypothesis would imply

two sites of action. Moreover, it is conceivable that other a2-adrenoceptor agonists

may variably stimulate prostaglandin synthesis to a greater or tesser extent.

Increased prostaglandin synthesis would ¡esult in a greater water o¡ lesse¡ solute

excretion.

Ongoing experiments in our laboratory have recently uncovered a reverse

rank order of potency for clonidine, UK 14,304 and 2,6-dimethyl-clonidine

(Blandford et al., 1990). A dose-related increase in sodium excretion and urine

volume was observed with all th¡ee a2-ad¡enoceptor agonists, specificall¡ the rank

order of potency for increasing urine flow was clonidine ¿ 2,6-dimethyl-clonidine >

LJK 14,304 and for increasing sodium excretion was 2,6-dimethyl-clonidine >

clonidine : UK 14,304, This apparent reverse rank o¡der of potency was

accentuated when solute and water excretion were analyzed, Free water clearance

was most markedly increased with clonidine, followed by UK 14,304 with 2,6-
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dimethyl-clonidine having little or no effect. conversely, 2,6-dimethyl-clonidine

increased osmola¡ clea¡ance markedly, while clonidine and uK 14,305 produced a

much smalle¡ increase only at high infi¡sion rates. These results süengthen our

postulate that there may be two different sites of action for the renal effects of az-

adrenoceptors; one site linked to vasopressin, resulting in an increase in free wate¡

clearance, and anothe¡ not coupled to vasopressin, which is associated with the

increase in solute excretion, In this regard, it is inte¡esting to speculate that

clonidine, being more specific for water exc¡etion would exert it effects at the site

coupled to vasopressin while 2"6-dimethyl-clonidine, being more potent for solute

(sodium) exc¡etion may exert an effect at another site. Recall, however, that the

administ¡ation of the v2 antagonist blocked the effects of all infusion ¡ates of

clonidine studied, suggesting that if trvo sites o¡ mechanisms of action exist, both

may be coupled to vasopressin.

This previously mentioned hypothesis is however, fu'ther strengthened by the

fact the 2,6-dimethyl-clonidine, unlike clonidine increases urine volume without an

increase in free water clearance (Blandford et al., 1990). studies done in the

p¡esence of maximal doses of a v2-receptor antagonist, or in a wate¡-loaded rat

preparation, suggest that 2,6-dimethyl-clonidine increases solute excretion

independent of vasopressin (Li et al., 1990), The results of the rvater-loaded rat

preparation also demonstrate an increase in the delivery of filtrate from the

proximal segments of the nephron. These resutts suggest that low infusion rates of

2'6'dimethyl'clonidine decrease sodium and water reabsorption in the proximal

tubule of the rat, a site where vasopressin is without effect,

The exact nature of this proposed site in the proximar tubule is unknown. It
is interesting to speculate that it may represent an a2-adrenoceptor subtype. a2-

Adrenoc€ptor subtypes have recently been described (Bylund, 19g5; Bylund, lggg;

Bylund ef a/., 1988), and it is posible that as many as four subtypes exist; c2,q a2n,
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azc aîd a possible fourth subtype which has been proposed as a result of the cloning

of c2-ad¡enocepror subtypes by Iæfkowitz and Regan (Kobilka er a/., l9g7; Regan er

al., 1989). Recently, Stanko ef al. (1990; Stanko and Smyth, in press) have

characterized a2-adrenocepto¡s in a proximal tubular suspension, ln their

preparation' rauwolscine had a 2,7 times greate¡ atrinity than yohimbine, and

prazosin had a relatively high atrinity (K¡, 25 zM). These cha¡acferistics are

consistent with that of an c2¡ subtype, which, in the neonatal rat lung was

characterized by rauwolscine being 3 times more potent than yohimbine, and

prazosin having a relatively high affinity. The effects of clonidine, in the studies

presented in this thesis have been attributed to stimulation of the a2-adrenoceptor,

since pretreatment with yohimbine attenuated the renal effects of clonidine

(Blandford and Sm¡h, 1988b - section 3). prazosin had no effect on the clonidine-

induced increase in u¡ine flow rate and sodium excretion. The response of free

rvater clearance, however was pafially attenuated by prazosin pretreatment,

primarily at the highest infusion rate investigated. As such, these results would also

be consistent with an d2B-adrenoceptor subtype. It seems unlikely that the az-

adrenoceptor coupled to vasopressin may represent a different a2-adrenoceptor

subtype' Nevertheless, it is possible that cz-adrenoceptors in different nephron

segments may have diffe¡ent effects. In the collecting tubule, the a2-adrenoceptor is

coupled to vasopressin. stimulation of the cz-adrenoceptor in this segment may

preferentially inhibit wate¡ reabsorption. In the proximal tubule, where vasopressin

is without effect, stimulation of the az-adrenoceptor may inhibit sodium

reabsorption. on the other hand, the effect of clonidine on solute exc¡etion may not

occu.r at a proximal tubular site where o2-ad¡enoceptors have been characte¡ized as

being consistent with the a2B-adfenoceptor subtype. In the previously mentioned

study (Blandford and Smyth, 1988b - section 3), prazosin was unable to alter the
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effects of clonidine on osmolar clearance, This however, is inconsistent with an a2s-

adrenoceptor subtype, and thus may reflec{ a different a2-ad¡enoceptor subtype,

Alternativel¡ since both clonidine and |6-dimethyl-clonidine are

imidazoline compounds, they may bind to and stimulate imidazoline receptors with

different relative afünities, The existence of imidazotine-preferring adrenoceptors

was first identified by Ruffolo et al, (1977), Moreove¡, the presence of both a2-

adrenoceptors and imidazoline-binding sites in the basolateral membranes of rabbit

renal proximal tubules has been demonstrated (couprey et el., l9g9i l-echaud et al.,

1988). The functional role of these receptors, if any, in relation to electrolyte and

water exc¡etion, has not yet been identified, Moreover, since clonidine binds to

both sites, it may be difficult to dissociate the effects at the a2-adrenoceptor ftom

the effects of clonidine at an imidazoline receptor. In the present experiments with

clonidine, the effects of clonidine have been attributed to the stimulation of a2-

adrenoceptors since yohimbine, a specific az-adrenoceptor antagonist, attenuated

the clonidine-induced response, Ernsberger et at. (r9BB) have demonstrated that

yohimbine also binds to imidazoline receptors with a relative high affinity. It is

possible that the blockade of the actions of clonidine by yohimbine may be mediated

at imidazoline sites. Inte¡estingl¡ corynanthine, the yohimbine diastereoisome¡ is

much less potent (25-fold) than yohimbine at a2-adrenoceptors (ICSo (for PH]p-
amino-clonidine) = 4700t1500 vs. 179t15 nmoffi respectively), bur is equipotent

at imidazoline sites in the ventrolateral medulla of the rat (Emsberger et at., Lggg).

on the other hand, rauwolscine appears to be selective for a2-adrenoceptors. It is

less potent than both yohimbine and corynanthine at imidazoline sites, as it is

unable to inhibit the binding of the imidazoline radioligand, idazoxan (IGO >

100,000 zmolil) (hchaud et al., 1988) It woutd be interesting to determine the

rank orde¡ of potency fo¡ these a2-adrenoceptor antagonists on the inhibition of the

renal effects of clonidine. This may allow us to determine which effecæ of clonidine
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are mediated at imidazoline sites and which effeß a¡e mediated at the az-

adrenoceptor. consequentl¡ the effects of clonidine and l6-dimethyt-clonidine in

producing a natriuesis may be mediated, h p.tg at an imidazoline-preferring

receptor site. As such, 2,6-dimethyl-clonidine may have a greater relative affinity to

this rec€ptor than clonidine, and thus it is mo¡e potent in incr€asing solute

excretion,

The effects of c2-adrenoceptor stimulation have been proposed to be

mediated by the antagonism of the renal effects of vasopressin, If this premiss is

correct, then one would postulate that specific antagonists of the antidiu¡etic effects

of vasopressin (V2 antagonists) would produce the same effects as a2-adrenoceptor

stimulation. Studies wirh the specific V2 antagonist, [d(CH2)5,D-Ill,Ile4¡-AVp,
have demonstrated that blockade of the renal tubular vasopressin receptor mimics

the effects of intrarenal infusions of clonidine. Increasing intravenous bolus doses

of the v2 antagonist (0, 1, 3, 10 and 30 zmo/kg) produced a dose-related increase

in u¡ine volume and f¡ee water clearance at lower doses (l and 3 zmol/kg) with

sodium excretion increased only at the higher doses (Blandford and Smyth, 19g9b -

section 7). This was similar to the dose-related dissociation in wate¡ and then

sodium excretion observed with increasing infusion rates of clonidine (Blandford

and smyth, 1988b - section 3), suggesting that the effects of clonidine, at high doses

or infusion rates does not necessarily act independently of vasopressin as previously

speculated (Blandford and Smyth, 1988b - Section 3; Blandford and Sm¡h, 19g9 _

section 4)' Moreover, these results further suggest that vasopressin plays an

antinatriuretic ¡ole in in vivo preparations, a notion not generally accepted

(Humphreys et al,, 1970; Johnson et al., L979; Martinez-Maldonado e, at,, L97t;

Piercc et al,, L9M; Schwartz and Reid, 1986, Smith et al., 1979). As outlined

previousl¡ the natriuretic effects of vasop¡essin in the previous experiments may be

related to elevations in glomerutar filt¡ation rate, or may be secondary to alte¡ations



t6l

in medullary solute concentrations or hydraulic gradients (Smith et at., 1979).

Infusions of vasopressin have also been shown to reduce renin secretion (Johnson et

a1.,7975) and kinin seqetion (Nasjletti et ø1., 1978), both of which could cont¡ibute

to decreased renal tubula¡ reabsorption of sodium, The natriu¡etic effects of

vasopressin have not been consistent. Recently cowley ef a/. (1ggg) demonstrated

that chronic inû.¡sions of vasopressin resulted in a natriu¡esis only in the presence of

volume expansion. This natriuresis is thus seconda¡y to reflex hormonal effects and

increased blood pressure. In addition, in experiments using the congenitally

vasopressin deficient B¡attlebo¡o raÇ infusions of vasopressin increased u¡ine

osmolality and decreased u¡ine votume and sodium excretion, suggesting that

vasopressin is antinatriu¡etic (hycock and williams, 1g73). Studies utilizing

specific antagonists of the renal tubular vasopressin receptors have shown large

increases in urine volume, accompanied by only modest increases in sodium

excretion (Gellai el al., L984; Kinte¡ e, al., 1986l' Kinter er al., l9g7). Given that

urine osmolality was decreased to levels lowe¡ than plasma osmolality, and that a

net positive free water clearance was observed, it may be argued that V2 antagonists

are true water diuretic or aquaretic agents (Kinter et al,, l9g7), Although sodium

excretion was slightly elevated, the net effect of v2 antagonist administration may

actually be sodium retention in relation to water. However, since total body sodium

lvas not measured in the previous studies, this contention remains speculative.

Altematively, the absolute increase in sodium exc¡etion, although somewhat masked

by the phenomenal effect on water excretion, muld be due to a number of factors.

sodium excretion could be due to an elevated ¡ate of u¡ine flow in the distal

nephron segments (Wrighç 1977), inhibition of vasopressin-stimulated sodium

reabsorption in the thick ascending limb of the loop of Henle, an inhibition of

sodium and urea reabsorption in the corticål collecting tubule (Imbert-Teboul et a/.,

1975; 1978), or an inhibition of vasopressin-stimulated increase in sodium
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conductanc€ in the collecting tubule (schlatter and schafer, r9g7). The ¡esults of

the V2 anøgonist experiments reported in this thesis a¡e consistent with such

possible actions of the V2 antagonists on sodium handling in the kidney.

The natriuretic effects of clonidine in the absence of endogenous vasopressin

have also been investigated, Low infi¡sions rates of clonidine in the presence of the

v2 antagonist significantly inc¡eased u¡ine volume and free water clearance with no

effect on sodium excretion (Blandford and smytlu 1989b - Section 7). In this study,

high infusion rates of clonidine had no effect on u¡ine volume and free wate¡

clearance, while sodium excretion was significantly decreased from control. This

antinatriuretic effect of clonidine in the presence of a v2 antagonist may be the first

¡n vivo observation of an a2-adrenoc€ptor which increases sodium and thus water

reabsorption. The physiologicat significance of a sodium retaining a2-adrenocepto¡

(in the absence of vasopressin) is unctear. It may exptain the inc¡eased density of

az-adrenoceptors in the spontaneously hypertensive rat (sHR) as cÐmpared to the

Wistar-Kyoto rat (WKY). A recent study by Stanko and Sm¡h (in press)

demonstrated that the increase in az-adrenoceptor density in the sHR is located in

the proximal tubule, where vasopressin is without effect. It may be argued that the

effect of a sodium-retaining a2-adrenoceptor is normally masked by vasopressin in

the intact rat' only in pathological situations whe¡e a2-ad¡enoceptor density is

significantly elevated, does this effect manifest itself. This argument, in and of itself

is a weak one. Generally, a greater loss of water over sodium is observed with az-

adrenoceptor mediated antagonism of vasopressin. Michel el at, (19g9) proposed

that this differential exc¡etion of sodium and water would ¡esult in a net increase in

the concentration of sodium in the body. This increased total body sodium is the

trigger for an increase in total peripheral ¡esistance and thus, increased blood

pressure, This hypothesis is consistent with the observation that the increase in a2-

adrenoceptor density in sHR precedes the increase in blood pressure.
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consequentt¡ a sodium retaining c2-adrenocepto¡ would be unnecessary for the

development of increased blood pressure

Altematively, recent investigations have supported a role of the Na+ Æf
antiporter in decreasing sodium exc¡etion with a2-adrenoc€pto¡ stimulation. In a

suspension of isolated rabbit renal proximal tubular cells, a2-adrenoceptors

enhanced ZNa'influx. The observation that an amilo¡ide anarogue,

ethylisopropylamiloride, abolished the norepineph¡ine-induced sodium influx

indicated that c2-ad¡enoceptors enhanc€ sodium reabsorption by stimutation of the

Na+ Æf antiporter (Nord et a1.,1987), This observation was recentry extended to

include rats, as wetl as at- and other o2-adrenoceptor agonists (Gesek et al., l9g9).

Moreover, these obsewation were consistent with the measurement of orygen

consumption, a dynamic index of t¡anscellula¡ sodium transport in proximal and

distal nephron segments (Gesek and strandhoy, 19g9). since elevated cAMp levels

have been shown to dec¡ease antiporter activity (pollock et at,, 19g6), Gesek and

schoolwerth (1990) and Gesek and strandhoy (1990) have postulated that

stimulation of a2-adrenoceptors, which increases cAMp, stimulates the antiporter.

Functionally, this would be anticipated to increase sodium transport and result in a

net dec¡ease in sodium excretion. This might the¡efore account for the decrease in

sodium excretion observed with clonidine in the absence of vasopressin. ÌIowever,

this postulate remains speculative since guanabenz has been shown to inhibit the

Na+ /tf exchanger. In this regard, Gesek and schoorwerth (1990) have suggested

that this may represent binding to an additional site other than the az-adrenoceptor

in the basolateral memb¡ane. stimulation of this receptor causes an inhibition of

the antiporter, This would be consistent with ¡ecent reports of o2-adrenoceptor

(Bylund, 1985) and imidazoline-preferring recepror (Micher and Inser, l9g9)

heterogeneity.
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SummarJ:

The proposed mechanisms for the renal actions of clonidine, as suggested by

the studies presented in this thesis, are depicted schematically in figure g.1.

Inûarenal a¡te¡ial infr¡sions of clonidine, at low inû¡sion rates (. 3 ugß!mn),
resulted in an increase in u¡ine volume and f¡ee wate¡ clea¡ance. The inc¡ease in

free water clea¡ance is consistent with an antagonism of the renal effects of

vasopressin (site (a) on diagram). consequentl¡ it seems likely that these effecrs of

clonidine are mediated within the cortical and medullary collecting tubules where

az-ad¡enoceptors have been shown to inhibit vasopressin-induced cAMp

accumulation, This inc¡ease in f¡ee water clearance was blocked both by

yohimbine' and to a lesser extent, by prazosin. These results a¡e therefore

consistent with the postulate that the renal effects of clonidine, in relation to ftee

water clearance are mediated through an c2a-ad¡enoceptor subg?e.

At high intrarenal arterial infusion rates of clonidine, a significant increase in

sodium excretion and osmola¡ clearance was also observed, As suggested earlier,

this natriuretic effect of clonidine may be due to an independent site or mechanism

of action. We tentatively p¡opose that this second site (site (b) on diagram) may

represent another a2'adrenoceptor subçe, an imidazoline-preferring receptor, or

some other mechanism. Yohimbine blocked the effects on both sodium excretion

and osmolar clea¡ance. since yohimbine binds to both a2-adrenoceptors and

imidazoline'preferring receptors, the exact nature of this proposed second site

remains unclear. Howeve¡ it is possible that while clonidine acts preferentially at

a2-adrenoceptors, high doses may also stimulate the imidazoline-preferring

adrenoceptor. The anatomical tocation fo¡ this second site remains questionable. A
proximal tubular location has been suggested by the experiments of Li et al. (L990),

which demonstrated that 2,6-dimethyl-clonidine, a clonidine analogue which is mo¡e

potent than clonidine at increasing sodium excretion, exerts its effects within the
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p¡oximal tubule. A proximal tubular locåtion however, may rule out another a2-

adrenoceptor subt)?e since stanko et al. (1990) have recently charccrerized az-

adrenoceptors in the proximal tubule, and have found them to be consistent with an

a2B'adrenoc€ptor subtype, whethe¡ the effects of clonidine in increasing sodium

excretion and osmolar clea¡ance at tllis second site a¡e mediated by the antagonism

of the antinatriuetic effects of vasopressin is a thi¡d item that ¡emains questionable

in this schematic (site (c) on diagram). The results of the study ,flith the V2

antagonist suggest that the effects of clonidine at high in-fr¡sion rates does not

necessarily act independentty of vasopressin since increasing doses of the y2

antågonist produced the same dose-related dissociation as the increasing infusion

rates of clonidine (Blandford and Smyth, 1989b - section 7). In contrast, the srudy

of Farjam and Greven (1989) suggested that c2-adrenoceptor stimulation may exert

its effects on ¡enal tubula¡ sodium and water handling independently of vasopressin,

since both yohimbine and idazoxan decreased sodium and water excretion in the

vasopressin-deficient Brattleboro rat. However, the resutts of thei¡ study may be

attributable to the abnormãlity of the B¡attleboro rat or to the btockade of both cz-

adrenoceptors and imidazoline-preferring recepto¡s as previously suggested, Both

idazoxan (lachaud et al., 1988) and yohimbine (Emsberger et at., lggg) bind to the

imidazoline'preferring recepto¡ with a relative high affinity, Moreover, the dose of
yohimbine was fifty times greater than the one used in the initial experiments

presented in this thesis (Blandford and smyth, 1988a - Section 2). The inreractions

of imidazoline'preferring receptors and vasopressin, if any, have not yet been

established.

At site (d) in the schematig cronidine has been shown to increase the

synthesis of renal prostaglandins, since the excretion of urinary prostaglandins has

not been measured, this remains speculative. However, the experiments with

indomethacin suggest this possibility (sm¡h and Blandford, 19g9 - section 6). In
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the present studies, infi¡sions of prostaglandin E2 attenuated the indomethacin-

induced increase in sodium excretion and osmolar clearance, and reve¡sed the

indomethacin-induced decrease in free water clea¡ance. These results suggest that

prostaglandins are diuretig possibly by antagonizing the renal effects of vasopressin,

as well as antinatriuretic, likely through a di¡ect tubulat action, Thus,

prostaglandins are involved in the modulation of both sodium and water balance,

possibly through independent mechanisms,

The enhanced natriuretic potency of intravenous ctonidine (Blandford and

smyth' 1989 - section 4) could also fit into this schematic. while we had originally

postulated that this may represent an extrarenal site of action, it is nevertheless

possible that it may ¡eflect an intra¡enal effect, An intrarenal infusion of clonidine

may increase the synthesis of renal prostaglandins to an extent that they play an

modulatory role in sodium and water handling, Intravenous infusions of clonidine

may not, since clonidine concentrations within the kidney would presumably be less

than that following an intrarenal arteriat infusion, If prostaglandin synthesis is not

sufficiently inc¡eased with an intravenous infusion of clonidine, the antinatriuretic

effect of the prostaglandins would not be manifest, and this could account for the

enhanced natriuretic response. In addition, if clonidine at high doses does act to

dec¡ease the central ¡elease of vasopressin, the increased systemic concentration of

clonidine following an intravenous infusion would be more likely to produce

dec¡eased plasma vasopressin tevels than an intrarenal infusion. This would

consequently decrease the action of vasopressin in the cortical and medullary thick

ascending limb of the loop of Henle, resulting in an increase in sodium excretion,

As previously mentioned, plasma vasopressin and clonidine levels were not

measured in the present series of studies. Moreover, the results obtained in other

studies where plasma vasopressin levels were measured following a2-adrenoceptor

stimulation are inconclusive.
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The experiments outlined in Section 7 (Blandford and Smyth, 19g9b) have

demonst¡ated both an antinatriuretic and antidiu¡etic role fo¡ vasopressin. This is

depicted at site (e) in the schematic. In the p¡esence of the v2 antagonist, clonidine

dec¡eased the exc¡etion of sodium, This effect is consistent with the schematic,

clonidine, by acting at both sites of action, antagonizes the renal actions of

vasopressin. In addition, the antinat¡iuretic effect of the ¡enal prosøglandins would

also serve to fulthe¡ decrease sodium excretion. Finall¡ the proposed role of ANp

is depicted at site (Ð. whether the intrarena[y administered clonidine increases

plasma levels of ANP remains questionable. In the present experiments (smyth and

Blandford, 1988c - section 5), clonidine was unable to significantly increase plasma

levels of ANP. This does not however, exclude the potential importance of ANp

release at higher infusion rates of clonidine.

The experiments presented in this thesis have unmvered a number of
interesting results. These results may represent physiological or functional

correlates to recent biochemical and motecular pharmacotogical advances in the

field of adrenergic pharmacologr. clearl¡ these studies leave a number of

unanswe¡ed questions. These could provide the basis for future investigations using

a¡ in vivo approach.
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